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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
onthe 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
Tons 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) ~ Scientific Secretary
Prof.J.Dembczynsky (Poznan, Poland)
Prof.W.Nawrocik (Poznan, Poland)
Prof.S.Chojnacki (Warsaw, Poland)
Prof.A Kopystyniska (Warsaw, Poland)
Prof. Yu.P.Gangrsky (Dubna, Russia)
Prof.Yu.E.Penionzhkevich (Dubna, Russia)
Dr.M.Halas (Poznan, Poland) — Secretary
Dr.1Iwaszkiewicz-Kostka (Poznar, 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 Poznan University of
Technology, Professor A. Dobek, Dean of the Faculty of Physics and
Professor B. Mréz, Director of the Institute of Physics of Adam Mickiewicz
University (AMU), Professor H. Hilhnermann from the Philippe University
(Marburg, Germany), Professor W. Nortershduser from GSI (Darmstadt,
Germany) and many other distinguished participants and guests who
honoured the opening of the Workshop by their presence.

1 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:

o the Institute of Physics,
e the Institute of Acoustic,
e Astronomical Observatory.
We teach more than 800 students in different specializations:
o experimental and theoretical physics,
e biophysics,
e acoustic,
e astronomy,
e didactics of physics,
¢ medical physics,
e physics of the Earth and its atmosphere,
e 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 century and in the 3™ 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 of radioactive 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 f-stability. [ 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



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

L 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 Spectroscepy
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, 2001
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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 spectroscopy 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.l. 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 B-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 *'Na and **Mg at the
magic number N = 20. Contrary to our knowledge about nuclear structure,
these nuclei are strongly deformed [1,2]. The same situation could cccur in

13
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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° per
fission event.

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 B-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 #,,can
be shifted and their decay characteristic will change.

The peculiarity of fission fragment decay is the high energy of the -
decay and low neutron binding energy on the dauther nuclei. Qg > 5 MeV
and B, < 5 MeV in the primary fragments formed directly in fission.
Therefore  the wide spectrum of excited levels of different nature is
populated in the [-decay of fission fragments. Neutron emission
accompanies y-radiation in the deexcitation of these levels. About 100
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 B-decay can result in the appearance of new, much
rarer, modes of radioactive decay. They are emission of a neutron pair or an
o-particle after B-decay (B2n or Ba ). 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.

15



DRIBs PROJECT — DUBNA RADIOACTIVE 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-carth 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 ''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 B-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

16

LLrrds

Microtron

—=’Be target 238U target

Mass-separators |

Light Fission
neutron-rich fragments
nuclei o
ECR-ion
source
To measuring
hall

Fig. 2. A block diagram of the complex for accelerating radioactive nuclei
(the DRIBs project).

e
Accelerated
ion beam

10" LA
102 .
107 |
10* |
1 L 1 N ! N Ji |
80 100 120 140 2160

Fig. 3. The fragment mass distributions for the fission of **U induced: 1, by
41 5 MeV y-quanta; 2, by 14.7 MeV neutrons and for the fission of 2°U
induced by thermal neutrons: 3.

BOBLAZE Bl LamlaTyY {
SpNeX Blizezinangd |
- GHEMOTSHKA b
o :



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 of nuclides
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 o ~ 1.0 — 1.2. The nuclides formed in one or
several B-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 2*U 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 14.7 MeV 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.

1t 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 *U 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/ Y, 1/s (DRIBs)
"¥"Zn — closed neutron shell N=50 10° 10°
¥'Ge - closed neutron shell N=50 310° 3-10°
"'In - closed neutron shell N=82 10° 10°
132Sn — duble magic nuclei Z=50, N=82 | 3.10° 3.10°
134Sn — 2 neutrons over closed shell 8.10™ 10’
1%Zr — beginning of deformation region | 107 10°
147 ¢ — strongly deformed nuclei 5.10* 5.10’
'9Sm — strongly deformed nuclei 10 10’
134Sb — delayed two-neutron emitter 10°¢ 10°
149J — delayed c-emitter 10° 10°

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 B-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 1 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 Ty, 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 of less .than 1ps
for a distance of several metres, their efficiency is very low (< 10*) and able
targets are very thin (< 1 mg/cm?). 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 of up to 70% [14]. The thickness of usable targets corresponds to
the range of fission fragments in uranium (~ 10 mg/cm?). 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 of refractory 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 B-decay of alkaline or alkaline-
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earth elements (for example Zr after the B-decay of Rb or Sr). Then the
evaporation from the uranium target, ionization, separation and collection of
the daughter products are performed.

LASER METHODS
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 hi gh 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 of level energies (their relative values are less
than 10°) modern 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 thé
appearance of the resonance by a number of signes: a sharp increase in
scattered photon intensity, the formation of electron — ion pairs, the
ocecurrence of nuclear radiation anisotropy. The use of tuned lasers
characterlzed 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
cxamples show the ultimate capabilities of laser spectroscopy methods: )
1. The highest sensitivity was reached for spontaneously fissioning
1somers of Am - the yield of isomeric nuclei was only 10 1/s [18].
2. The most short-lived nuclide was the isomer *’Rb with a half-live of
10 s (it was obtained in the B-decay of *’Kr) [19].
3. The highest accuracy was realized in isotopic shift measurement of a
hydrogen-deuterium pair 10 [20].
These examples confirm the efficiency of laser methods in the study
of a wide number of nuclei in ground and isomeric states with half-lives up
to the nanosecond range.

IN THE STUDY OF FISSION
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OPTICAL PROPERTIES OF FISSION FRAGMENTS

The success 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
oralong-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 s,
or pi» 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™). 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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. The nuclei near closed neutron shells: N = 50 (isctopes 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 B-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 *'Na and *Mg with N = 20. It is very
interesting to find similar exceptions for fission fragments.

. The nuclei on the boundary of the deformation 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.

. Shape isomers in fission fragments. In some nuclei there exist excited

states with unusual large quadrupole deformation (the deformation
parameter 3 > 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 *Zn and '"*Ru). 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.

. 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 radit. Usually 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.
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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 Humbold Foundation,
INTAS (grant N 00-00463) and RFFI (grant N 00-02-16674 and N 01-02-
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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 3*Sn 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 1) the change in the mean square charge radius (§ <r? >)
from the isotope shift, and #) the magnetic moment (i) and the spectroscopic quadrupole
moment (Qg) 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 (5p? 3Py, — 5p6s 3P;) corresponding to a frequency of 106 GHz. For this
transition, the isotope shift between two adjacent masses is around 100 MHz [1}, 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 contai'ns the
doubly magic nucleus 13251 which is located far from stability. Thus observables in this
nucleus, such as radius, can be used to improve the nuclear etfective 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
ihe isotope shift in tin isotopes gives access to the tin radii, and especially to the radius
of 1328n.

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 27 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 27 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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Figure 1: Energy of the first excited 2% states and § <r? > in some isotopic series near Z = 50.
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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 32Sn.

As regards now the behaviour of the § <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 § <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 7 decreases down to the proton magic number Z = 50, the slope of
the § <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 § <rZ > 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. Indecd 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. COLLAPS [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 (5p? 3Py — 5p6s 3P, 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 icnization 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
(Tx > 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 um), 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 second
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
125Gn 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,

thus the shorter half-life isomer has not yet decayed.
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Figure 3: Hyperfine spectra of the two isomers of 125Sn 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 resohition.

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 z, ¥ and z, a system
of three orthogonal axes, z 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 frequericy resolution can be written as: %—V = = ftdf where

- ais the width of the ionization beam along z, ¢ the speed of light in vacuum and t; the

diffusion time, i.e., the time between the desorption and the ionization.

Figure 4 shows the frequency spectra obtained for *?6Sn and *2Sn when the diffusion time
was fixed to 7 us in the first case and to 15 us in the second case. Increasing the diifusion
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, for a given experimental
condition defined by a the width of the ionization beam and d the distance along = 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 alsc 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 py, i.e., an electron with a non-vanishing probability to be inside
the nucleus. The field sfnft can be written as : Avpg = F x A, 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 a nuclear factor related to § <r2 >, A = K x § <12 > [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 644" obtained by laser spectroscopy for the 286.4 nm transition [1] and the
& <r? > obtained from muonic atom experiments [2]. This analysis led to F = 3.29+-0.30
GHz/fm? and Avfye = —2.28x Avfirs. Moreover, since the muonic atom experiments
give access to the nuclear charge radius of the stable tin isotopes, we have extracted from
the § <r? > measurements the radius of all the neutron rich tin isotopes up to *¥2Sn.

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 !32Sn. 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 othsr tin isotopes in order
to know if this excellent theory-experiment agreement is obtained ail along the isotopic
series. The next microscopic approach is the Extended Thomas Fermi plus Strutinsky
Integral (ETFSI) method [12] that is a semi-classical approximaticn 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 <12> 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 *2Sn

Improvements and optimization of the COMPLIS setup are needed and under way for
isotope shift measurement beyond *2Sn. For example, the 3*Sn yield is ~ 10° atoms/s,
the Cs isotopes are ~ 100 times more produced and the half-life of !3*Sn is very short
(T% = 1.15). Under these conditions, no accumulation of '3*Sn 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 um, 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 3'8n, 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 us 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 1%18n.

expected from both spin values I" = L;-‘ 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 3 but 1 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 (Séparation Isomérique 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
v-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 y-rays observed.
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INTRODUCTION

The investigation of the so-called “halo nuclei”, e.g., 'Li, He has become a hot topic in
nuclear physics since the discovery by Tannihata ez al. [1]. 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 speétroscopic
measurements of hyperfine structure and isotope shifts have Jong 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 **''Li. Therefore we prepare a precise measurement of isotope shifts for
stable and short-lived isotopes of lithium at GSI in Darmstadt (Germany). Due to the low

production rates of these exotic atoms (~ 10%s for ''Li) a very sensitive technique must be

developed that still allows an accurate determination of the differences in transition energies
(relative accuracy ~10"%). Resonance lonization 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 lithinm 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”:

AE =—2—;t—Ze2 Ay’ 8(r*)

A4
)

38

Table 1. Calculated mass shifts in the 2 25 -2 2P ransition of lithium [3]. All values in
MHz

ML - °Li
36555.34 (21)

°Li - °Li
26785.18 (13)

*Li - °Li
20088.23 (10)

Li-°Li
11453.07 (6)

where Alw(0)|2is 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 *He and SLi from *He-*He and °Li*- 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
25-3S 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 4Li and ®Li:

A A
R,im('*Li)=R3m(°Li)+E_m%ﬂ ,
where EZ_ is the measured isotope shift and E;' contains all calculated contributions to the

isotope shift except for the nuclear size contribution. The calculated mass shifts EZ 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 MHz/fm”.

EXPERIMENTAL

The lithium isotopes of interest have lifetimes of 838 (6) ms (°Li), 178.3 (4) ms (Li), and
8.59 (14) ms (*'Li), respectively, thus IS measurements can only be performed on-line. It is
planned to produce 89iina ’C(C,X) 891§ reaction at the GSI UNILAC accelerator and
Y3 oa ISOLDE/CERN, where 1 GeV protons induce spallation and fragmentation inside a
tantalum target. In both 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
10%s (°Li,GSI) and 10%/s ("'Li,CERN) are available. Tons are implanted into a graphite
catcher foil (~ 80 pg/mm?), where they recombine with electrons. The catcher foil is heated
by a CO, 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 35 state in a
two-photon transition, the atom undergoes
spontaneous emission into the 2P state and is
subsequently ionized through the 3D levels. The

53917 ov EMSEIR BRIty

3528, — %Y R
double-resonance four-photon ionization pathway \ 510 m
has the following advantages: 2p 2Py 40
e the 28-3S two-photon excitation provides 2x735nm [
efficient excitation independent of the Doppler
shift.
¢ the ionization step is decoupled from the 25-3§ 2528, ——

transition, where high accuracy is needed, and
the ionization step — ionization directly out of
the 3§ state would cause AC Stark shift and
broadening and thus reduce accuracy.

¢ 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.

Figure 1. Excitation scheme for the
resonance ionization of lithium

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

Diode-Reference Laser 735 nm stabilized on an iodine line
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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
Jaser (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™ 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 "1 isotope an overall detection efficiency
of ~ 10 is required. The overall efficiency can be divided into the following parts: ion-to-
atom-conversion efficiency of the graphite catcher, geometrical overlap between the atomic
and laser beams, resonance ionization efficiency, transmission through the QMS and detection
efficiency of the CDEM. The estimated or measured efficiencies for the different processes 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 calculated
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 proauct 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 10™* and should thus be sufficient to obtain an on-resonance count rate of
~1 Hz. The dark count rate of the CDEM
was measured to be ~ 15 mHz and is thus
considerably smaller than the expected

Table 2. Expected efficiencies for processes
involved in the ''Li isotope shift measurement

release efficiency of the catcher 20 % signal rate.

0ve.r]all) with la.ser.bea.ms . 20 % The QMS works as an additional mass
cxcitation and ionization efﬁc‘wn‘cy 0.5 % filter for background suppression of ions
Quadrupole mass filter transmission 90 % . ‘ T
CDEM detector efficiency 80 % that are either created in the ionization
overall detection efficiency ~10" region by processes other than resonance

ionization or have enough energy to
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penetrate into the ionization region. Peak

shapes for the stable lithium isotopes have '
been recorded using a surface ionization o
ion source and are shown in Fig.3 on a 10°

logarithmic scale. Due to the nearly flat-

Counts

topped peaks, the transmission through 0
the QMS is almost independent on the 0
exact mass setting within a range of 10
~ 0.4 amu, but to the higher-mass side the .
signal drops sharply by more than 7 so  ss 6o &5 | 70 75 80

. .. . Mass [amu]
orders of magnitude. On the rising side

the profiles are not as steep and exhibit a
dip, which is caused by non-linear
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. :

Figure 3. QMS mass spectrum of *’Li ions
produced by surface ionization

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 10kHz. We performed FM-saturation
spectroscopy on the iodine transition at 13603.22 cm’' 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 (& 1 mm, FWHM) is shown
in Fig. 4. Three groups of unresolved and three single hyperfine lines were observed. The
strongest isolated line (a;) 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 1400+ ]
accuracy of about 20kHz for locking to the 3,

reference point can be expected. g, T 1
The signal intensity of the chosen reference '*°1

line was measured as a function of laser power S 800- _
in the pump beam. Saturation was clearly g a
observed and a saturation intensity of & °® * 1
20 mW/mm? has been calculated. Such 00 , Brere

Y T
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i itics s be avai wi diode-
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laser master-slave system, which will be used
as the reference laser for frequency offset
locking.

Figure 4. Hyperfine spectrum of the iodine
BOy+— Xl):g+R(1 14)2-11
transition at 600°C
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SUMMARY AND OUTLOOK

The experimental setup for isotope shift measurements of 82111 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 “'Li. Afterwards %9Li measurements are planned at
GSI, before transporting the whole setup to CERN to finally perform the measurements on
"'Li.
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The study of nuclei far from stability requires high sensitivity of the experimental technique.
The method of Resonance lonization Spectroscopy in a Laser Jon Source (RIS/LIS) enables one
to carry out measurcments of isotope shilts and hyperfine splittings for isotopes at the
production rate about 10° atoms per secand. The sensitivity of the method is determined by the
high efficiency of the laser ion source and the low background of the detection system afforded
by a-particle registration. The isotope shifts and hyperfine structures of BESyh, B m (1=9
and /=2) and '"Tm (/=11/2) have been measured and isotopic changes of mean square charge
tadii and nuclear electromagnetic moments have been determined.

‘The further development of this experimental method ~ enhanced Target-lon Source system
aimed to suppress thermionic background - widens considerably the range of the applicability
of the RIS/LIS method.

1. 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
cevaluation of nuclear spins, electromagnetic moments and changes in the mcan square charge radii
&r'). Investigations of long isotopic chains require highly sensitive experimental technique in view
of a short lifetime and a small production rate of the isolopes far from the B-stability line.

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

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

spectroscopy in an atomic beam {1,2}. This experimental technique enables successful experiments

with the isotopes at a production rate down to 10* atoms per second. To extend the investigations to

the more neutron deficient isolopes (first of all 1o 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 becn recently reported [3]. The measurements indicate that the
charge radii of Yb isotopes, between V= 82 and N = 84, increase far more rapidly than those
observed in the other isotopic chains in this region. A strong deformation jump at N = 84 ('Yyh)
was supposed 1o cause this surprising clicet. 1t is of interest 1o measure the isotope shifts and

~ . . . 53,155 . . .
hyperfine structures of the adjacent odd isotopes, ' '**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 element with the same neutron number, i.e., thulium (Z = 69).
2. Experimental method

In this work we have used one of the most promising methods for on-line study of radioactive
nuclides - photoionization spectroscopy in a laser ion source [4]. This method is based on the
application of the laser ion sowrce technique to the study of isotope shifts 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: . , .
3 101 b Ty . ;
652 'Sy B30 6s6p 3p, ity 4f32E, )68 Op3 — = aqutoionizing state (or continuunt),
— for Tm atoms:

6003 mn 5324 wm

417657 “Fo 270wy 4f3656p (772,07, —L2m_, 4135065 —B1 s yoionizing state.

The experimental set-up is presented in fig. 1. Nuclides under study were produced in the tantalum
targel (12 g/em?) of the mass-separator by spallation reactions induced by 1 GeV protvonsl The
atoms were thermally released from the target to the ionizer tube (1.5 - 2.5 mm in diameter, 60 mm
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 lascrs (of average power ~300 mW)
were pumped by three copper vapour lasers at a repetition rate of 9 kHz. The irequencies of the dye
lasers were tuned to the resonance transitions of the chosen excitation scheme. The radiation
frequency of the two broadband lasers (bandwidth 30 GHz) were fixed on the second and the third
slep frequencies. In the experiments with 'Yb 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
faser. Average power of the laser+amplifier system was 900 mW. The wavelength of the narrow
band laser (bandwidth 1 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 dependence of ion current on the scanned laser frequency.

The high efficiency of the method provided by following factors. Multiple intersection of the
faser beam by the atoms in the laser ion source cavity considerably increases the probability of
Photoionization. At the same time clectron emission from the heated tube wall creates an electric
Polential near the wall, which traps photoions near (he central axis and prevents their recombination
on the wall surface. The clectric ficld ereated by the heating DC drives photoions towards the

CXtraction clectrode of (he mass-separator.
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Fig. 1. Experimental setup

1 ~ Cu-vapour lasers; 2 ~broadband dye laser; 3 ~ narrowband scanning dyc 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 the scanning laser radiation was directéd to 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 to provide a reference spectrum from the sample

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

(1) direct registration of the ion current by the channel electron multiplicr (when sclectivity was
high cnough), and

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

The photoionization efficiency in the laser ion source may reach some tens of percent [5]. The main
obstacle {or the successiul spectroscopic measurements is high background ion current. Background

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

production rate of isobars is significantly higher than that of isotope under study, the background
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jon current can make the dircet ion counting by the celectron multiplier impossible. In such case an
isotope selective method of registration is required and this can, for example, be achieved with the
counting of characteristic u-decays.

In our experiments a high temperature target (72 2500°C) has been used in order to increase
production yicld of short-lived isotopes. In this case the main contribution to background comes
from the target itsell. In order to extend the applicability of the RIS/LIS technique a new method of
isobar suppression has been developed [6] and applied. In this method,suppresston s provided by
the locking of the background thermoions inside the high temperature target by a potential of the
heating direct current flowing through the target container. The background current was reduced by
o factor of 20 using this technique. The application of this method of buckground suppression hus
provided an opportunity to perform measurements of isotope shifts and hyperfine structures for

radioactive T isotopes when isobaric Yb and Ho contamination is severe.

3. Experimental results

158-103 lSS-l(;-IY

In isotope shift measurements with Tm and b, photoions were detected with the
channel electron multiplier. The experimental spectra obtained in this experiments are shown in
Fig. 2 and Fig. 3. The measured 1S arce presented in Table 1 and Table 2 and compared with

. : PN R NEER Y 153184
reference data. In the experiments with "Yb and

Tm,an isotope sclective photoion
detection by registration of the c-particles from the decay of the isotopes under study was applicd.
In case o'f 33y, the registration of the o-particles from the decay of its daughter nucleus ()
was applied.

The experimental spectra oblained in this experiments are shown in Fig. 4 and. Fig. 5. The
measured values of the isotope shifls and the hyperfine structure constants and the corresponding
values of Xr?) (calculated with an electronic factor F =119 GHz/tm” and mass shift constant
M =296 GHz [7)), g, and Qy, are given in table 3. The measured value of isotope shift of v
(Avigase = 17610(120) Mllz ) is in agreement with that measured by Sprouse ef al[7] (Avizgise =
17514(21) MHz)).

The total ionization efficiency calculated as the ratio of the experimentally observed jon beam
156y

mtensity and caleulated production rate of b is about 10%. Correspondingly the production rate-

-153 .
O 7Yh can be estimated as (2 3)-10° atoms per second.
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Fig. 2. Experimental spectra of '**"*'yb. Fig. 3. Experimental spectra of '#'"Tm.
Table 1: Isolope shifts of Yb isotopes, measured with the direct registration of the ion current by Table 2:isotope shifts of Tm isotopes, measured with the direct registration of the ion current by the
the electron multiplier electron multiplier
Isotope Avizga, Milz: AV;%.A' Ml 8] Isotope Avige, 4 AV{g{) 40 191
166y, 5327(100) 5290(4) , " 4140(80) 4101(20)
’\‘
"yb 7368(100) 3316) T 5425(100) 5460(50)
lyh 9703(100) 9710(8) 0y 7590(190) 7538(40)
160y py 12278(100) 12257(10) 5 10145(180) 10205(80)
. T
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Table 3: Ground state characteristics of 33yb, 3yb, 3 Tm (/=11/2), " Tm (1=2) and **Tm (/=9).
JE—
Isotope | Svizsa, MHz | A, MIlz B, Mliz

&’y 170,40 I H, nom. Os, b

13yp 19115(80) -1050(25) 160(80) -1.623(8) -0.913(22) -0.5(3)

iy 21695(150) | -1210(30) 490(20) —1.843(12) -1.052(25) -1.5(6)
I
Isotope SVies.a, Milz | A, Mllz B, MHz (S(r’) 169,15 fm? 14 . Os, b

(3497, 15520(150) 532(3) 200(500) ~1.522(15) 5.91(5) -0.2(4)

BT m 15150(200) | -460(10) | -600(1200) | -1.486(19) | -1.14(2) | 0.4(9)

153 t=1172

Tm 16470(320) 1020(16) | -700(1300) -1.615(31) 6.93(11)y | 0.5(10)

0 10000 20000 30000 40000
frequency difference, MHz

Fig. 5. Experimental spectra of BN Pm
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The errors shown in Table 3 are purely experimental. Systematic uncertatnty for o ¢y s
detenmined by the uncertainty in the semiempirical calculation of the /7 and M values. It is supposed

to be about 3% [10].

The data for the T isotopes can be compared with the analogous data for the Ho isotopes with
the same neutron numbers and spins [10]. The magnetic moments of the 'I'mi isotopes are very close
to corresponding single particle values and practically coincide wilh the magnetic moments of the
isotonic isotopes with the same spin: p,(11/2) = 6.9 nm,, ;1('5'Ho, I = 11/2) = 6.93(2) nm,,
(' Ho, 1 =9) = 5.92(2) n.m., g('**Ho, /=2) = ~1.02(2) n.m. The slope for the isotopic dependency
of &r) is very close to the corresponding values for Ho and Er. Thus the charactertstics of the Tin
isotopes with N = 84 - 86 do not noticeably deviate from (he 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 = 02) isotopes are also
shown for comparison. The 1S data for 152154y point to the inverse odd-cven staggering effect (see
Fig. 6). Usually this effect corresponds to the development of static octupole deformation (Ra, Fr
isolopes [10]). In the case of near magic Yb isotopes the similar description scems to be doubtful.
The small negative values of the spectroscopic quadrupole moment of ****Yb make also doubtful

the explanation of the unusual &r?y behaviour by static quadrupole deformation.
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Fig. 6. Change in mean square charge radii o Yb, Dy and Sm isolopes 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-lon Scurce system aimed to suppress thermionic
background — essentially widens the range of the applicability of the RIS/LIS 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 RI'Q 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]. When 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
shains 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. Within
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 Beam out
7 — |
Ly L L
500 I/s 1300 Vs __1_ 900 V/s

Buffer gas
Electrodes

L1 High vacuum
Intermediate vacuum
1 Insulator

Figure 1: The JYFL beam cooler.

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 spectroscopy
[1. 2]. The device is especially valuable at IGISOL facilities where substantial beam
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 compares
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
1GISOL may be trapped for up to 200ms and, upon removing the containment field.
can be subsequently released in a 10 - 20 us bunch. A photomultiplier viewing an
18min region of the overlap of the re-accelerated ensemble and a counter-propagating
Jaser beam can then be gated to register photons only as the ion bunch traverses the
jureraction region. The photon background in the fluorescent photon signal is then
reduced in the ratio of the bunch-width to accumulation time ( 107%) and collinear
spectroscopy has been successfully performed on samples produced at rates of less than

100 ions per second [3].

3 On-line stable beam production

Prior 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
mode. 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 voltages (<20V) and
the efficiency of the lon 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-
cessible. During the initial on-line commissioning of the cooler a new feature at high
skimnmer voltages 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 bufter gas ionised by the cyclotron beam. Immediately prior to the on-line com-
missioning run the IGISOL had been run with an off-line discharge source and the
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 ather ions of the stable
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. Figure 2
shows the ion yield as a function of skimmer voltage and total energy. The acceptance
window of the cooler is 100 - 150 ¢V and may be held at any voltage relative to the
IGISOL. In order to preserve electrostatic beam steering parameters experimentally. the
IGISOL voltage is adjusted relative to a fixed cooler potential. Fine tuning the sepa-
rator potential thus enables a movement between radioactive measurements and stable
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.

56

sep

i

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 10kHz 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
2 50Hz Nd: YAG-based laser system if sufficiently short bunch lengths can be produced.

100 T T T

- | 'l

! 1
40 |

lon Count

20 ' 1 :
-2000 0 + 2000 4000 6000

Frequency (MHz)

Figure 3: Resonant ion spectrum of ¥ Al

Figure 3 shows a resonant ion spectrum for ?’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 s?p P/, — s2d Dy, 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 ~ 1m 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 ~10mJ of 532nm Nd:YAG second
harmonic. Resonantly produced ions were deflected after the interaction region and
¢ounted on a double-stack of micro-channel plates.

Ion bunches of 20us minimum duration, corresponding to ~ 10 metres bunch length,
were used during the tests. Of this ~ 1m could be overlapped between charge exchange
and ion detection,and consequently of the 20,000 fast atoms per second used during
the 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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*7Al 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 (~1in
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 i
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 25U (76.8
eV) but is only poorly established in the case of *™Th (~ 3.5 V) [6]. The 22*"Th 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 ?¥™U and 2*°Th

isomers are expected, or known, to be populated by alpha decay feeding (from 3Py '

and **3U 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 poter-
tials). Presently the production of ?!°Rn, from a #'3Ra 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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with the device and all produced beams have ion-optical qualities that compare to.
or exceed, those obtained from thermal, hot-cavity, ion sources. Techniques such as
hunched-beam spectroscopy and collinear resonance ionisation spectroscopy have been
performed and extremely high experimental sensitivities have been achieved. A full
programme of development of these techniques is underway at the facility.
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FIRST OBSERVATION OF OPTICAL TRANSITIONS IN FERMIUM (Z = 100)
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Laser spectroscopical studies have been performed for the first time at the element fermium
(Z=100). A fraction of 2.7-10'® atoms was electrodeposited on a Ta filament and covered
with 1 um 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™'
and 25112 cm™!.

1 Introduction

Fermium (Z=100) 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 2°Fm with a half-life of 20.1 h was prepared by milking from **Es produced
in the high flux reactor at ORNL, Oak Ridge, USA and shipped to Mainz. At the
Institut fiir Kernchemie der Universitit Mainz a fraction of 2.7-10'* atoms was deposited
electrochemically on a tantalum filament and covered with a 1 pm 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~' to 25.990 cm~! 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

fn a first step the evaporation temperature t, had to be determined. Qutside 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 L

Observing a decrease of the activity as function of the tem.perature, te Was de'termined
employing a color pyrometer. During the course of the experiment (25 h) t. was increased
from (960 = 10)°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 tuged over the
wave number range from 24390 cm~! to 25990 cm™! for the ground state 'excfltat.lon. The
split UV light from the excimer pump laser was used for the non-resonant ionization. TYVIO
resonant transitions in 2°Fm were found at energies of 25099.8 em~! and 25111.8 cm™},
see Figure 2.

Relativistic Multiconfiguration Dirac-Fock calculations [3] yield the coFﬁguration ::){127s2
34, for the ground state and 5{7s7p, JF=6",5",7 at 27}394 cm ™, 27633 cm™! .a¥1d
27802 cm™, respectively, for the first excited levels with sufficient transition pr(l)bablhtles
for laser excitation. Within the uncertainty of these calculations of 3000 cm™', the tyvo
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 255Fm,
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 chanpeltron 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 = [gds/up(s) = # Jsds/E(s) allows the determination of the ion
mobility K. Here vp(s)=K - E(s) is the lon drift velocity Whi(ch is .connected tov 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 fg ds/E(s) has been
determined by a numerical simulation of the electric field. In our experiment the mean
field strength £ = TisS/T(si amounts typically to E=25.6 V/cm, and the path length S
from the point of iomization to the nozzle S= 3.9 cm. The transport time from the nozzle
to the channeltron detector amounts to less than 100 ps and has been neglected.

Lasey
> Hasm

Buffer Gas Cell_—7
35 mbar Ar

255Fm

Filament o-Detector

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 255Fm

sample.

With the known ion mobility K the momentum transfer cross section Q4D (T.z) can be
calculated from the expression [4]

3e [ 27 1+a
K=—— =
16 N ukaI;ff Q(l'l)(Teff) (1)

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

In the rigid sphere model, the momentum transfer cross section can be written as
QED(Tops) = 7d® = 7(rar + Tron)? (2)

and the ionic radius rjo, can be deduced if the radius ra, of argon is known. With
r4r = 1.44 A and Tess = 80 °C the preliminary radii of Fm™ and Cft are rpm+ cp+ =

(1.8 £1.0) A and of UO* ryg+ = (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 Ar*?/r® = (r4 —rB)/r? can be determined more precisely

from the relative drift time differences AT4?/ATT by the expression

ArAB 1 ATAB ( rA,.> ®
B T2 TB rB

The results are ArV0*:C* /rOf* 5 20% and ArF™"Cf" /1Cf* ~ —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 jonic
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 tons as indicated. The start signal_is tl%e
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.
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Introduction

Chromium is an element on the border of the light and the medium-heavy ones
(Z=24). For this group of elements the ficld component in isotope shift is small but
measurable with the use of a precise method of LIF on an atomic beam [71,[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 §<r®> in chromium may
prove useful for improvement of theoretical description of §<r®> in the vicinity of closed
nuclear shells.

3,84 <r2> [fmz]
3,82
3,80
3,78
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3,68
3,66
3,64

M
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w
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Fig.1. 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 **Cr allows estimation of the 4s electron probability at the
nucleus |w(0)[% 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

ser induced fluorescence (LIF) on an atomic beam has been used fgr
mgg:&::)::t;hzfl a;he positions of all chromium_ stable isotopes. Appara}tus for atolmlc
beam generation is presented in fig. 2. Chromium, placed in a graphite or tant.e;.um
crucible, is heated and evaporated by the elect_ron bf’.am bombardment. An auxL iary
discharge is applied for better population of the high lying metastab!e levels. Lzser ean&
is generated by stabilized single-mode ring dye laser opferated on stilbene 3 an Pum;l)g
by an argon laser; it crosses perpendicularly th§ atomic beam. Fluorescencehmgna i
recorded by a photomultiplier positioned perpendicularly to both the laser and the atomic

beam directions,
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~J '}
/
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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 **Cr 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 /<SR value of the marker.

1.0 e ot U—
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-
e
=

IL

500 1000 1500 2000 2500 MHz
Fig.3a. Experimental HFS and IS data with fit curve and fit
deviations for transition with positive specific isotope shift

1.0 e ey

OOt L .1 s l

1000 2000 3000 4000 5000 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.1. Transitions in chromium investigated from the point of view of the isotope shifts.

k[cm™]

A[nm]

Lower level (in vacum) (in air) Upper level
Term J J Term

3d°(°S)4s a°S 2 2182774 458,0043 1 3d°CD)4sap(P) y'P°
2 2199146 4545945 2

3d*4s? a’D 0 2303652 433,9713 1 3d°CD)4sdpCP) Z°F°
I 2297648 4351054 1
1 2304800  433,7552 2
2 23037,99 4339436 3
3 2287025 437,1264 3
3 2301116 434,449 4
4 2279880 4384964 4
4 2297278 4351755 5

3d*4s*a’D 0 21670,12 4613357 1 3d'CD)4sap(’P°) y'P°
1 2161008 462,6174 1
1 2177380 459,138 2
2 2149343 465,1282 1
2 21657,15 461,6120 2
2 2189728 456,5498 3
3 2148941 4652152 2
4 2151718 464,6148 3

3d°('GYds °G 2 21997,95 4544604 2 3d°(‘G)dp 2°G°
6 2208621 452,6443 6
3 20017,89 4540488 3
4 22041,16 4535695 4
5 2206531 453,0730 5
4 2206556 4530679 5
6  22069,65 4529839 5
S 2208187 4527332 6

3d°(*P)ds a’P 3 2303435 4340122 2 3d%@’P)4sdp(’P°) v'P°
2 2281886 4381109 I
2 2326534 4297031 3
1 2301825 4343158 2
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Tab.2. Isotope shifts (IS) measured in the investigated transitions.

Lower level ISSZ'SO[MHZ] ISSS'SOIMHZ] KS”‘SO[MHz]

Term

Upper level

Term

3d°(°S)4s a°S -1898.2(0.7) -2722.7(0.9) -3480.4(5.7)

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

3d*(D)4sdp(P°) y'P°

3d*4s?a’D 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)
860.6(1.2) 1168.8(1.1) 1442.8(1.8)
850.0(0.2) 1167.3(0.5) 1432.7(0.6)
848.7(1.8) 1168.0(1.8) 1433.1(0.7)
847.13.4) 11662(1.9) 1430.0(2.1)

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

_— O N N

3d'CD)4sdp(P) Z°F°

3d%s? a°D 787.3(0.3) 1071.7(1.4) 1315.9(0.8)
7823(0.6) 1068.1(2.5) 1309.6(2.6)
784.4(0.6) 1071.5(1.0) 1311.3(1.2)
784.0(1.0) 1072.000.8) 1309.8(1.2)
792.1(2.3) 1069.6(2.4) 1308.4(1.4)
783.8(0.6) 1070.9(1.4) 1310.3(0.6)
767.7(3.0) 1065.1(0.8) 1306.2(1.5)

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

~ O s bW W N e

—

3d'CD)4s4p(CP°) y'P°

3d°(‘G)Ms a°G -152.4(1.5) -256.8(1.4) -372.8(0.8)
-170.2(0.4)  -281.7(0.8) -403.7(1.7)
-152.5(0.6) -269.2(2.3) -386.9(3.6)
-167.8(1.1) -276.4(0.8) -399.1(1.5)
-166.0(4.1) -298.7(5.5) -408.1{1.0)
-172.0(17)  -285.1(1.0)  -412.1(1.8)
-176.2(3.1)  -2923(35)  -415.1(1.2)

-173.92.1)  -293.1(2.5) -415.6(2.0)

3d°('G)4p 2°G°

3d°(‘Pys 2°P -1177.5(0.9) -1707.6(0.6) -2202.0(1.3)
-1153.7(3.8) -1686.0(7.7) -2132.3(9.5)
-1125,8(5.5) -1658.6(8.5) -2140.8(7.0)

-1177.0(0.7) -1707.4(0.9) -2202.9(1.2)

—~ NN Wl AR s W NIE WL YD N

BN W o= N AW N W W =~

3d*(2°P)4sdp(‘P) v'P°
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Analysis of the results

{sotope shift in a transition:

15 =y
pe splitted in two terms: ) ' i
may e % ISM=p M+ FSM

where: MSY - mass shift FSY . field shift.

Mass shift consists of two contributions:

MSH = NMSY + SMS™,

NMSY = m A4 v, - normal mass shift,
m, 4-A
SMSY = M™S A-4 - specific mass shift,
A4

where M~ is an electronic factor for the transition. Field shift can be expressed as:
FSY = F 2% = F; &Y™,

where F; is an electronic factor for the transition, and &Y - change of the mean square

charge radius of the nucleus (a nuclear factor).
Normal mass shift can easily be calculated an
to give the residual isotope shift RIS™

d is often subtracted from the total isotope shift

RIS = IS _ NMS™ = SMS™ + FS" = M™S %:% + F; &YW

Separation of SMS™ and FSY can be performed with the use of a KingMplot:
modified optical RISY vs modified &r*Y™ ( for chromium model independgnt Xr*y are
known from muonic x-ray spectroscopy and electron scattering [3]). Modified RIS™ is

defined as follows:

- RIs = A4 52730 grg
A-A" 52-50
(the isotopes **Cr and 50Cr have been chosen a pair of reference isotopes) and Y have
been modified in the same way. ) ‘
Th{;oretical description of the electronic factors M™ and F; is satisfactory only for
the simplest cases. For all the MMS involved ab initio calculations available 50 far predict
thus it is possible neither to compare the

neither the magnitude nor the sign correctly; ws '
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:

E=YF45
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where
. Y= IY’(O)

2
core(lower) + IYI(O)

|7 )

2

core(upper) - sCreening factor

1),

(¥ (O)F - electron density at the nucleus),

. Fas=DZ Al g

- electronic factor for 4s electron [4].

The values to be introduced into the above formula are as follows:

D =6.16381-107 fm?2

(details in [4])

Ajys - magnetic dipole /fs 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;™" 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 M5/ MMMS

evaluated (Tab.4 and 5).
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Fig.4. King plots (modified RIS against modified 8<r*>) for all types of measured

transitions:

a)  3d°(*S)ds 2’S,>3d*(D)4sdp(’P°) y'P°,
b)  3d%s’a’D,-3d'(°D)asapCP°) Z°F°,
0 3d°(‘G)s a°Gso3d°(*G)p 2°G°
d)  3d°(’P)4s a’P;—>3d"(a’P)4s4p(’P°) vP%,
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Tab.3. Electronic factors F; and MSMS for the studied transitions.

Lower level MM[GHz) F{MHz/fm?) Upper level
Term J J Term
3d°(°S)4s a°S 2 2115.0(3.9) 78220) 1 3d'(CD)4sdp(CP°) y'P°
2 -2115.0(4.0) 769(15 2
3d*4s’a’D 0 497.8(1.1) 90723) 1 3dCD)4sdp(P%) Z'F°
1 493.4(1.2) -886(25) 1
1 495.0(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
3d%4s?a’D 0 449.8(0.7) 887(13) 1 3d'CD)4sdp(P) y'P°
1 447.2(0.1) 8712) 1
] 446.8(0.6) -881(11) 2
2 450.0(1.0) -884(19) 1
2 448.9(1.3) 962(26) 2
2 444.7(0.6) -880(12) 3
3 443.92.7) -759(55) 2
4 448.7(0.3) 946(5) 3
3d°('G)4ds 2°G 2 -454.0(0.5) -348(10) 2 3d°CGydp £°G°
6  -471.8(0.5) -333(10) 6
3 -460.2(1.6) -412(32) 3
4 -468.4(1.0) 33221) 4
5 -475.5(5.4) -396(90) 5
4 -474.6(0.9) -354(18) 5
6  -477.9(0.1) 3332) 5
5 -471.9(0.8) -356(16) 6
3d°(*p)ds a°P 3 -1445.8(0.6) 295(12) 2 3d'@*P)dsdp(PY) VP
2 -1417.18.3) 390(168) |
2 -1411.9.1) 120(83) 3
1 -1445.6(0.5) 287(9) 2
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. SM. .
Tab.4. Ratio M ™M™ for various types of transitions-

Lowerterm — Upperterm

LY I PFWTRIAY
MP"2IMY

3d°CS)as a’S - 3d*CD)4s4p(’P°) y'p°
3d%s’a’D - 3d'(°D)dsapCP°) F°
3d%s5*2a’D — 3d'(’D)4sap(’P?) y°P°
3E(Pysa’P > 3d*(2’P)asap(PY) viP°

3d°('G)s 2°G — 3d°('G)ap 2°G°

-1.71

1.83

1.65

-4.93

-1.70

Tab.5.  Experimentally evaluated screening factors y for pure s—p type transitions,

Lowerterm — Upper term

Y

3d%s’a’D — 3d'(CD)asdpCP) ZF°
3d%s* 2D — 3d'(’D)asap(P?) y'P°

38°('G)as 2°G - 3d°(*G)ap 2°G°

3.06(4)
2.96(6)

1.20(7)

The results of more detailed studies of F; and M™
dependence of the above factors within the terms for three ter

F)-F(d=J,_ ) IMHz/im?) MS()-M#S( Y=y

¢

I
@ O b

min

are presented in fig. S, where J
ms is plotted.

)GHz]

B 3d4sdpF° e 3d'sdpy’F° A 3d's? a°D

Fig.5. CSO effect (J-dependence) in field shift (F;) and specific mass shift (M;*™5) 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 ¥ —d™! 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 3d°4s—3d’4p
amounts to 1.2 and agrees with the theoretical estimate of Aufmuth [6]. Screening factor for
the transitions 3d*4s’—3d*4s4p 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 d™>d™. In previous investigation field
components in such type of transition in chromium were not observed [2]. Estimate of the
second order effect (J-dependence) in three terms: 3d*4sdp Z°F°, 3d*%sdp 2’P° and 3d*4s? a’D
shows first an increase of F; with an increase of J quantum number (largest F; for J=3) and
then a decrease. Mi>™S increases with J for the term 3d*4s4p z’F° and decreases for terms
3d*4s4p 2°P° and 3d*4s’ a’D. All these differences are on the border of experimental
accuracy. Corrected value <r*> for the isotope >Cr is 0.003 fm® 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.

3,82
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3,78 |
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374 |
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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

Yu.P. Gangrsky, D.V. Karaivanov, K.P. Marinova, B.N. Markov
and S$.G. Zemlyanoi

Laboratory of Nuclear Reactions, JINR, Dubna, 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-Weisskopf effect) [1]. This effect causes the HFS magnetic
dipole constant to decrease, and that decrease may vary in value for isotopes of the
same element:

A=Adl-g), )
where A and A, are the magnetic dipole constants for the real and the point nucleus; &
is the Bohr-Weisskopf effect (see the diagram). This difference in the values of ¢

1+1/2

/_—_——“r"'———
Ao

~— et

[-1/2

results in the fact that the ratio of constant A and giromagnetic factor g = /I (n 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 (HFA) in their spectra.

For the small values of €, HFA is expressible as

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

Measured HFA values enable one to judge a number ot 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 | 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 4{"6s® configuration (it is 4°5d6s” 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 smaill HFA values. This consideration
is supported by the data of Table 1. 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 Al/A; B/B; gi/g TAZ o,
configuration

::j“‘:Nd *Laf'es’ 1,60861(2) | 1,8968(5) | 1,60883(4) | -0,014(3)

98m | "Fodf’6s’ 1,21305(2) | -3,4598(7) | 1,213(1) 0,004(82)

BLISE, | 8% ,4f'6s? | 2,26498(8) | 0,3928(4) | 2,2646(12) | 0,017(53)

BS7Gd | °D,af'5d6s” | 0,76253(12) | 0,9383(1) | 0,7625(20) 0,004(263)
161,163y 51, 4F0652 } ?
Af%6s 0,71416(1) | 0,9468(1) |- 0,714(7) 0,02(98)
TMAByp | 15,4 %6’ -3,6305(2 ’
o 1Sudf'*6s ,6305(2) -3,63051(18) | -0,0003(10)
, 4 2 i
Lu | ’Ds,4fs5d6s® | 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™). Finite HFA values can appear dL;e 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 HFA for REEs:

IAZ = A,(ex) Az(gr)

4, (ex) 4 (gr)

-1, 3)

wher‘e thg symbols (gr) and (ex) refer to the ground and excited states. This
c0n51de'ratlon 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
defor.med. 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 HFA values should
bg 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 (HES)
constants to be established with a minimum error and the HFAs 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 electricaily
heated crucible [9] or by irradiating with infrared radiation from a high-powered
pulsed Q-switched laser (its pulse power was 5 MW [10]. The atomic beam was
collimated with a set of diaphragms, its divergence in the laser radiation zone being
0015 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 (Eu,0s, Lu;0s) of natural isotope composition.

To register resonance scattered fluorescence radiation, use was made of a
photomultiplier operated in the single-photons counting mede. 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: '*Nd, '"*Nd, BlEy, YRy, 155gy, 1%3Gd, %7Gd, "Ly and 8L u were
measured in atomic beams. In all the cases (except for the radioactive isotope ),
samples of natural isotope composition were used. T he setup frequency resolution
was high enough for the HFS components of the isotopes under study (o be
distinguished in the complex spectrum. The gy isotope was produced by irradiating
a "*Sm-enriched sample with thermal neutrons in a reactor and then isolated
chemically. The production reaction was 54Sm (n, y) 1558m —£ 5 5By, In this way,
10™ atoms of **Eu were produced. The sample contained admixed BIEy and By,
10" 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
fines due to the HFS components associated with 518y and ""’Eu as well as weak
lines associated with "’Eu. The spacing between the lines, which is due to the
transitions between one of the lower (upper) HFS level components and the two of
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
cemponents, which, in turn, are related to total moments F and F-I (equal to the
vector sum of the nuclear spin I and the electronic shell spin J) by the expression [11]:
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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 10, which is beyond the accuracy of the
measurement discussed. ’

To determine the exact 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 [12]. 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 frequency
spacing being taken care of and the x” criterion being used. The thus obtained values
of constants A and B for the excited levels of the isotepes considered are presented in
Table 2. Tt also contains the terms and configurations of the upper levels (those
characteristics for the lower levels are presented in Table 1) 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.

or
laser
evaporation analyzer
laser ray
frequency
scanner
{ dye laser Ar laser
mirror SP-380D § SP-20390
oscillograph

8 GHz interferometer ] A A ’\

Isotope | I" Term and E, cm’ A, MHz B, MHz
configuration '
"'Nd 7/2 | FHUafsd%6s | 19816 | -122,35(5) 25,2(4,2)
"Nd | 7/2 -76,23(11) 13.8(4.5)
PlEun 5/2 | Z'PaaAf6s6p 17707 591,16(9) -354,38(97)
*Eu 5/2" -262,94(11) -922,07(79)
Ey 5/2" -261,48(11) -950,4(1,0)
Gd | 3/2 ZF4f5d6s6p | 17381 266,67(24) 76,2(6)
¥1Gd 32 | 350,03(23) 78.6(6)
"Lu 7/2' | 'Fadfsdesep | 17432 -926,49(35) 1771,9(3,4)
Lu 7 -652,10(36) 2492.9(6,2)

150 MHz interferometer

A- meter

Fig.1. The block-scheme of the experimental faser setup
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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 B are known for the isotopes "*'Eu, "Eu [13], "Lu and "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 HFA to be found, are practically the same. The values of
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Fig.2. The resonance laser-induced fluorescence spectra of Nd, Euand Gd

are presented.In the case of "35Eu the scan velocity for recording the peaks

was about ten times lower then the one of the '**Eu peaks in order to obtain higher
statistics. The flag-pattern groups of 1Ey are indicated by the total quantum
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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 ’Eu 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 [16] 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 AV/A; (ex) B\/B; (ex) 'A% %
HANG Z °Hs 1,6050(24) 1,83(60) -0,22(15)

[15] Lo-ns 1,60975(2) 1,8957(7) 0,07(1)
BLISE, Z Py 2,2483(8) 0,3845(9) -0,74(4)
PRISEy Z Psp 1,0056(5) 0,969(9) -0,26(38)
15157Gd Z°F, 0,7618(8) 0,966(12) 0,090(12) -
[16] b 0,76180(4) 0,9387(1) 0,090(21)
Ly *Fay 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 s, or p), electrons.

TAKING ACCOUNT OF THE EFFECTS OF HIGHER ORDERS

Before deriving the HFA values from measured constants A, it is necessary to
take account of the other effects that influence the HFS maguetic 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

LI oW 1 )>'2

vJIF) -V IF) ©)

where the numerator is the square of the atomic level radiation transition 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 M1 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 HFA values presented in Table 1. 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-electrons, and the low
values of HFA (<10™) 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 43y, 415, 5ds, 5ds2 and 6515, (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

r}

M) = [(rg, +£g) ©)

where fand 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”, 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 1) 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 HFA. Therefore the corrections to constants A
for the effects of higher orders can be neglected.

CONCLUSIONS

An analysis of the HFA values presented in Table 3 shows that the HFAs
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), '*'"*Nd, "*'¥Ey,
B5157Gd. show minimum HFA values. At the same time, a change in nuclear
deformation ('*"'*Eu) or the adding of an odd neutron, which changes the ratio -
between the spin and orbital components of the nuclear magnetic moment (*7>'7°Lu),
results in markedly greater HFA 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 HFA 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 sjp-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 anomaly has been obtained for a number of elements,
Fowever there does not exist any systematic studies of the isotopic effects
other than in a few cases. In this contribution a sutamary of hyperfine
anomaly studies in the lanthanides is presented together with a prospect
for systematic studies,

1 Introduction

The influence on the hyperfine structure (hfs) of the finite size of the nu-
cleus was first considered by Bohr and Weisskopf {1}. They calculated the
hyperfine interaction of sy/2 and py 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 sinaller than that expected for
a point nucleus. lsotopic variations of magnetic momeuts become larger
than those in the point dipole interaction when there are different contri-
butions to the hfs from the orbital and spiu parts of the magnetisation in
the case of extended nuclei. The fractional difference between the point
mucleus magnetic dipole hyperfine interaction constant and the constant
obtained for the extended nuclear magnetisation is commonly referred to
a5 the Bohr-Weisskopf (BW) effect {2|. The magnetic dipole hyperfine
interaction constant a can therefore be written as

@ = apoint{l t-€aw) (1)

where egw is the BW-effect; and apoine,the a constant for a poiut
racleus. Because electronic wavefunctions cannot be calculated with high
accuracy in complex atoms it is not always possible to determine egw
cirectly. In the case of hydrogen-like ions and muonic atoms it is pos-
sible Lo extract the BW-effect directly. The BW-effect is,as the isotope
stift, dependent on both a nuclear part as well as an atomic part. The
atomic part is essentially the electron density within the nucleus. The
nuclear part, i.e., the distribution of nuclear magnetisation, can be calcu-
lated using different nuclear models [2, 3]. However, it is impossible to
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experimentally determine the BW-effect direct, only the difference of the
BW-cffect in two isotopes, the so-called hypertine anomaly, can be deter-
tiined experinientally. Therefore one compares the ratio of the measured
hfs constants for two isotopes (or isomers) of the same element with the
fadependently measured ratio of the nuclear magnetic dipole moments to
extract the hyperfine anomaly, 'A? | for the isotopes 1 and 2, and a given
atomnic state:

TA2 at?) 1‘32)/1(2) -

I+ = &
a(?) ”Sl)/l(l)

L4 ey — iy (2)
[or electrons with a total angular momentum j > 1/2 the anoma-
lies may be disregarded as the corresponding wavefunctions (electron-
densities) vanish at thie nucleus. If we study the hyperfine anomaly for
different atomic states we find a variation of the values. We have a state
dependent hyperfine anomaly, the differences in values in different states
cau be large .The reason for these differences is due to that the hyper-
fine interaction consists of three parts{4, 5}, orbital, spin-orbit and contact
(spin) interaction. Only the contact interaction contributes to the hyper-
fine anomaly. Thus we can rewrite the general magnetic dipole hyperfine
interaction constant as
@ = ane + ey (3)
where u. is the contribution due to the contact interaction of s and P12
electrons, respectively, and a,. is the contribution due to non-contact
interactions. The experimentally determined hyperfine anomaly, which
is defined with the total magnetic dipole hyperfine anomaly coustant a,
should then be rewritten to obtain the relative contribution to the hyper-

fine anomaly:

IAE:EP = lAfa_L ’ (4)
a

where 'AZ is the hyperfine anomaly due to the contact interaction,
that is, for an s- or p-electron. One can show that ac is proportional to
ys — 1 which gives an indication on the magnitude of 24, So far we have
only cousidered direct interactions between the electron and the nucleus,
in order to get a complete picture we should include electron- electron
interactions. One interaction, which can influence the hyperfine interac-
tion constant, is the polarisation of the electron core [4], which may give a
substantial contribution to the experimental hyperfine anomaly [2}. Core
polarisation can be seen as an excitation of a d-electron, which does not
give any contribution to the anomaly, to an s-electron, which gives a large
hyperfine anomaly. Since the hyperfine anomaly (lAf), is independent
of 1, it is possible to use the hyperfine anomaly to obtain values of the

core-polarisation {2, 6].

2 Determination of the hyperfine anomaly
Irom the discussion above one is led to the conclusion that one need

independent measurements of the nuclear magnetic moment in order to
obtain the 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
constant ratio, for two isotopes, in at least two different atomic levels.

That is:

‘1(,\”/“53) ~ L2 al'  af ' -
a0y SR ) (5)
B B

where A and B denote different atomic levels and 1 and 2 denote
different isotopes. The ratio between the two magnetic dipole hyperfine
interaction constant ratios for the two isotopes will be dependent only on
the difference of the contact contributions of the two atomic states and
the hyperfine anomaly for the s-electron. [t should be noted that the ratio
uy/a is isotope independent. Once it has been determined for one isotopic
pair, the ratio can be used for all isotopic pairs, which is very useful in
the study of hyperfine anomaly in radioactive isotopes. The ratio can be
determined in two ways; either by making an analysis of the hyperfine
interaction and deducing a./e from the aualysis, or by using a known
hyperfine anomaly.

In order to determine the hyperfine anomaly one needs to know ei-
ther the nuclear magnetic dipole moment and oue a-constant or two a-
constants(2, 7|. Since the hyperfine anomaly is normally very small (1%
or less) it is necessary to have high accuracy of the values use, as a rule
better than 107Y2). In the case of stable isolopes there is no major
problem to measure the nuclear magnetic dipole moment, with NMR or
ABMR, while unstable isotopes are more difficult to measure, a review of
different methods can be found in [8, 2]. In most cases there do not exist
any high precision measurements of the nuclear magnetic dipole monient.
However, there might exist measurernents of two a-constauts, especially if
the unstable isotopes miclear charge radius has been measured by means
of laser spectroscopy [8). In order to obtain the hyperfine anomaly one
needs Lo measure the ¢-constants with an accuracy better than 1074, This
can be done by laserspectroscopy when the a-constant is larger than 1000
Mz, The use of radiofrequency spectroscopy, in beams or traps, is an
alternative since the accuracy is at least 2 orders of magnitude hetter.

3 Hyperfine anomaly in the lanthanides

The lanthanides have been an area of interest from an atomic as well as
a nuclear physics view. Even if there has been done systematic studies of
the atomic structure as well as for the isotope shift, the BW-effect and
hyperfine anomaly have not been well studied. This is despite the fact that
one of the largest state dependent hyperfine anomalies has been observed
ir. Bu [9, 10]. Oue reason for this might be that the nuclear magnetic
moments are not known with high accuracy, another beiug the rather
complicated atomie structure. The status of the BW-elfect investigations
in the lanthanides is summarised in table 1. It is interesting Lo note
that the BW-effect has been deduced from muonic atoms in three of the
lanthanides, giving a possibility to extract the BW-effect for a series of
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Table 1: Status of BW investigations in the lanthanides.

La  Muonic
Pr Muouic
Nd  Anomaly extracted frowm a-tactors
S Under analysis
21 NMuonic,Standard method,
Anomaly extracted fromn a-factors
Gd Anomaly extracted frowm a-factors
Dy State dependent anomaly extracted from a-factors,
Y4 Standard wmethod
Lu  Standard method, state dependent anomialy

Table 2;: BW-cffect from muonic atoms.
[sotope € B

TLa -0.156(46)%
141py -0.383(23)%
15112 -0.63(13)%

isotopes and making a direct comparison with calculations. ‘T'he BW-efleet
fo - muonic atons is given in table 2 [2).

The hyperfine anomaly has been extracted in four elements and isotope
pairs. As we are only considering the s-electron anomaly here, we exclude
the state dependent hyperfine anomaly that has been obtained in some
of the elements. ‘The values of the s-electron anowaly are given in table
3]2, 6}

We observe that Bua is a special case. We know the BW-clfect from
muonic atomns as well as the hyperline anomaly. Iu addition, there have
been done measurements of the hyperline structure in a long chain of
isotopes|11, 12, 13], making it possible to use the method of Persson [7]w
extract the hyperfine anomaly. Concentrating on the odd isotopes we
lind that the hyperfine anomaly can be deduced for all odd isotopes from
A - 145 to A=155, the result is given in table 4.

One can clearly sec the shape transition hetween Blpw and "™ Eu as
the anomaly changes drastically. ‘The hyperfine anomaly for the lighter

" isotopes seems to be fairly constant, an indication that the magnetization

RN o 181 .
does not change much from the spherieal ™ Euw nucleus to 77 Eu. A bit

Table 3: Hyperfine anomaly in the lanthanides.

Isotopes TAT
TBIBNG  0.2034(63)%
LIS, - 0.64(3)%

1505700 0.106(24)%
ITLAT3yy, 0.386(5)%
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Table 4: Hyperfine anomalies for odd En isotopes-
Isotope AP (%)

145 20.08(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 Eu, experiinental and calenlations.

Isotope  €pw.cap(%)  €BW.cale €BW.catc[14]
Particle-Rotor  Core-excitations
I 11
Bl -0.63(13) -1.489 © -1.046 -1.036
W3py  0.01(16) -0.056 -0.919 -1.039
SEu 0.28(50) -0.052 -0.919 -1.035

surprising is the difference between '™ Ev and '°® Bu,as these nuclei are
almost identical, with respect to the nuclear moments and energy levels,
still the error is 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 '°! 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. [14],
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,
il seerns like the particle-rotor calculations are a hit better, although the
BW-effect is a factor 2.4 too large. Both methods indicate the lighter
isotopes have the same BW-effect as '*' 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

As has been shown in the case of Eu, it is possible to obtain a lot of
information 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
siates {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
41652 and 4" '5d6s? configurations, where neither free s-electron nor
¢are-polarisation contribute to the hyperfine interaction {16]. - In other

88

words we have a number 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
in these states are in most cases small (< 100 MHz) so the accuracy
obtained by laserspectroscopy is normally not suflicient for determining
the 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 ctates where the faclor ay/a or uc/a differ substantially. Since as/a is
proportional to g; — 1, we can easily find suitable candidates. The best
choice 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
the lowest lying multiplets in both atoms and ions of the lanthanides.

As the number of states with excitation energy <10000 cm ™! is high
in most of the lanthanides there are plenty of suitable transitions that
can be studied with simple atomic beam sources. However, in order to
populate other states than the ground state, one can easily loose signal.
Au alternative would be to combine rf-measurements of the atomic ground
state, which normally has a small a-constant, with measurements of the
ground state a-constant in the ion. The ground states of singly charged
lanthanide jons belong normally to a configuration with an un-paired s-
electron. One might also consider doing ion-trap experiments using both
sitgly- and doubly- charged ions, again in order to have one state with an
unpaired s-electron.

As the prospect for systematic measurements of the hyperfine anomaly
in 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 Janthanides,
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 lah-
oratories. The conclusion would be to form a network of the laboratories,
in crder to promote the study of hyperfine anomaly. It seems feasible that
, within a not too distant future, the hyperfine anomaly is well known and,
~hogefully, well understood in the lanthanides.
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NUCLEAR ANAPOLE MOMENTS. YESTERDAY, TODAY, TOMORROW
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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 [1] 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 clectron and nucleon neutral currents. This interac-
tion is proportional to the so-called weak nuclear charge @ 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 = 1.027x 1075m~2 (we use the units /i = 1,¢ = 1; m is 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 o = 1 /137. Then, how
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it comes that this effect is dominating? The answer follows from the same picture of a to.roida]
;;indiﬂg' It is only natural that the interaction discussed is proportional to the ma'gnetlc ﬂ;l/);
through such a winding, and hence in our case to the cross-section of the nlfcleus, ie,to A
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 con’stant a. A§ a result', the
dimensionless effective constant x which characterizes the anapole interaction in the unl.ts‘ 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 t'o the “weak” charge @
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 corl?ponents. 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 37Cs is

Kor = 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 @ 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 37Cs 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 to'ta.l
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 const.ant.
throughout the space and coincides with the mean nuclear density py. Th‘e Iast. assumpt.xon,
ascending to [12], is reasonable if the wave function of the external n.ucleon is mainly localized
in the region of the core. Then simple calculations give the following result for the anapole
Constant (3]:

9 ap o
= —g— A", (3)
" 10gmr0
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Here g is the effective constant of the P-odd interaction of the outer nucleon with the nucleq,
core, p is the magnetic moment of the outer nucleon, 7o = 1.2 fm. The A-dependence of
this constant is very natural. Indeed, since the anapole corresponds to the magnetic fielq
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 A%3.

The so-called “best values” for the parameters of P-odd nuclear forces [13] result iy
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)9 | [3]¥ [16]9) (17,1819 | [19)9 | 19} | [20]9 | [21] | [22] | [23]

B3Cs 1037028014 (0.28) | 027 | 033|026 | 022 | — |0.15]0.21

203,205 | (.49 | 0.43 — 027 | 042 | 0.40 | 0.37 | 024|024 |0.10

2098; | 0.51 | 0.35 — 027 045 (029030 | — |015] —
Table

a)Calculation with formula (3). b)Woods-Sazon potential including spin-orbit interaction.
¢)Only the P-odd w-meson-exchange was calculated in [16]; we indicate in brackets what to our
guess would be the result of [16] if the P-odd short-range were included. d)Our ectrapolation of
the results of [17, 18], from their values of g, to g, = 4.5. ¢)Oscillator potential, contribution
of contact current included. f)Woods-Sazon potential, contributions of contact and spin-orbit
currents included. g)Many-body corrections calculated in the constant-density approrimation.

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 (IPM) 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 A3 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 IPM
calculations reveal certain shell effects quite pronounced in the values of « for Tl and Bi (see
Table). Both these nuclei are close to the doubly-magic ?*®Pb. However, while the anapole
moment of T1 nucleus in IPM is close to its analytical estimate, the anapole moment of Bi
in IPM 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 3s,/2 wave function in TI is concentrated essentially
inside the nuclear core, while the 1hg/; 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 1gy/2
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 2®Pb, but its unpaired proton is 3sy/2, but not 1hg/o
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(133Cs) = 0.15 - 0.21, w(P3O5TI) = 0.24, x(*°Bi) = 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 experimental result (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, x =
—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 6s? 1S, — 6s5d 3D 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 3D; state is close
(AE ~ 600 cm™!) to a level of opposite parity ! P; which composition is 6s6p with a strong
admixture of 5d6p. Due to this 5d6p component, there is large PNC mixing between 3D, and
1P,. The relatively simple atomic spectrum of Yb allows one to perform atomic calculatlons
of the PNC effect with an accuracy about 20% [27 — 29].

Ytterbium has seven stable isotopes between A=168 and A=176, two of them, 71Yb,
I=1/2 and *Yb, 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, 6s% 15y — 6s5d 3Dy, is of a special interest for the
anapole measurements [30]. PNC mixing between 3D, and ! P, states (their separation is
AE ~ 300 cm™!) is only due to the P-odd interaction electrons with nuclear spin, J = 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 1S5 —% D;.

Some preliminary spectroscopic measurements in ytterbium, related to the discussed ex-
periments, have been performed. They resulted in the lifetime of the 3D, state, 380(30) ns [31],
as well as in the values of the E2 amplitude of the 1S5 —3 D, transition, 0.65(3) eaZ [32], and
of the strongly forbidden M1 amplitude of the 155 —3 D; transition, 1.33(26) x 10~* up [33).

*kk

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 Moscow, 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: 1)
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)=E;cos(w t+)+Escos(wat). ¢)]
We have considered the interaction of the bichromatic wave and the three level

quantum system (Fig.1). 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:

2

ST

FIGURE 1. Three level quantum system

The hamiltonian of the atom+rf field system has the form H(t)=H,+V(t),
where Hy is the hamiltonian of a system of quantum levels with the characteristic
wave functions Fj,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 F;:

¥()=Y by(bF, @

The amplitudes bi(t) are the population amplitudés of the ith levels, which satisfy
the following initial conditions: bi(0)=A;exp(io;), where A, is the initial amplitude
of population of the level i, with A= l bi(0) {2 and o 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(ia;) and can be represémed in the form bi(t)=ai(t) exp(ioy;), where at any time
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the functions a;(t) are independent of the o and at /=0 they are given by a(0)=A;
The eigenfunctions F; of the hamiltonian Hy have an orbitrary constant
phases but we are choosing this functions in the form FFF;'exp(-ia;), where the F;

are independent of the phases o Than the formula (2) takes the form:

¥()= Y8, (OF - ()

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 Schrddinger equation. In addition, we assume that the phases of the
components of the bichromatic wave and their difference ¢ also remain constant
during the interaction of the system with the field. As a result we bave for the

amplitude of level "3" population:
a3(t)= ~Ascos(Q)-i[ A, Vaexp(-ip)+A1 V] *sin(Q1)/Q, (4)

where V, V3 are the matrix elements for the transitions 1<—>3 and 2<—>3

respectively. Q= (Vi+VH)" is the Rabi frequency.
There are two interesting cases Qt=mn/2 and Qt >>1. Let all A=,

V=V, Then in the first case for ¢=n the second term of as(t) is zero, and we have
az(t)y=ot!t

In the second case we may average the population over time (over many
periods). For the same parameters as before we have: a,, =1/2; a, = 5;:5/4.

(ai= lait) %),

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:
W=V, +Vexp(io), or W=Quexp(io/2),  (5)
Qo=(\/|2+V22+.’2V1V2005(p)l 2 a=2arctg[ Vsing/(V,+V2c050)].

Then the solution of Schrédinger equation for the population of the third level is
|a3(t) |2= [1+sin2(Qt)cosa)], where Q=+/2 Q 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 1 and for case of spin 3/2 are displayed on

Fig.2 and Fig 3 as a functions of o and Qt=n/2:

FIGURE 2
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FIGURE 3

It appears to us that the suggested method of polarization can find use in
quantum computer design. The most il.nportant problems in this respect are a
search for a quantum system suitable for usé as an information medium in
quantum computations and the problem of initiating the initial state of this system.
As known, a particle with spin 1/2 in a solid matrix is one of most important
example; 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 a
very low temperature (~1pK"). It is demonstrated above how can the mitiaily
uniformly populated levels be polarized by our method. In our case we do not
need very low temperaturcs!!! Let us consider the nonequidistan! three level

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 /2 pulse of bichromatic wave. In
position 3) we may work with monochromatic wave with frequency w.
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 *Mn ELECTRIC QUADRUPOLE MOMENT
ALMOST FREE OF STERNHEIMER CORRECTIONS

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

Poznan University of Technology, Chair of Atomic Physics
ul. Piotrowo 3, 60-965 Poznafi, POLAND

1. Introduction

Hyperfine splittings of atomic spectral lines, arising 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. Contemporary
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 multipole expansion form [1]:

© N
330 ~(K ~(K
HH{S =ZT"( ),Z(ye( )E/f): ,
K=l i=l
where f,fK) is the nuclear muitipole moment operator — electrostatic £%) for
K=0,2,4,... or magnetic N®) for K=1,35,.... '[A;(K)‘L‘”is Sandars and Beck’s effective
electronic operator. K denotes successive multipole interactions: K = 1 — magnetic
dipole, K = 2 — electric quadrupole, K = 3 — magnetic octupole,etc. To obtain precise
information about nuclear moments it is necessary to take into account perturbation
theory second-order contribution to hyperfine interactions energies. Dembczynski

et al. [2,3] proposed a method of simultaneous parametrization of one- and two-body
interactions in atomic hyperfine structure.
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order energy shift to the first order matrix element (y |H|w'") is given by:

(w|Alw)w Al

Sly.y')=- Z AE ’

vizvy’

The second-

where H =}}'EL +1:ISO +ﬁHFS is a sum of three terms corresponding to Coulomb
interactions, spin-dependent interactions and hyperfine interactions, respectively.
AE is the energy separation between the centre of gravity of the model space under
study and the perturbing levels. yand y’ are states of the model space whereas y,
is a state of a perturbing distant configuration. The main contribution to relative
energy shifts is due to the electrostatically correlated hyperfine interaction
(EL-HFS):

Z (W}ﬁEL]WI><Wl IHHFSIV/I> _ Z <V/lﬁmsl!’/x ><'//1 ‘I—}EL‘WI>

Ser-nrs ('//"//') == AE AE

virv.y' vy’

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

f{EL—HFS =Zf1)\f Z/{,gf-)ﬁfs >
X *

" where xk = 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 mode! space (3d+4s)N *2

k=01, 12, 10, nl=3d, 4s,

11
Aly)=Dasw)as + > aly)a,
xk,nl i=]
8
Blw)="Y. B w)by + > B, xk=02, 13, 11, nl=3d,
xk,nl i=1
where; ,

v = (SLI ) — real fine-structure states written in SL-basis (intermediate coupling scheme),
a,’:‘ and b,',‘f — one-body radial parameters (originating from first-order HES operator),
a¥(y) and i (w) ~ angular coefficients of first-order contributions,

a, and b, - two—body radial parameters (originating from second-order HFS operator),
a; (!//) and f, (l//) — angular coefficients of second-order contributions.

Index i denotes different kinds of two-body radial parameters corresponding
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
(4 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 4 and B
constants to their experimental values with the use of least squares method:

;(Amz_ (SLJ)- 4,,, (SLT)) = min.

Z(Beval. (SLJ)- B, (SLJ ))2 = min.

SLI

3. Measurements

Presented evaluation of electric quadrupole moment of *>Mn nucleus was based
mainly on experimental data available in publications. However, some measurements
were carried out to complete HFS data concerning the 3d°(CD)4s a'D term.
Measurements were made with the use of lasér-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 with 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 investigaiions mentioned
above hyperfine splittings of following spectral lines were measured:

449.0090 nm (in air) 3d°(°D)4s a‘Dy;, — 3d°(CD)4p 2Dy ,

428.4085 nm (in air) 3d°CD)4s a’Dy, — 38°(D)4p y'P3s ,

425.7669 nm (in air) 3d°CD)4s a'D,, — 3d°CD)4p y*P°, .

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

In the applied parametrization method hyperfine structure of levels belonging to the
(3d+4s)/""? 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 4 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 performing different kinds of calculations
necessary for final fitting procedure. The main tasks performed by these programs
are: calculation of energy matrix eclements, fine structure analysis (in particular
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— determination of eigenvectors amplimfies .in SL-basis), eva?uatxon.of angular
coefficients for one- and two-body contrlbutl(?ns to hyperfine mteragtxog e?caé%ly;
and determination of one- and two-body radial parameters values in the fitting
ggzciggr;alysis of Mn I HFS model space (3d+jls)7 consisting of‘ 3d7f,‘ t3d6-/.\'
and 3d’4s® configurations was chosen. The' analysis of fine structu};:1 01 emsls
belonging to. the model space configurations was performed wit lt e [u7]e
of experimental data on Mn 1 fine structure [6] and results of_ earll-er ang {sxs h.l.
The experimental 4 and B values used in ﬁttlpg pr'ocedure are listed in Tg o wb 1I Ie
values of one- and two-body parameters obtained in HFS fit are presentle in Ta t. .
Because amount of experimental data was not sufficient to assume all parameters

Tab.1l. Values of one-

and two-body radial parameters

obtained in HFS-fitting procedure for Mn I

as free adjustable ones, values of several parameters were fixed.

Tab.1. A and B constants used in HFS fit

Configuration | Term | ] Energy A [MHz) B [MHz] Ref.
fem™]
3d°4s a’s {512 0.00 | -72,420836(15)| -0,019031(17)|[8]
3d°CD)4s a®D (972 |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) * -65,001(50)* | [9)
1/2 [17637.15 | 882,056(12) * [91
3d°CD)4s a’D |72 {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)
3d%4s” a’G 1172 [25265.74 | 405,3674(12) 0,890(25)  {[10]
405,265(6) * -6,75 * [10,11)
52 |25281.04 | 595,598(32) 8,247(3) ftop
596,183(30) * -0.833 * [10,11]
9/2 [25285.43 | 396,588(1) 70,15630) {10] |
395,201(3) * 0,196 * {10,11]
72 |25287.74 | 438,242(13) -62,859(2) (o |
437,074(15) * 0,671 * [10,11)

*) corrected values
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Parameter Value in MHz Parameter Value in MHz
ay, 948,2(2,7) b 587,11(26)
al 953,5(3,2) b3 9,71(76)
ay -72,39(86) b)) -4,92(37)
ay 2831,8(8,3)
all =0%) bZ 18,5(2,8)
al 283,2(1,6) b, 173,196(75)
a, 46,61(27) b, 28,533(13)
a, 31,07(18) b, 19,022(9)
a, =0 b, =0
ag =0 f b; =0
a, =0 b, 16,4(2,7)
a, ~50,13(28) b, -20,255(9)
a, -12,460(71) b, -7,632(4)
a, **) | 671(15)

a, =0
a, -982(408)

*) fixed parameters
**) ay’ =ag—ay [12]

5. Determination of **Mn nuclear quadrupole moment almost free
of Sternheimer corrections

Value of nuclear quadrupole moment obtained from measured HFS B constant may
be distorted as a result of quadrupole shielding effects called Sternheimer effects.
This shielding is a result of non-zero quadrupole 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
of Sternheimer corrections can be evaluated [2]:

0 = 2458, by (L+ A0 )
1= P

e ¥ (1+ AT’
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2458, b, =
Q2=f'%_’—— i=1.

e a

i

where F*, R™are the relativistic correction factors [l] and A&;*) are the
contributions of one-body excitations of full shell to empty shell. Value
of quadrupole moment Q; of 5*Mn nucleus was obtained from parameters ay, and

b% while value of (; was obtained from parameters 4, and b;:

Q;=0,349Q2) b

Q,=0,345(3) b
The difference between values of O, and (J; is within the error limits. Value obtained
in this work is bigger than value previously reported Q( Mn) = 0,33(1) b [9].
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a1
HFS constantts (iinfthe found data 4f76s °S; uncorrected and Discrepancies in A-ratios
correcte th i i . .
orV e ‘second oriier HFS interactions; for the isotopes 151,153Eu+
ersion I AE =f('¥J) Y .
Version Il AE = f{%J,F) observed in the ground and excited states
HFS Bip gt 1533, +
constant () sz; ground state
uncorrected _1[ ]t 7 6 g
A 1 540 476 486(12) 684 601 369(5 151,
B 8 910 554(231) 157 40035 A(iziEu+ °Sy) / A(153Eu+ Zs4)= 2.25003493(4) (1]
466(22) 66(8 ; +9 53, . F — )
) 55 5(% A(”'Eu” "Sy) / A(TEu’ "Sy) 2.2500338(3) [2]
after correction version I and 11
A 1540 297 161(12) 684 565 948(5, .
B -653 445(231) -1 751 726(§6)L EXC1ted states
g 466(23) - 66(8) 4](‘7 6s
-6(5) -5 (2) ~
. A('Eu7S3) 1 A(PEu’ S;5)=2.2503957(4) 3]
A 1540 297 394(13) 684 565 993(9)
B -660 862(231) - -1 752 868(84) .
c 26(23) 307) 4f°5d
-6(5, -5 . ‘ -
& & , A(S'Eu’ °Dy) 7 A(‘SEu’ °Dy)=2.2565(1) (4]
A(EiE\f ’Ds) / A(iiEu: 2D3)= 2.2520(1) [4]
A(®'Eu"°Dy) / A(°Eu 91)4)= 2.2445(1) [4]
+ ~
A(P'Eu’ °Ds) / A(’Eu’ “Ds)=2.2365(1) [4]
Iigtopf HFS constant Uncorrected Corrected }X(ISIEU+ 9D(,) / A(153Eu+ 9D6)= 2.2641 (60) [5]
Eu A 517302217(5) __ |517 281 950(150) |
B 4579 440(85) 292 630(1000) | 153 9
Eu* A 1 585 640 944(10) |1 585 450 570(250) | A(ISIEU+ 9DJ) / A( Eu’ Dy)= 2.2507(1)
- B 9 637 340(240) __ [-534 850(1900) [1] O.Becker, K.Enders and G.Werth; Phys.Rev. A 48, 3546-3554 (1993)
Eu” A 599 037 743(12) 1599 010 680(200) | (2] K.Enders; doctor thesis, Mainz 1996
B 5 698 770(430) -839 730(3000) [3] K.Enders, E.Stachowska, G.Marx, Ch.Zslch, G Revalde, J. Dembczyfiski,
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

4f 65
BPIAP? (°S)= - 0.00663(18) []
BIA (°S)=-.0.00663(18)

in the excited states

4f 6
PIA3 (75,)=-.0.00629(54)
BIAS (785)=-.0.00647(18)

[2.3]

4f75d
BIAB3 °D,)=-.0.00377(19)
PIAL OD5)=-.0.00576(21)
PIAB3 °D,y)=-.0.00907(19)
PIAP? PDg)=-.0.01260(21)
PIAD3 PDg)= -.0.00042(20)

ISIAIS3 (9D )= -.0.00634(5)

[1] O.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.Zélch, 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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14004 1050 4
= 13004 = 10004
= Z
8 8
g 1200 § 9501
2 w
& g
é 11004 é o)
1000
8504
Tosiz0 o0 60 | 655820 STAS20  $745240 5745280 5745320
- v ) v
a) kHz] b) - [kHz]
Amy=0 Ubergang Am=4 |  v{kHz] AvlkHz) | FWHM|[kHz] sy
. ) i
my = —4;m =+5 = +3 )6 558 248.1 | 0.37 7.68 5.6-1078
my=—4;m =+; = +3 | 6241 411.5| 1.02 11.02 1.6-1077
my=—4;m=—-3%—-+3|5975525.7| 0.84 11.94 1.3-1077
b
L,=—4m=-3--1 )5 745237.0 | 0.94 16.74 1.5-1077
my=-3m;=+3 - +3 56424851 | 0.65 11.09 1.2-1077
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HZEEMAN =—p- B

o Two successive approximations:

fi=-t(g, T+ g} 1) p=-tole Lvg Svg; 1)
where l4£7(3S)65;%5, ) =0.982 64141 7(39)65;°S, ) +0.183 12241 (°P)6s 3P, )
g = 81&' —0.003995[4£7(6D)6s;°D, Y —0.014 654|417(°D)6s ;D)
,, Hp S 4+0.000 5764 7(8F)6s;°F, ) +0.001 258[4f(°F)6s;TFy )+ - -+,
| l4£7(8S)6s;7S3 ) =0.982 01314 7(5S)65;7S; ) +0.181 35914 7(°P)6s ; °P3 )
e In the pure SL coupling the matrix elements vanish: \ —0.042496]4£7(6P)6s;"P5 ) —0.014 466|4f7(.6D)6s :5D,)

+0.006310/4£7(5D)6s;"D; ) +0.001 216]4f7(*F)6s;°F3) + -« -
<a 9S4 MJ’IMllHZEEMN|a 783 M3>1M;>:0'

e In the intermediate coupling the matrix elements have nonzero value
(REAL °S, M, 1 M \H oy un|REAL Sy M), I M;)y#0,

thus

(REAL °S, M., 1 M,|H 1, ,y|REAL S, M. 1 M W
MM, E(954)_ E(7S3)

3
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Zeeman second order corrections originating from
perturbation of °s, by 753
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. Sctiverstov, A E. Barzakh, D.V. Fedorov and V.N. Pantelecv
St. Petersburg Nuclear Physics Institute, 188350 Gatchina, Russia
li-mail: mseliver@recO3.pnpi.spb.ru

The study of nuclei far from stability requires high sensitivity of the experimental technique. The
method of Resonance lonization Spectroscopy in a Laser lon Source (RIS/LIS) allows one to
perform measurements of isotope shifts and hyperfine splitting for isotopes at the production rate
about 10" atoms per second. A series of experiments with Yb and T isatopes far from stability
(15D, P4 m) has been carried out al the IRIS facility (PNPI). The sensitivity of this method
is determined by thc high efficiency (=10% for Yb isotopes) and selectivity of the laser ion
source.

The basic propetties of this type of lascr ion source have been discussed. The results of Monte
Carlo calculation of the basic propertics (efficiency, sclectivity, 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 (RILIS) is a powerful tool for producing isblopically pure ion
beams of exotic nuclei [1]. The use of narrow-bandwidth laser allows one to resolve a small
difference in the transition energy duc to hyperfine interaction of the atomic electrons with the
nucleus. Thus the RILIS can be usced as a sensitive tool for atomic spectroscopy of short-lived
isotopes. The isotopc shifls and hyperfine structure can be measured and isotopic changes in mean
square charge radii and nuclear electromagnetic moments can be cvaluated. A scries of the
experiments with Yb and Tut neutron deficient isolopes 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. 1.

laser beams

ion L dy) 14y
beam ) I L ,’

1

3

D
ionizer
cavity
extraction target
clectrode

Fig. 1. Schematic view of the target-ion source unit used at IRIS on-line mass-separator.
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The nuclides under study are produced in a high temperature target of the mass-separator. Then the
atoms are thermally released from the target to the ionizer cavity, where they arce resonantly
photoionized by the beams of three pulsed dye lasers merged into single beam and directed into the
cavity. Multiple intersection of the laser beam by the atoms i the laser ion source cavily
considerably increases the probability of the photoionization. The high temperature of the cavity
prevents atoms from attaching to the walls for a too long time (condensation), at the same time
clectron cmission from the heated cavity wall creates an clectrical potential near the wall. which
traps photoions near the central axis and prevents recombination and adhesion to the wall. The
clectric ficld ercated by the DC heating drives photoions towards the extraction clectrode of the
mass-separator. The ionizer can be also a tubular one, in that case 1 = do = d.
The basic propertics of this type of laser ion source can be summarized as follows:
Efficiency 2, The total cfficiency is defined as the ratio of the rate of ions of investigated
isotope measurcd in the mass-separator collector and the rate of atoms of the same isotope
produced in the target. A high value of total ionization cfficiency is of great importance for the
investigation of the exotic nuclet with very low production rate.
Sclectivity 8t The sclectivity is defined as the ratio of the ion current after mass-scparator while
the lasers arc on resonance and the ion current while the Tasers arc off resonance. Duc to high
cflicieney of the resonant photoionization the selectivity of the faser 1on source can be very high.
However, as the nuclear reaction is oflen non-sclective, isobaric contamiinatton of clements with
a low ionization potential can be scvere.
For the optical spectroscopy the speetral width and shift of the light absorption line are also of great
importance.
For the estimation of the poinied out parameters the computer program for Monte Carlo

simulations of the processes in the RILIS has been developed. Here some results are presented.
Laser ion source efficiency

The total ionization cfficicncy can be presented as:
I],,,,, - ’]/rlmm ’]m ’]rm. ( H
Where Jpmoo is the probability of photoionization of the single alom per laser pulse. 17, is the
probability for the atoms to be irradiated by the faser light, 7., ts the ion extraction cfficicncy.
The valuc of 5jpu. depends on the thermal population of the atomic ground state (in the case
of application of the laser ion source for speetroscopic measurements — on the refative population of

the hfs componcnts). the transition cross-scctions, the laser beam intensitics as well as the

spontancous decay times of excited states.
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In order to obtain high valuc of 1. process of resonant jonization must be saturated. To
reach this goal the excitation and ionization steps should be subscquently saturated. In our
cxperiments the following ionization schemes were uscd:

- for Yb atoms:
21 S5 6.0 Yy SREIm A2 2 K1 am S . .
657 'Sy _5556mm 656p Py —=H 0y AL (TF7,,)08 0p gy —————> autoionizing state (or continuum),

- for Tm atoms:

AARE NUL]

A16% 2Fg 221y 4 6s0p (772,07, —21 s 41"'5d6s > autoionizing stafe.

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

Fig. 2. Number of laser produccd and mass
scparatcd Yb ions as a function of the laser
power for the first (bottom) and for the second
and ionization steps (top).

The value of 1, depends on the time which the atoms spend in the zone of the interaction with the
fascr radiation before they left the jonizer cavity and on the laser pulse duration and the pulse
repetition rate. The calculated distribution of atomic residential time in an inner volume of the ion
source cavily is presented in Fig. 4. As the time between laser pulscs is 100 ps (corresponding to a

repctition rate of 10 kHz), some atoms can be irradiated more than once and it will cause nonlincar

dependence of #ion ON piosm (sCC Fig. 5).
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The calculated ionization efficiency dependence on the ion sourcc geometrical parameters:is
presented in Fig. 6. In this calculation the extraction efficiency was #e, = 1. The experimental data
for Yb ionization cfficiency values obtained at IRIS (10, = 0.3 for the niobium ionizer with
d=1mm, L=45mm and 7, = 0.15 for ionizer with = 1.6 mm, 1. = 45 mm [4]) is in good
agreement with the results of the Monte Carlo simulation (sce Fig. 6 a). The valuc of fppamn is
sclected according to the parameters of the lasers used during the tests and the saturation curves
given above. As it is scen in Fig. 6 b, the ionization cfficicncy for cavity-like ionizers with small
orifices does not depend on the cavity diameter D).

The calculated atomic density distribution along the ionizer at dilferent values of Nphoro is
shown in Fig. 7. In the abscnce of photoionization the atomic density decreases linearly along the
tube (z axis) from the entrance hole (zemy = L /2) to the exit holes (zovs = 0, zevs = L) according to the

Fick law:

1 :
=-D'—= = const, (2)

dz

where J,, is the atomic flux density, 1, is the atomic density and D" is the diffusion cocfficicnt. If
Nphoto > 0 the atomic flux is not constant along the tube duc to photoionization and the atomic
density depends on z non-lincarly. The dependency of the photoionic density in the interaction zonc

Nion(2), t = Uy, for the jonizers with different geometrical parameters is shown in Fig. 7.
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Fig. 7. The calculated atomic and ionic density distributions.

122

Since photoions arc produced by pulsed lasers, the obtained pliotoion beam is pulsed with the laser
repetition frequency. lon current time structure is consequently determined by the initial density and
velocity distribution of the photoions created in the cavity as well as by extraction timc and
extraction cfficiency of the photoions. The time structure of the photoion current from the laser ion
source (d = 1.5 mm, djye = 0.7 mn. L= 50 mm) with different heating voltage applicd arc shown in

Fig. 8 as well as the caleulated curves.
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Fig. 8. The time structure of the photoion current of laser ton source .

High extraction efficiency 7. caused by the ion confinement by the potential barrier near the

cavity wall. The valuc and the sign of the potential well arc given by [S):

where n; and a1 are the density of jons and clectrons in the volume of the ionizer, respectively.
According to [5] the valuc of ¢ for Ta and W ionizers at 7= 2300 - 2700 K is about 2.5 V. This
potential prevents photoions to stick the wall and recombine to ncutral atoms.

To evaluate the single ion extraction c¢fficicney onc should take tnto account all the wall

collisions which the ion suffers before leaving the cavity. The number of ion-wall collisions

123



depends on a geometrical parameters of the ionizer and on the axial clectric ficld inside the
cavity Upear..

The influence of the ion density on the extraction efficiency is illustrated in Fig. 9 a. In (his
picture time structure of the ion current from the laser ion source observed during the off-linc tests
is presented. The temperature of the ionizer (7 = 2000 K) and the voltage of ohmic heating
(Upear = 5.4 V) arc the same for both curves, but the atomic flux of Tm tracer from the oven was
changed, consequently the ions density in the tonizer was changed as well. The large relative
contribution to the total ion current of the ions with the lower extraction time is determined by the
dependence of the extraction cfficiency for cach ion on the distance from the exit hole. It can be
caused by the dependence of ionic density and consequently ¢ on z and (or) by the dependence of
the total extraction efficiency on the number of the ion-wall collisions: the ions created near the c?gil
hole have in average lower valuc of Ny In Fig. 9 a. the calculated ions’ exiraction time

distributions are also shown.
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The time structure of the photoion current can be used for the 7., estimation. The cxlraction

cfficiency of ions with short cxtraction lime shows only weak dependence on the probability of the
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recombination on the cavity wall because these ions are created near the exit hole and leave the
cavity without the striking the wall or suffer only few wall collisions before leaving the cavity. An
cxample of the ion current time structure observed during on-line experiment with '%1%yy s
shown in Fig. 9b. As is seen in Fig. 9 b the amplitude of first peak {40, < 10 ps) is comparable
with the main peak’s amplitude, it can be explained by fow extraction cfficicncy. The jonization
cfficiency calculated as the ratio of experimentally observed ion beam intensity and calculated
production rate is about 0.5%, and the total ionization efficicncy calculated with Toxer = 1 1s about

5%. The caleulated photoion current structure with 77,4, = 0.1 is also shown in Fig. 9b.
Laser ion source selectivity

The temperature of the laser ion source cavity should be kept high enough to 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, particufarly, if the ionization potential of the

atom is low. The value of thermoionization cfficiency at single atom-wall collision is given by [5]:

Boiem = a .a= (i)exp[((/) -W, )kT], (4)
o

l+a o
g, and gy are the statistical weights of the ionic and atomic ground states, J; is the ionization
polential of the atoms, ¢ is the work function of the cavity material.

The total thermoionization efficiency is [5]:

_ therne a g
Wierm = Brrermllesn Neon » (5)

therm

where N7, is the mcan number of atom-wall collision, 7. is the thermoicns’ extraction
efficiency. Extraction efficiency of thermoions can be lower than that of photoions since the
thermoion created at the ionizer surface acquircs additional encrgy eg passing through the potential
barricr ncar the ionizer surface and has enough energy to hit the wall again. The thermoionization
cfficiency depends strongly on the temperature of the cavity and, as the result, the selectivity
decreases with the temperature. As the thermoionization efficiency depends on work function of the
cavity matcriaL materials with low work functions seems to be preferable.

As the total thermoionization 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
photoianization efficiency and mean number of alom-wall collisions. The calculations shows that

the value of y= 1j,., /N, docs not depend on the ionizer length (L was varied from 30 to 60 mm).

For tubular ionizers with di = 0.8 mum and di=1mm,d;=15mm, dy=2mmand dy =3 mm the
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4 _ 4 ETE
calculated values of the parameter yare: y = 1.4-10 3 =810" n=106510"and s = 4107,

respectively. For cavity-like ionizers:
D=4mm,d=15mm: y=3-10 4;
D=6mm,d=15mm y=2-10 4;
D=6mm,d=tmm: y= 1107

So the option of the tubular ionizer seems to be preferable.

Background ions are produced by the surface jonization in the ton source and target. In our
experiments, a high temperature target (7' 2 2700 K) has been used in order to increase production
yicld of short-lived isotopes. In this case the main contribution to background current comes ﬁ‘o‘m

the target itself. In Fig. 10 the dependence of the sclectivity of the Yb photoionization on the target

temperature is shown.
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Fig. 1. Experimental Tm spectra recorded at
different ionizer temperatures: 1 - 2300 K; 2+
2100K;3-2000 K.

Fig. 10. Dependence of the target-ion
source selectivity on the target
temperature.

In Fig. 11 experimental spectra of 18471y obtained at different fonizer temperatures arc shown. To

increasc the selectivity of the target-laser ion source unit the locking of the background thermoions

in the high temperaturc 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 sclectivity: further, time structurc of the photoion current can be used. By

' . .. . f c
introducing time gates in the dctection system the sclectivity can be increased by a factor of'ﬁv

(sec Fig. 8).

126

Experiments

As was shown above the tolal tonization cfficiency depends on the geometrical parameters of the
jonizer. The preferable option is the tubular ionizer with the diamecter close to the laser beam size.
As the tons™ extraction time and cfficiency depends on voltage applicd, the wall thickness should be
smatt enough to obtain a high ohmic resistance and, conscquently, the relatively high corresponding
clectric field. On the other hand, the ionizer should he mechanically stable at high temperature
which is needed to obtain fow wall sticking time and high jon extraction efficicncy. Initially ionizers
made of Nb were used because of its low work function. The Nb ionizer with acceptable mechanical
stability had a diameter of 2.5 mm, a length of 55 mm and a wall thickness of 0.5 mm. A typical
value of Upeqr was 1.5 V. The temperature regimes of the target-ion source unit were selected during
the experiments by stepwise changing of the target and ionizer temperature to obtain high ion

155 :
Yb photoion current was

current of the isotopes under study with acceptable selectivity. The
increased by the factor of 1.5 with the target temperature rising from 2500 to 2800 K.
correspondingly the selectivity value deereased from § = 7 to S = 4, and the optimal ioniver
temperature was Ti,, = (2100 2200) K. Duc to high isobaric contamination in the experiments

L4181 1S
with ' 1oy

b and "M Tm the isotope sclective photoion detection by counting of a-particles from
the decay of isotopes under study was applicd. In that case the selectivity was determined by the
background thermal ion current of the isotope under investigation. The estimations based on the
calculated production rate, known ion beam linc transmittance and detection cfficiency gave a value
of photoionization cfficiency: o, = 3%. As the high temperature targel-ion source unit selectivity is
determined by the background thermal ion current from the target (sce Fig. 10), for experiments
with "Yb we usced ionizer made of W, which had a higher work function but provided a better
mechanical stability at the high temperatures. In that casc ionizer had a diameter of 1.5 mm and a
wall thickness of 0.2 mm. The optimal temperaturcs of the target and ionizer were 7, = 2800 K
and i, = 2100 K. The estimated ionization efficiency was about 10%. The selectivity was about 5.

The typical valuc of U was 2.5 V. The photoions from cach laser pulse were bunched with

duration of 15 pis and delay of 35 pis.
Spectral width and shift of the absorption line

The resolution of the RIS/LIS mcthod is Doppler-limited and this technique can only be used for
medium to heavy clements with refatively large isotope shifls and hyperfine splittings. For medium
mass clements (A4 = 150) the Doppler broadening is about 1 GHz. To avoid additional power

broadening the first transition of the chosen ionization scheme should not be deeply saturated.



As was shown above, in the case of high ion density in the inner volume of the ionizer the
extraction efficiency may depend on the ion-wall collision number and thus on the ion initial
velocity. the absorption linc (here absorption means the photon absorption followed by ionization
and successful ion extraction from the jonizer cavity) may be Doppler shified. The comparison [7]
of the measured isotope shifls with those measured by other techniques shows that the absorption
lines were unshifted within the error bars determined by the uncertainty of frequency scale
calibration.

The Doppler shift of the absorption line was observed only in the case of very low extraction
efficicney when only the ions which do  not suffer ton-wall collision came out from the ionizer
cavity. [n contrast with the normal experimental conditions only one sharp peak (Ar < 1 ps) with
very short delay time was obscrved. In that case the observed Doppler shift (Avp = 700 MH7) is in
agreement with the calculated valuc (~500 MHz).

The possiblc shifts should be checked in the course of the experiment and taken into account

in the data proccessing.
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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.

1 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 E1-GR are considered and several remarkable laser-used
experiments with E1-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 MC 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 MC. 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 MC 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.

Qur 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 K and 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 and 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, 332 nm) was directed
onto the surface of a rotating graphite disk. Only a few tens of millijoules
were deposited onto a 1-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-flight 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 E1-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 E1-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). E1-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 E1-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 E1-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 E1-GR. For example,
in the fullerene Cgg, two E1-GR are known as determined by weakly bonded
7 electrons and strongly bonded o 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 E1-GR [24].

Unlike to the case of atomic nuclei, E1-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 E1-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, E1-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 E1-GR properties. Besides,
characteristics of E1-GR vary whether the clusters are free or embedded to
a substrate, pure or with impurities, coated ornot,etc. - As compared
with other Fermi systems, atomic clusters seem to demonstrate the richest
collection of different kinds of E1-GR. Vice versa, E1-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 E1-GR can
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Figure 1: Photoabsorption cross section for dipole plasmon in deformed
sodium clusters: prolate Najs and Naj; and prolate Naj;. 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 eVay.

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 = 0 and p = +1 modes, respectively. Like in nuclei, the mutual
position of the peaks reflects prolate (Naf; and Nag;) or oblate (/V a3;) 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 E1-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].

lfiser—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
supsequent growth. These clusters are characterized by a wide size distrib-
ution. The distribution is narrowed by irradiation of clusters with a pulsed
l:?sel' light whose frequency is chosen such that only clusters of a ('ertairl
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 E1-GR energy and the absorptim';
process overs automatically when the cluster leaves the resonance energy re-
gion. If to use two frequencies specially adjusted for too big and too s}xlall
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.



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, E1-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. Moreover, 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 plasmon life time. For
this aim a femtosecond titaninm-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 (> 10'5W/cm?) 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 plasmon-enhanced multi-
ionization of clusters [32].

4 Applications of nanosystems

Nanosystems have found wide applications in different areas. Omly 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:

e 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).

o Cluster projectiles can create extremely large energy densities in a mat-
ter, which can be used, for example, to heat plasma. The cluster Cyp acceler-
ated to the energy 10-MeV induces larger energy density along its trajectory
in material than 1 GeV U projectile [34]!

o 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. '

e 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].

e Numerous nanoscale circuits, switches, devices are developed. The clus-
ter Cgo 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.

o 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].
o Carbon nanotubes have found widest applications [37]. They have been

recently proposed to be used as a transistor [38].
o Fullerene-potassium structures demonstrate high-temperature super-

conductivity.
e 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, Cop+''C, Ceo+" 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 dimenstons. 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* century. All those unusual properties of nanostructure 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 [1,7-11]. 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 of no more than 10° W/em?® gives tise to the three main
processes: 1) heating without phase transition, 2) melting and evaporation and 3)
ionisation and plasma formation. As a result of those processes, atoms, molecules,
singly- and multicharged ions, clusters and macroscopic 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 ¢) 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. 1. Radiation from a pulsed laser (15) was
focused on the sample under study (1), which was situated in a vacuum chamber
pumped out up to a pressure of 5x10° 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-201 type and an
yttrium-aluminium pulsed laser of the LTIPCH-7 type were used. The parameters of
those lasers are presented in Table 1. The parameters are seen to permit varying the
irradiance in a wide range (from 10° to 3x10° W/em?), which makes it possible to study
cluster formation in a wide temperature range.

Table 1. Parameters of the lasers used to produce clusters

Laser A, o, At, Ejpuis, JZR q,
nm Hz ns mj A% W/cm?
LGI-201 510 ; 570 10* 20 0.5 5 10° - 107
LTIPCH-7 1064 25 10 50 0.12 10" -3.10°
532 25 10 20 0.6 107 - 2-10°_ |
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Fig. 1. Setup diagram. 1 - sample, 2 - collimator, 5 — 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, 10 - 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 ot a prescribed angular divergence from
the stream of atoms, ions and clusters (3) 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 essentially less than the
Dopplerv 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 tocused 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 MC formation conditions in the interaction of 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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Fig. 2. Spectrometric laser facility
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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 of up 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 = T:{US X101, 144x10°(E, +U)" L, _E;)/z}‘2

E,+U U

where U is the accelerating potential (V); E, the initial cluster energy (eV); L; and L,
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 10* atoms is close to the thermal
velocity (10*-10° cmys), 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=24[o(E)(E,1)E, )
4]
where A is the number of atoms in the cluster; o(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 of 20 pm lavsan.
Etching in a 20% NaOH solution for 15 min. made the tracks of the fragments become
visible through an optical microscope (they were ~10 um 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.

145



These values are related by the expression:

A =———-——N—~—, 3)

2gEfa(E)Y(E,z)dE

where ¢ is the dielectric detector fragment detection efficiency. In our experiments, in
which clusters deposited on the detector surface, €=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 **U sample and irradiation of the detector with thermal neutrons the
fission cross section is o=5x10"cm® and the neutron intensity 1(E) in the thermal
column of a high power reactor can be as high as 10" n/s - cm’. Under such conditions,
irradiating the detector for several hours (~2'10" s) results in:

jo V(E)dEdr ~10° @)

that is, each track aobserved corresponds to there being about a hundred of atoms ina
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:

AV 1
N JKN'

where K is the number of clusters observed. With N and K lying in the range 10 to
100, the accuracy of determining the number of atoms in a cluster, which is the mass
resolution of the method, was 3+10%. 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 (10-400 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, is
characterised by the following parameters:

etticiency. ~0.61.

transportation time for laser-evaperated praducts: <2 ms,

laser spectrometer frequency resolution: equal to or better than ~100 MHz;

time-ot-light selector time resolution: ~30 ns;

mass resolution by cluster tracks: 0.1

MEASURED RESULTS

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 *°U and ““U). Table 2 presents some of the
characteristics of those elements and, for comparison purposes, Na, much used in
cluster research [17}. Those characteristics define the thermodvnamic and electric

Table 2. Characteristics of the element under study [17]

] Na | Sn(o) Pb | Th U

| Density, g/cm’ (t=20°C) | 0971 [ 575 P1I3S P72 [ 18093
Boiling point, K 11561 2543 L2013 s060 ! oIS
Heat of evaporation, ' .‘
kJ/mol 89.04 290.4 179.4 5439 4226
Specific resistance, |
10”.Ohmem (t=0°C) 12 1.0 20.6 13.0 30. }
lonization potential, eV 5.14 7.34 741 6.08 6.05 |

properties of the elements under study. In comparison with sodium, those elements are
atomised at much higher temperatures and energies. At 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
wetghing 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 1
2r
Y r
O 1 1 I 1 1
0 20 40 60 80 100 s
1 1 1 - 1 1
10 S 3 2 15 v 10 emiis
1 1 i 1 1
30 10 5 2 15 E. eV
Fig. 3. Time-of-flight speura tor uramum atoms at various laser radiation
power. t- q:ﬂlo Wiem? 2-g=10" Wiem”®
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Y, at/pulse

Fig. 3 shows the measured time-of-flight spectrum for U at two v‘alues of
1060 nm laser radiation power density (the irradiated area on the sample surface was’
~i mm-). Those spectra permii caicuating the veiocity z\nd' energy spectra fo~r a known
flight distance (sample-to-laser beam distance) and aromic mass. [n F:g. 3, gach of
those values has its own abscissa. The spectra obrained are consistent with the
Maxwell velocity and energy distributions of atoms evaporated fro'm th; sample. They
provide information on the temperature of the sample surtace area lrradxgted by 2 laser
beam. The temperature was evaluated taking account ofthf‘:re being an\ increase in the
velocity of atoms due to the gas-dynamic flying apart ot plasn}a [13. 18]., Table 3
presents the values of the average velocities and yields of atoms for Pb and U 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, Y, at/pulse

nm ‘ W/em? mm 10° emy/s Pb U
510;570 | 3.0-107 03 1510° 3.5.10" 50-10"

10%4 1110 1.4 2.0-10° 410" 1.5-10"

1064 25.10° 1.0 22:10° 1510 1.0-1o‘f :

1064 5.0-10° 0.7 2.5.10° 610" 10-10"

1064 | 3.0-10 03 2810° 2.5-10" 1,5-104

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 macrpparﬁcles (wh0§e 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.

1
2
oR
10"+
3
10" -
1010 5 1 1 i | N
107 108 108 109 q, W/em’
) 1 | i
2410° 5-10° 10 T K

Fie 4 Laser radiation power density dependence of the total yield of ®*U (1), the
number of neutral atoms (2) and uranium clusters of N>>1000 (3) evaporated from a

sample by a laser pulse 148

Fig. 5 presents the mass distributions of the particles evaporated from Pb, Th
and U samples under the action of 510 and 570 nm laser radiation of 3x107 W/cm?,
which were measured by the time-of-flight method. It is seen that in the case of Pb,
singly-charged clusters of up to 10 atoms (Pb',-.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 Pby’ is smaller than that of Pb;” is inconsistent with the shell model
but seems to be understandable within the context of cluster valency [19]. It should be
noted that for both elements the proportion of ionised clusters of 2 to 100 atoms did
not exceed 1%. Other power densities (up to 10’ W/cm?) 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 1000 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 1000 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<1000. 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<1000 is less or equal to 5% of their number. At the same
time, more-than-two-tracks events correspond to clusters (or macroparticles) of a
number of atoms A (or n) more than 1000. 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 Yy
decreases as A increases. The same is true for the whale range of laser radiation power

- density.

Table 4 presents the yields of different components — atoms, ions, small (A=2-.
100) and large (A>1000) 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 ~10° of the number
of single atoms whereas in the case of Th and U that proportion is less than 10°, The
yield associated with the proportion of large clusters of a number of atoms A>1000
(the chosen reference value) is more noticeable owing to summing over the wider
Tange of numbers of atoms in a cluster.

Table 4. Yields of the different components in irradiation of Pb and U samples
With 4=1064 nm laser radiation

’Tr Y., at/pulse Yion, 101/pulse Y., cl/pulse Y., cl/pulse
. ' A=2:100 A>1000
Wiem® | pp U Pb U Pb U U
L11oY | 1500 [ 53107 | 18107 | 1.010° | 2.5107 | <10° 6.5-10"
2510 | 55.10% | 25107 | 6.5-10" | 2.3-10" | 6.0-10" | <10° 1.5-10"
5.010% | 2.2.10" | 1.2:10% | 2.2.10" | 1.2-10" 1.8-10
3010° | 3.5.10" | 1.810" [4.5.1013 2.5-10" 2.7-10"
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Fig. 5. Mass distribution of clusters of lead (at the top) and uranium (at the bottomh)‘
measured by the time-of-flight method at q=3x10" W/em’. The insert: data for T

under the same conditions

Y, cl
10° L ° atoms
10° |
2-6
6-18
2
o 18-54
>54
10 —
{ { L 1 1 A
1 10 10° 10° 10° 10° mass number A
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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 2-10 atoms
and with noticeable shell structure was observed and no similar Th and U clusters were
detected (whose yields were at least three orders of magnitude lower than those of
sinnilar clusters in the case of Pb).

For comparison purposes, experiments on MC formation were also carried out
tor tin, Sn. an element that, like Pb, belongs in group V1 of the periodic table. Fig. 7
shows the mass distribution of the vields of Sn clusters, which was also measured by
time-ot-tlight method at a laser radiation power density of 3x10” Wiem® The yield of
multi-atomic clusters ot Sn'y-).7 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 tor the
elements of the same periodic table group and of close thermal properties. The
importance of the discovery of shell effects in MCs lies in the fact that for the first time
shell structure of non-geometrical character [13. 19] and close magic numbers
manifests itself, as in atomic nuclei and atoms. Some difference in the numbers is
accountable for by the fact that in MCs, spin-orbital interaction is negligiblv small. In
particular, super shells are likely to manifest themselves in clusters of a large enough n
(=1000) [20]. In this connection, further studying the formation ot heavy MCs in the
region of Th, U and other elements is of great importance.

Y 4g8
10“
10°
102
10" F Sn*, Sn”;  Sn7,
Fig. 7. 200 500 masgguomober A

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 3x107+3x10° W/em® the temperature is (2-6)x10° K. So high plasma
temperature is obviously not optimal tor MC formation.

However at a smaller temperature (obtainable by decreasing the power of
laser radiation) the yield of evaporated atoms decreases drastically, especially with
high-melting elements like Th and U. which results in a decrease in the cluster vield
The results of the work show that the probability of small Th and U clusters of the
number of atoms n=2-100 being tormed from macroscopic grains is very 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 (>1000) to
evaporate, similar to those in work {21], showed that this time is great in value
(107 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.

The authors express their gratitude to Prof. Yu Ts. Oganessian and Prof. Yu.E.
Penionzhkevich (JINR, Dubna, Russia), Prof. A. Dobek and Prof. W. Nawrocik
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V.P. Perelygin (JINR) and to the members of his group for the help with gathering
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APPLICATION OF THE CHEMILUMINESCENCE EFFECTS AND
PULSE LASER SPECTROSCOPY METHODS FOR U, Pu AND Np
TRACE AMOUNT DETECTION IN SOLUTIONS

LN.Izosimov, N.G.Gorshkov, L.G.Mashirov, N.G.Firsin, A.A.Kazimov,
S.V Kolichev, N.A.Kudryshev, A.A.Rimski-Korsakov
V.G.Khlopin Radium Institute, 194021 St. Petersburg, Russia
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.

1. 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 [1-3]. 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 mefhods 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

i . . - .
Nteraction 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 , ag
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 frdm
short-lived fluorescence impurity and from scattered light, that enables tq
increase considerably the sensitivity of a method in the application to long-lived
fluorescence of lanthanides and actinides in solutions [4-6].

Now the following actinides : UO?", Cn®", Am’*, Cf*", Es’' and BK
and some complexes of above-indicated actinides valence forms can be detected
by TRLIF method [5-7]. The most progress achieved in Uo*, Cm’" and Am*'
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 al}pws
to essentially spread scope for trace amount detection of actinide in solutiqns,
determination of the actinide valence states in solutions and determinationi 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 soluti‘ofns

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 mol™” induced
chemiluminescence in the blue-light emission region, with 150 kJ mol™ 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.1. The nitrogen pulse laser (power in pulse 15kW, pulse
repetition up to 500Hz, pulse duration 10 ns, A=337.lnm) was used for
solutions excitation. The power of laser radiation was controlled by photo-
detector (P.Det.1) 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 2ns.

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 0.05us + 200ms and gate time
tuning between 0.5us + 200ms. The gate and delay time parameters range may
be changed if necessary.

Absorption spectra were measured at Shimadzu UVI 3101 spectrometer.
ORION-611 pH-meter was used for pH solutions measurements.

We selected the experimental scheme in such way that the two urany’l
complexes were formed in solutions both containing luminol and without
luminol [12]. One of them is UO,Fs* , the other one - UO,F,OH. After
excitation by laser radiation the UO,Fs* gives the direct luminescence. The
UO,F,OH* 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 urany! complexes concentrations in solution. In our experiments
HF was used for pH regulation. The pH increasing led to the increasing of the
UO,F,0H* complex concentration and decreasing of UO,Fs*  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 UO,F,OH” complex [12].

The luminescence spectra of UOZF53' 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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fuminescence. 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 UO,F;,OH> complex and
chemiluminescence of luminol 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"'M (mol/l) that is similar to the
other elements and molecules detection by chemiluminescence methods [1 1,14].
Such sensitivity is not so high (10"°M) 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 detéction. 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 - PuO,Fs” and PuO,F,OH” exist. The ratio
between PquF53 * and PuO,F,OH* concentrations changes. when pH
changing. We controlled concentrations of PuO,Fs> and PuO,F,OH* molecules
by absorption spectra measurements. In fig.7, fig.8 the absorption spectra
typical for PuO,Fs* and PquF4OH3' at differe_znt pH values are presented:at
different pH. The intensity of characteristic PuO,F,OH" absorption band with
A=846.5nm increases when pH increases and the intensity of characteristic
PuO,Fs’ absorption band with A=839nm decreases when pHincreases From this
experimental fact we conclude that only two main molecules containing
plutonium exist in our solution - PuQ,Fs and PuO'2F4OH3'. The concentration
of PquF4OH3' increases and of PuO,Fs” decreases when pHincreases.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 plutoniuni 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
puOZF4OH3' and chemiluminescence after OH' radicals interaction with
juminol [20]. The decreasing of luminol luminescence at A<500nm (fig.9)
js 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. Qur 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 10°M=10""M.

4. Chemiluminescence in solutions induced by neptunium excited by
pulse laser radiation
Solutions containing luminol and luminol with two types of neptunium
molecules: NpO,Fs> and NpO,F,OH* at different pH were irradiated by pulse
laser radiation from nitrogen laser. The pH increasing led to NpO,F,OH*
concentration rise. After excitation of Np in NpO-F;OH" 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.10, fig.11) at pH>8.
Decreasing of the luminol luminescence intensity at A<550nm in solution
Containing neptunium (fig.11) was explained both by  luminol with neptunyl '

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
Puand 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 [11] 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" mol/l to 10" mol/I 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. [11]. We have observed and study the
chemiluminescence effects in solutions containing U, Pu and Np. It’s open
possibility for chemiluminescence application in Nuclear Chemistrp. 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 non-
luminescent 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 luminol:

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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Fig.3. Luminescence spectra of uranyl complexes (0.605M UO,*" ) in
42% CsF + H,O solution for different pH values (1 -pH 8.37;2 - pH

10.8).
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Fig.10. Photoluminescence :
Np_3 - luminol in solution CsF 42% in H,O, pH=8.0; Delay time 200us. Gate time 200ps.
Np_é - luminol in solution CsF 42% in H,0, pH=8.0; Delay time 1.5us. Gate time 20us.
Np_1 - neptunium complexes and luminol in solution CsF42% in H,0, pH=8.0,
Delay time 1.5us. Gate time 20pus.
Excitation by pulse (10ns) nitrogen laser radiation.
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Fig.11. Photoluminescence :
Np_3 - tuminol in solution CsF 42% in H,O, pH=9.6; Delay time 200us. Gate time ZOCps.
Np_2 - lumino! in solution CsF 42% in H,0, pH=9.6; Delay time 1.5us. Gate time 20ps.
Np_1 - neptunium complexes and luminol in solution CsF42% in H,0, pH=9.6;
Delay time 1.5us. Gate time 20us.
Excitation by pulse (10ns) nitrogen laser radiation.
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molecule and accounts for the yield of the chemical reaction; @ 13
the fraction of such molecules in an electronically excited state gnd
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1 Introduction

It is tempting to use modern laser facilities to master nuclear processes
in our purposes. -Calculations show, however, that power of the available
lasers in not enough, to produce a noticeable effect.

The action of laser field can be, however, enhanced by orders of mag-
nitude, if a proper use is made of the resonance properties of the electron
shell. This field, development of which was induced by paper [1]. became
" 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 [3.4], turned out
an adequate means for description of the NEET (Nuclear Excitation by
an Electron Transition) and its reverse, TEEN (Transfer of Energy by an
Electron from the Nucleus) processes, which present a key to solution of
the aforesaid problem. Application of TEEN offers a real 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 **Th. 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-Petershurg
in 2000 confirmed the right direction of the study [8]. Moreover. it gave an
advanced picture of modern knowledge on Physics of Isomers, and formu-
lated goals and prospects of future research in this direction.
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The present proposal gives a plan of further development 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

Use of modern facilities allows one to realize processes or conditions which
cannot be 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 B5"U 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 — 1s. 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 2**Bi [10,11]. The deviation is
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of approximately 0.3 eV, which is beyond the error bars of the experiment,
The splitting has the same nature as internal conversion. It therefore ig
natural to apply the theory and experience acquired in studying the NEET
and TEEN processes to calculation of the hyperfine splitting. Success wil
be a good test of both the QED and our description of the processes.

The results will find its application to producing isomers of **"Th. Que
can say that in H-like ions of Th 0.99999 of the work will be done by ‘the
natural hyperfine magnetic field [12]. and only 1077 of the work will remain
to be done by man.

3 The role of NEET and TEEN in high-order mul-
tipole transitions

Resonance internal conversion can he 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)QL-}—l

[(20 4+ 1)1
where 7, L stand for the type and multipole order of the transition. r béing
a characteristic size of the system, and w is the transition energy. The
probability of the conversion transition can be conventionally represented

Ty(r. L) ~ ()

as follows:
L.=afr, L), (T, L) , (2)
where o(r, L) is by definition the internal conversion coefficient (ICC). In
contrast with eq.(1), a(r, L) rapidly increases with the multipole order as
follows [1]:
20 — HINJ?
21 =13 )
(cwr)2L1
It follows from eqs. (1) to (3) that the probability, or the width of the
conversion transition weakly depends on the multipolarity: ‘
' 1
(2L +1)2 °

afr, L) ~

[ = (4)

that converges slowly in the multipole order.
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In turn. isomers usually arise as a consequence of a certain hindrance
when the radiative transitions are considerably retarded. In principle. se-
lection rules for conversion transitions are different from those for the radia-
tive transitions. Therefore. the conversion transition can be non-prohibited
at all. which vesults in the additionally increasing conversion probability.
Therefore. the probability of internal conversion is especially high in the
isomeric transition of large multipole order. Typical examples of such tran-
sitions are presented by the 75-ke\” ET transition in 1¥Ta.

It is of especial interest to perform calculations of the probabilities of
deexcitation of these states through the TEEN process in ions of various
degrees of ionizationi. This will allow to gain maximal resonance effect for
a minimal energy difference of the electronic and nuclear levels.

4  The investigation of the processes occuring in
laser-produced plasma

Research into processes which are induced by powerful femtosecond laser
pulses is of great interest. As a result of interaction of the pulses with a
surface of matter, the latter transforms into hot plasma. This consists of
atoms with various degrees of ionization. and fast electrons. The electrons
are accelerated in the tremendous electric and magnetic fields. arising in
plasma due to nonlinear effects, up to energies of tens MeV. In the course
of the acceleration, strong bremstrahlung hard radiation is produced. with
the energy of the quanta up to tens MeV. Mechanism of all these processes
is not quite understood yet.

Laser produced plasma can be used as a compact source of heavy ions.
In experiments which are carried out in many laboratories heavy ions have
been observed up to 46-fold stripped ions of Ph* [13].

Another important aspect consists in appearance of the huge magnetic
fields. The tremendous magnetic fields arising in plasma make another im-
portant aspect of modern research. Characteristics of nuclei and nuclear
transitions change very drastically under action of fields. The electron or-
bits are deformed, and squeezed into the nuclei. As a consequence. the
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nuclear decay rate of certain modes considerably inereases. Among them

is the electron capture by the nucleus. which occurs under normal condi-

tions mainly with the I-shell electrons due to the weak interaction. and
is accompanied by emitting of a neutrino. Another mode is internal con-
version. With diminishing the electron orbit. a corresponding increase of
the internal conversion probability is expected due to increasing Coulomb
energy of the electron interaction with the nucleus. For this reason. these
factors can serve as a trigger suddenly releasing the energy of the nuclear

isomers.

5 Influence of the exclusion Pauli principle on the
NEET and TEEN processes

The nuclear isomers typically have the transition cnergies of tens keV. For
this reason, most often they can be in resonance with the electrons of the
1s shell. In such a situation, the converted electron which is lifted 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 TEEN hecomes
impossible. However, yet as early as in 1948 one of the founders 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 beginning. Therefore. there
is no need to consider the exclusion principle in the intermediate 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 p10cess in
deexcitation of the 77-keV isomer of %7 Au was considered in paper [15]. It
has been shown that the process of the two-quanta resonance conversion in
the 15-3s-2p-1s chain of the electron transition makes a negligible contribu-
tion to the nuclear deexcitation in a neutral atom. However. in the course
of ionization a maximum in the conversion rate is achieved for the 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 eV as compared to 70 eV for
the neutral atom. .

Another isomer where this mechanism can be realized is a four-
(uasiparticle isomer of '™Hf. 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 ‘acan-
cies. The Feynman graph of the corresponding process is presented in Fig.
1. Excitation of the nuclear level occurs in the electron transition. filling

Figure 1: Feynman graph of the NEET. The necessary vacancies are produced by electron
scattering. g

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 considerable 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 nuclear excitation by incoming electrons through the shell has to
he taken into account. The corresponding Feynmann graph of the process
is presented in Fig. 2. There is no ionization of the shell. and no vacan-

Nzlz

nyly

Figure 22 The Fevnman graph of the direct resonance isomer pumping by electron scat-
tering.

cies are produced in this mechanism. contrary to what is conventionally
believed to be necessary to induce NEET. Instead of this. a virtual pro-
cess of the electron excitation to a resonant higher orbit takes place. with
the succeeding transfer of the energy to the nucleus. as in a usual NEET
process.

There is a way of direct experimental check of the second mechanism.
For this purpose, one 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. however. the
atoms are irradiated with gamma rays of continuum spectrum. the second
mechanism arises again.

We note, however, that a possible mechanism of the atom excitation
by photons through the Compton effect on the bound electrons has to
be taken into account. The Feynmann graph of the process is presented
in Fig. 3. In this mechanism, not the entire encrgy of the quantum is
transferred to the electron, but only a fraction of it. In this sence. the
Compton mechanism is again analogous to the second mechanism in the
electron scattering. A difference is that in the electron case the transfer
of a fraction of energy takes place alrcady in the main, second order of
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K k2

Figure 3: Feynman graphs of the NEET induced by Compton scattering of gamma rays:
the resonance mechanism (left) and non-resonance one (right). =

the perturbation series, whereas the Compton scattering of the gamma
quanta occurs in the third order, which is two orders higher than in the
conventional mechanism of producing vacancies through photmom/atlon
Therefore. the relative role of these mechanisms is different. Note that
research into the new mechanism of the Compton induced NEET. not
discussed before, is of great interest by itself. :

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 colhswnS,
molecular excitation,etc.
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The second kind dexcitation is a harmful effect, as this is a competing
mode of the deexcitation, diminishing the NEET probability. In this sense,
most effective way of producing the ***Th 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
our 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
29Th 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 jons. This work has been supported by Defence Threat Reduction
Agency (USA) under contract No. DTRA01-99-M-0514, and by Grant No.
99-02-17350 of the Russian Foundation for Basic Research.
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1 Introduction

Extending of well familiar old internal conversion bevond the usual sphere: off the mass
shell and below threshold energies is a significant part of the conterporary investigation
{([1}-[5] and refs.therein). Discrete, or resonance internal conversion plays a leading role in
description of a resonance electron-nucleus interaction, which is of great interest for laser
assistance of nuclear transitions [1]. Use of the resonance properties of the electron shell [3]
allows one to drastically enhance the effect of externally applied radiation on the nucleus.
This can be used as a tool for production of nuclear isomers. even allowing one to achieve
inverse population of the nuclear levels. as shown by the example of the 3.5-0\ isomer of
29 [2]. Moreover, the hyperfine structure of H-like ions can be better understood in
terms of discrete internal conversion, providing a test of QED. An illustrious example of

using the hyperfine structure for producing the *"Th isomer is presented in [3].

It our theoretical study, we use modern methods in calculations of the atomic structure
aud of processes of interaction of electromaguetic radiation and a nucleus with the atomic
electrons. We take into account conliguration mixing, relativistic effects and higher-order
QED corrections, like the Breit interaction between electrous. the electron self-cnergy.
vacuum polarization, etc.

Presented below are several specific problems solved within the lines of such an inves-
tigation.
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2  Internal conversion to bound final states in '*"Te

In traditional internal conversion. the nucleus deexcites by ejection of a bound electroy
into continuum. If the nuclear excitation energy is less than the binding energy of the
given electron, then the rate of conversion from this shell to continuum states had been
expected to become zero. However, experiments on the deexcitation of highly-ionized
ions of the 2™ Te nuclei showed a significant contribution from a subthreshold conversion
process in which the nuclear deexcitation occurs via excitation of a bound clectron to a
higher-lying bound orbital. This process calk‘-d BIC (Bound Internal Conversion) has heen
suggested to have a non-zero probability even when the nuclear deexcitation energy does
not exactly match the electron excitation energy. due to the finite width of the atomic
states. particularly the hole state produced by the electron excitation.

Investigations have focussed on the 12**7Te system. Its ls binding energy is larger than
the nuclear transition energy (35.491 keV) in ions with ionic charge ¢ > 45. lun suclions
the nuclear transition energy may therefore lie close to the electron excitation cnergy of
the 1s electron to a final Rydberg orbital just below the continuum threshold. The initial
experiments performed by Attallah et al. (Phys.Rev.C' 55. 1665. 1997) have given indirect
evidence for the BIC process based on the variation in the total half-life as a function of
gq. Direct evidence of the BIC decay by simultaneous measurements of both the X-rays
following production of the 1s hole in Te and the y-rays from the radiative nuclear decay
has heen obtained in recent experiments by Carreyre et al. in Bordeaux-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 K 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 becomues zero for this reason.

We have performed the theoretical study of the decay rate of the isomeric nuclear
state in 2™ Te for the ions Te** and Te** [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 influence 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 each Jevel
of the initial state obtained in the MCDF calculations, to all levels of the final state, all
possible populations of the valency 2p;;; and 2pyj, orbitals being considered.

The results of our calculations are in fair agreement with the experimental data Ol)"
tained in Bordeaux-Gradignan. They give a convincing proof of manifestation of the BIC
A5+ 15+

mechanism in the decay of the nucleus in Te™* and e
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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 even the 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-
nitude. due to resonance properties of the electron shells. An efficient resonance occurs
when the nuclear transition energy is close to that of the appropriate electron transition
of the same multipolarity. This situation takes place for many nuclei: 197 Au, ?°Th, }™QOs,
#TNp, 2351, etc. Employment of the resonance interaction allows one to exert control over
nuclear processes.

A modern 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 isomeric 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 ?°Th, 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 o decay of 23U, 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 2°Th source. The lifetime of the
*Th 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 ¢ have
been calculated and compared to that for a bare nucleus o.

¢) The results obtained have shown that the most feasible for experimental study is the
mechanism based on the NEET process including the 7s — 8s electron transition. In this
case, the enhancement factor B = o /0y achieves four orders of magnitude (R = 8.96-10%).

i1) 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 1s 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 the potential. giving rise
to the shake effects in the system. The effects can manifest themselves via excitation
(shake-on} or disintegration of the system (shake-off).

ii1) The effect has also been considered in muonic atoms. The shake arising in the
decay of a muon in the ls state, is marvelous. In this case. isomeric vield turns out'to

be practically 100%, that is an isomeric atom is obtained per every muon in the primary .

beam. This effect may become a most effective tool for pumping the 3.5-e\" isomer iy

229mTh.

4 Enhancement of radiative transitions in a nucleus

~ We have also considered [4] the problem of enhancement of the radiative trausitions
between the ground and the 3.5 eV isomer states due to the hyperfine interaction in
the hydrogen-like 2°Th®* ion. The extremely low energy of the M1 nuclear y-transition
results in the half-life of this excited state in a bare nucleus which is equal to several hours.
In the hydrogen-like **Th®* ion, a single Is electron produces an enormous magnetic
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. Until
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 22°Th8+ is expected to manifest itself via an impressive enhancement. of
the radiative transitions between the pairs of the hyperfine-structure components. relative
to the nuclear v 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 obtained, 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 an electron
to an intermediate filled bound state that seemingly violates the Pauli exclusion principle.
This contribution may be significant when very close matching of the atomic and nuclear
transition energies is achieved. We have considered the M1 transition in 97 A0 with‘ﬂl‘-‘
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energy 77351 keV. The transition occurs by excitation of the s electron to the initially-
occupied 3s orbital. We have shown that in this case. a proper treatment of the Pauli
principle gives rise to a hindrance factor of the order of 500. The factor is proportional to
the product of the lifetimes of the eiectron in intermediate states “forbidden™ by the Pauli
principle. Numerical calculations have been presented for the neutral atom of An and for
ions up to the ionic charge ¢ = 69. This process has been found to have a maximum
probability in the ion Au** due to close energy matching of the nuclear transition to the
s = 3s electron excitation. In this case the BIC decay mode contributes approximately
129 of the total decay rate of the nucleus ¥ Au.

This work was supported by the Russian Foundation for Basic Rescarch. project
No.99-02-17550, by Defence Threat Reduction Agency (USA) under contract No. DTRA
01-99-M-0514. by NATO Program of Portuguese Ministry of Science and Technology. and

by Grant CNRS (France).
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TUNABLE SEMICONDUCTOR WEAK POWER DIODE LASERS
AND THEIR SECOND HARMONIC
FOR ATOMIC ABSORPTION SPECTROSCOPY
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Abstract

The construction of a single mode semiconductor diode laser spectrometer that can be tuned
electronically by temperature as well as current is presented. The laser was tested by tuning to the
rubidium resonant line (780.2 nm) : 58%Sy;: - sz_Pm. By using a lithium iodate crystal the primary
infrared light (830 nm) emitted by a Sharp LTO-15PT diode laser was successfully converted into the
secondary light wave. o

Keywords: lasers, second harmonic generation, absorption spectroscopy.

Introduction

Tunable lasers are an excellent source of light in basic rescarch carried out in various branches of
physics, chemistry and biology. In particular, they are extensively employed in atomic and
molecular spectroscopy. In nuclear physics they are used to study the structure of the atomic
nuclcus and for separation of isotopes. Thanks to them the precise monitoring of air pollution was
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 by means of second
harmonic give 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. The tunable semiconductor lasers are characterized as compared (o the
dye lasers by small size, casy and safety handling and low price. The presently produced laser
diodes enable to cover the spectrum from the red to the infrared, and the range in the ultraviolet
direction can be reached by their sécond harmonic. '

In absorption spectroscopy the experiments are caried out by means of the following schematic
system:

1. Source of light - Absorbent - Detection
The heart of that kind of a system is the source of light. At the present stage of technical development 19

that domain the specific requirements demanded of the sources of light are et only by lasers, especially
by dye and <emiconductor tunable lasers.

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 casily tuned by
changing temperature or electric current stréngth, or by changing both parameters. As compared to the
dye lasers the semiconductor lasers are characterized by a small size, low price, easy and safety handling,
and exceptional durability. Inconvenience in their usage seems to be related to a relatively narrow runge
for altering their wavelength (for individual laser diodes) as well as the fact that they do not allow a user
for continuous tuning because of a sndden mode switching. The above-mentioned Himitations do not
reduce the value of the semiconductor lasers since they can easily be eliminated. Usually to achicve thig .
purpose several laser diodes arc used to cover the range of wavelengths required in measurements and an
optical resonator that is able to change the mode structure and to improve the continuity of tuning. The
optical resonator plays one more role, it is able to decrease the laser line width below 10 kHz, {1]. Dueto
these advantages the diode lasers have found in the Jast decade a wide scope of applications. Beside
absorption speciroscopy their most important applications include: Jaser induced fluorescence, laser
enhanced ionization, field ionization laser spectroscopy, resonance ionization SpCClroscopy, and
resonance jonization mass spectroscopy [2-3].

In the present paper we present a simple construction of the thermally and electrically tunable
semiconductor laser. We demonstrate its applicability'in absorption spectroscopy and a possibility to
extend its radiation to the ultraviolet region by means of 'Ecncration of its second harmonic.

2. LASER CONSTRUCTION

In Fig. | the schematics of the mechanic construction of the tunable semiconductor laser is
shown. A laser diode (1) is placed in a copper block with dimensions 20 x 60 x 70 mm adjacent to a
plate (7) cooled by the Peltier thermoelements, A radiator (4) serves as a heat removing unit used in the
course of the block cooling. The complete device is shiclded from the outside by a thermalinsulator.On
the optical axis of the laser beam an 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 watting during
the process of the laser diode cooling down to ternperature ca. 0° C.

%] copper bloeck”
. S thermal insulator
elements Peltie

Fig. 1 Mechanic constructcion of the tunable semiconductor laser setup. 1 - diode laser,
2 - antircflexive four-lens collimalor, 3 - channel, 5,6 - coolingl

This work has been financialiy supported by Polish Commitee for Scientific Rescarch through the grant
2T302 12006 (PR3 V1047 P 06)
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3. TUNING AND CONTROL OF WAVELENGTHS

In Fig. 2 the schematic chart of the clements vsed in tuning of the wnable diode laser is
presented. The Jaser was tuned through the change of temperature or through the change of the strength

of the taser diode electric current.
/

. 7+ -
L o LASER BEAM Lt

PERYITALTYZ
ey

irpsy] | LASERSURSLY
CONER b
WATEL ] sy CuRREHT
CONTROL

Fig. 2 Diode laser setup
The applied Peltier thermoelements with a overall power of 20 W enabled to decrease

temperature to -2° C. The wavelength of the light emitted by the diode laser was measurcd by means of a
Burleigh wavemeter (model W A-4500)

e e e
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Tn Fig. 3 a typical example of the laser line profile produced by a Sharp LT 022M( diode is

illustrates two dependencics: the change of the wavelength as a function of

shown, while Fig.4
ge of

temperature at constant sticugth of the diode feeding electric current (curve ++4+44), and the chan
the wavelength as a function of 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 cuntrol over the precise tuning of the diode laser was maintained by making use of the
absprption cell filled with tubidium vapors. In this casc the diffraction grate playing the role of the
optical resunator wus not cmployed (see Fig. 2). The laser was tuned (o the resonance line of yubidium
(780.2 nm) by observing Hluorescence of the rubidium vapors (Fig. 3).

Fig.5 The fluorescence of rubidium vapour at room emperature upon tuning a diode laser
(Sharp LT 022MC) o a rubidium resonance line (line Dy, - 780,2nm)

5. STABILITY OF LASER PERFORMANCE

The constructed systent. upon tuning of the diode laser to the reguired wavelength. allows 2
stable performance within few minutes. This time has been extended (o scveral minutes by correction of
the electric current strength.

195



6. EXIENDING THE SPECTRAL RANGE OF THE SEMICONDUCTOR LASERS.
SECOND HARMONIC GENERATION

The currently produced laser diodes emit the light spanning the range from red to deep infrared
The region of the near ultraviolet tawards the visual light spectrum can be reached by using the second

harmonic.

The possibility of the light-to-light transformation of weak Jaser beams into second harmonic was
demonstrated hy Ashkin (1989) [4). Kaczmarek and Jendrzejczak (1963) [S). The progress in nonlinear
optics aliowed to produce new nonlinear crystals characterized by high efficiency of the light-te-light
transformation. Budziak er. al. (1995) [6] have obtained a second harmonic of the semiconductor laser
beamn of 20 mW power and primary wavelength (830 nm).

In Fig. 6 the system employed for generation of the second harmonic is depicted. Unlike in the

work [6] for the light wave transformation & nonlinear crystal of lithium iod  (LilO3) was used.

]
S

K.N.

E
AN
PN R
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 LilOy crystal by
means of 2 3 em focal-length lens (L). The crystal of LilO; ensured that the transformation of light

achieved almost 10% efficiency.

7. CONCLUSIONS

The deseribed laser construction {more details can be found in [7]) ullows for precise tuning of
the laser diodes and guarantees 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. of

the diffraction grate (see Fig. 2).

The possibility of transforming the weak laser beams into second harmonic will have
significant influence on the application of the tunable semiconductor lasers in absorption spectroscopy.
spectrochemistry, and other ficlds of the scientific research. The single-mode semiconductor lasers have
alrcady been intensively used in holography (8L, '
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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 By

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 B-stability valley (neutron-deficient and neutron-rich nuclides). However

no technique can do without a set-up for transportation of the fission fragments froma -

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 1 mm thick, which was situated opposite the
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entrance hole at the distance of 10 mm from the capillary end. This chamber was
disposed directly on the damper of a 150 I/s Ruts pump.

e’-beam
w
manometer -4 R
Al collection p;;s
fogger chamber P
capillary . |
He, Ar ﬁlterl/',//’ g

gas A \

targets, ,
- 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 1 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/cm? targets of 2**U in the form of its
oxide U303 were used. They were deposited on an aluminium backing of 20 mm

199



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 ym
microparticles of various salts, were injected. Their concentration in the gas, governed
by the fogger operating mode, was variable within tens of pg/l.

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 U3Os layer of different thickness (from 1 to 14 mg/cm?) deposited on an
aluminium backing of 20 pum 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 1 mg/cm® (comparison was made for *'Zr
and '*2J fragments). The proportion of fragments that escaped decreases as the U3Og
layer thickness increases (for instance, it is 35% for the thickness of 3 mg/cm® and
falls down to 15% for the thickness of 14 mg/cm ). 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 1 mg/cm? 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 1 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 *'Sr to *3Sm — 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 pg/l, 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 (KCI, NaBr, KBr) gave the same values for the transportation
efficiency.

The transportation efficiency was measured for capillaries of different lengths
from 1 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 (<1 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 **™Cl isomer (T1,=32 m, E,=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 pg/l 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 B 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 proportional 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 cm?), the
total transportation time for transportation of aerosols through capillaries 1 m and 10
m long is 0.22 and 1s 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 *?Th, **U and ***Pu 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.

The authors would like to express their gratitude to Yu.Ts. Oganessian, M.G.
Itkis, S.N. Dmitriev and J. Kliman for permanently supporting the work and the
numerous helpful discussions and to A.G. Belov for assistance at the MT-25
microtron.
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Abstract

The fine structure of the resonances in "#9Tb (1.6h), ***Tb (4.15h) and *'Tb
(17.6h) pH/EC decay strength functions has been identified and analyzed. The
My = +1 Gamow-Teller resonance has been identified in M79Tb to M"Gd g+ /EC de-
cay. Qualitative agreement of the fine structure with the calculated 3% /EC strength
function using the microscopic quasiparticle-phonon model is obtained.

PACS numbers: 23.40.Hc, 27.60+j

1. Introduction

The B-decay strength function S3(E) is one of the most important characteristics of
atomic nucleus. It reflects the distribution of the squared B-decay type matrix elements
with respect to the excitation energy E of the daughter-nucleus states [1]. The resonance
structure of Ss(E) depends on the structure of the atomic nucleus through the isovector
component of the effective nucleon-nucleon interaction. Information on the structure of
S3(E) is important for different fields of nuclear physics.

For beta transitions of the Gamow-Teller type S;(E) can be written as [1]:

BL(GT, E)
Sg(F) = 22— (1
o(E) D(gt/d3)
/ 4r g - )
BL(GT,B) = = Bx(GT.E) = & 1,||Zt Vo (I (2)
94 "’ ko

where I; and I; are the spins of the initial and final states, g4 and gy are the coupling
conslants of the axial-vector and vector components of the 3 decay, D = (6260 + 60) s
and 3o is the product of the isospin and spin operators giving the respective operators
of the Gamow-Teller 3~ or §*/EC decays.
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Usually S3(E) is measured in MeV™'s™! units. the B(GT) is measured in g3 /47 units
and ft is in seconds. In this case [1,5]:

2
B(GT) = D (%-) x LD = (6260 + 60)s . (3)
ga It
[ supne = ¥ L:[D <~‘é)]l T oBG), (1)
AE gicag (fi)i YA E.€AE '

where AE is the energy range, determined by the detector’s energy resolution.

The charge-changing elementary excitations with isospin 7" = 1 and its = projection
M7 = +1 can manifest in Gamow-Teller 3*/EC decay. The Gamow-Teller My = +1
resonance is a coherent superposition of such elementary excitations [1] at high energy.
In experiments the My = 41 Gamow-Teller resonance may manifest as a strong peak
in the #*/EC-decay strength function S3(E) for some nuclei with a high value of decay
energy, Qkc, available for the ¥ /EC decay [1,2]. The M7 = +1 Gamow-Teller resonance
can be experimentally identified as a very strong peak in the high-energy part of Ss(E).
No experimental data for the fine structure of resonances in Sg(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 Ss(E) for 479Th (1.6h), °Tb (4.15h) and 'Tb (17.6h) B+/EC decays and
in particular the analysis of the Mz = +1 Gamow-Teller resonance and its fine structure
identification for *79Th (1.6h) #*/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 **Tb (4.15h) and ' Tb (17.6h) we used decay
scheme from Ref. [3], for Th (1.6h) the decay schemes from Ref. [4]. The experimental
beta-decay strength function for ¥7Tb (1.6h), *°Th (4.15h) and ' Th (17.6h) g+/EC
decay are shown in fig.1-fig.4. The strong resonance within the Qpc window was observed
at excitation energy E ~ 4 MeV of '*7Gd for the "79Th 3*/EC decay , the tail of such
type resonance was observed at E ~ 3.5 MeV for 1**Th +/EC decay and small resonance
at E ~ 2 MeV was observed for 1°!Th A% /EC decay. All these resonances have a fine
structure.

For "7Th (1.6h)3*/EC decay strength function was constructed also using total
absorption y-spectroscopy (TAS) data Ref.[5]. This strength function is shown in fig.2.
We compared two types of the ¥79Th g+/EC decay strength functions (fig.1 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 *"#Tb from Ref. {4}is complete
enough .

1 Experiment

0.018+
Q.=4.6MeV
0.016+
~{ B(GT)=0.12 in energy window 4.43MeV
0.014 -

0.012+

B(GT)[g/4 ]

0.008 +

0.006

0.004 =

0.002 ~

- 3 |I I_ ala I
0 1 2 3
Energy, MeV

Fig. 1. Strength function for the 87 /EC decay of **"*Tb deduced from the analysis of
the decay scheme in [4].
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Fig. 2. Strength function for the 51 /EC decay of ""*Th deduced from the analysis of
the TAS-spectrometer data in [5].

3. Theoretical g*/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 Bonn one-meson-exchange potential [7).
We have performed the calculations in the 2s-1d-0g-Oh valence space for the protons and
in the 2s-1d-0g-2p-1f-0h-0i;3/, 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 7Gd.

In the MQPM the approximate ground state of the even-even reference nucleus is
obtained from a BCS calculation. After the quasiparticle transformation the nuclear
hamiltonian can be written in the form

H = Z Eaal(la + Hyp + Hyo + Hos + Ha + Hys, (5)

where F, are the quasiparticle energies and other terms of the hamiltonian are normal-
ordered parts of the residual interaction labeled according to the number of quasiparticle
creation and annihilation operators which they contain [8]. The optimal quasiparticle
energies and occupation factors are obtained by comparing the results of a BCS calculation
with the 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 three-quasiparticle components where the latter are
obtained by combining the quasiparticles with the QRPA (quasiparticle 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-quasiparticle components in the wave functions of the Tb and Gd nuclei was
achieved by diagonalization of the Hs; + His part of the quasiparticle hamiltonian (5) in
the 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 Gd nucleus, *'Gd being a neutron-quasiparticle nucleus
and "7Tb being a proton-quasiparticle nucleus. The initial state is the ""Tb ground
state which in our calculation has as a dominating component the structure " Th(g.s.) =
"8Gd © 728y, corresponding to the experimentally observed 1/2+ ground state of 7 Th
[9]. In ™7Gd the agreement of the calculated energy spectrum with the experimental one
is excellent for excitation energies up to 2 MeV beyond which the experimental spectrum
becomes too messy to enable an unambiguous comparison. The good agreement with the
experimental energies was achieved by the carefully chosen valence single-particle energies
discussed earlier. A convergence of the excitation energies as a function of the adopted
multipolarities and the number of related QRPA phonons was obtained to high energies
{(roughly to 6 MeV in ecitation energy) leading to diagonalization and construction of
large matrices. Similar procedure was also used to describe the g+/EC decays in the
A =149 and A = 151 systems.
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4. Discussion and conclusions

Our relevant theoretical results, namely the strength functions of the M7-149.450 )
HTUSISIGd 3% /EC decays, have been summarized in fig.3 and fig.4. In fig.| - fig.1 hoth
the experimental and theoretical strengths B} (GT,E) of Eq. (2) have been plotted as
functions of excitation energy. As can be seen from these figures, there is a qualitative
agreement between the theory and the experiment. What is relevant here is that the
theory does not predict any significant strength beyond 4.8 MeV of excitation energy for
the M79Th — M7Gd */EC decay (fig.3). This fact supports the conclusion about the
detection of a M7y = +1 Gamow-Teller resonance and it’s fine structure at the e‘«natmu
energy ' ~ 4 MeV of ""Gd for """¢Th — YGd 3*/EC decay (fig.1).

Theory

> B(GT) =1.65
0.1+
N§<
I:'\O.O1-
Q
m ]
1E-3
o 1 3 3 4 5 6

Fig. 3. Calculated (MQPM model)strength B (GT,E) of Eq. (2) for the 4*/EC decay

Energy, MeV

of 147gTb
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Fig. 4. Experimental (deduced from the analysis of the decay schemes in [3]) and
theoretical (MQPM calculations) 8+/EC decay strength functions of #%!'Tb,

For the two other 8% /EC decays (fig.4) the situation is not so fortunate. For the *°Tb
~ 119Gd case only small part of the fine structure of the gaint resonance can be observed
in the decay Qgc window. The situation is still worse in the case of the *'Tb — *!Gd
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decay because according to the calculations only a very small tail of the gaint resonance
falls into the Qg window. In this case the major part of the resonance can be seen only
through an (n,p) charge-exchange reaction.

In conclusion, one can say that the strength functions for the 3%/EC decays of
HLM9ISITh have a distinct resonance character confirmed by the theoretical calculations
performed on microscopic level using realistic effective interactions. The fine structure of
these resonances has been analyzed both experimentally and in terms of the microscopic
quasiparticle-phonon coupling scheme. Both analyses support the identification of the
M7 = +1 Gamow-Teller resonance and it’s fine structure in the 79T electron- capture
decay to states of high excitation energy in *"Gd (fig.1).

For a more detailed 3+ /EC decay strength function analysis it is necessary to have
experimental data on Sz(E) in nuclei where all the #*/EC strength lies within the Qpe
window. Such possibility exists for 4514314 Th 3+ /EC decays.

L
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CHANGES IN NEUTRON MAGIC NUMBERS OF NEUTRON-RICH
NUCLEI

Z. DLouvny, D. BAIBORODIN, J. MRAZEK, G. THIAMOVA
For the GANIL-Orsay-Dubna-Rez-Bucharest collaboration

Abstract

We present a survey of experimental results obtained at GANIL (Caen, France)
resulting in an appearance of new magic number, N=16, in very neutron-rich nuclei.
Recent data on mass measurements of neutron-rich nuclei at GANIL 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 ?®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 Sy, gives a very clear ev-
idence for the existence of the new shell closure N=16 for Z=9 and 10 appearing
between 2s,/; and 1ds, 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< Z <10, while the shell closure at N=20 tends to disappear for Z <13,

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 [1]. 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 °He (3, 4]
and 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 #4S 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 %S to produce and study very neutron-rich
nuclei in vicinity of a doubly magic nucleus 20. However, no events were observed ccrre-
sponding to even 260 and 280, odd oxygen isotopes 2?70 and also ***N. Till now, the
heaviest experimentally found oxygen isotope remains 240. Our finding that 280 is particle
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 280, The instability of
25,26.27,28() and 2425N was also confirmed by the experiment performed by Sakurai ct al. 6]
at the fragment separator RIPS at RIKEN in which, however, a new isotope, SR, 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 o
and 3F. '

We can summarize that the heaviest experimentally found isotopes of carbon, nitrogen
and oxygen [5, 6] are 22C, 2N,and 0, respectively, with the same nentron nuraber, N = 16,
while the heaviest isotope of fluorine was found to be 3R with N=22. It should be noted
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Figure 1: Two-neutron separation energy So, 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=16 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=10) to Ar (Z=18) 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 *8Ca beam on
a Ta target. The separation energies of two last neutrons, So,, derived from the measured
masses are displayed in fig.1. 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 Sy, for next two
isotopes and a moderate decrease of Sgy, for subsequent ones as the filling of the next shell
starts to influence S;,. The sharp drop at N=22, shown by the dashed vertical line and
corresponding to the existence of the shell N,,=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,
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Figure 2: Experimental Sy, values versus proton number Z. Dashed lines symbolize the
changes of neutron shell closures

their S9, values must be positive and therefore, we included the estimated Sy, values of

the heaviest 23N, 22C and 293F 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
Son, values for 2°F and 3!'F that allowed us to observe the sharp drop of 27F value followed
by a moderate decrease of Sg,, values for 2°F and ®!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 S;,, values for 2Ne and 3°Ne. We have already mentioned that in the Al-Na region the
sharp drop in Sg, 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 -

N4,=16) 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 Sy, 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.1 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 ﬁhal]y, at least the’

gap corresponding to N=20 completely disappears at Z=13, to emerge as the new N=16
gap at Z=10. 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<10 between the 25 /9 and 1ds /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
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the neutron-rich nuclei in the region 6< Z <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=16 obtained from one neutron separation
energies Sy, and the measurement of interaction cross section of radioactive beams oy is
not so well pronounced.

As has been already pointed out in ref. [8] the Cl, S and 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.1
appears in fig.2 as a sufficiently large gap at N=26 for Z=15,16 and 17. It is therefore
evident that the representation of the Sy, values in dependence of a charge number Z
is very usefull. Another gap may appear at N=22 for 13>Z>9. The measurements (8]
demonstrate that the shell structure for CI, S and 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 simple
Nilsson picture, for a prolate deformation of 8, ~ 0.2, a large gap appears between the
lowest three orbits and the fourth orbital belonging to 1f;/,. Oblate deformations would
not be compatible with these observations.

However, this pseudo-shell closure can be considered more probably as an example of
shape coexistence and has to be of completely different character than the shell at N=16.

The existence of the N=16 gap should manifest itself in the shell correction AM. which
reads )

AM = AMexp - AMFRLDM,

where AM,, is the experimental mass excess and AMFRLDM 34 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=16 (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, 141980 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, *He, '*C, '°0, ®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 2!%Po, 2°po, 23py,

The prompt fission fragments are registered with 15-20 pm 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 — 107 g/g, the space resolution is about
10 um.

1. Intreduction

The problem of low concentration selective measurements of the elements 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 um. :

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
sofved with the help of neutron activation analysis due to the low spatial resolution, worse
than + 100 pm. 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 o-activation technique for high sensitive Pb exploration in
solids was first proposed by Hamilton in 1971 (1). He used intense beams of accelerated *He
ions with energy 7.5 MeV/nucleon to produce long-living nuclide ?""Po (reaction *"Pb {(a,
2n) 210Po) 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 2'°Po nuclei. In later papers the accelerated *He 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-decaying reaction was **°Po, generated in the nuclear reactions with lead isotope;:
26ph (3He, 3n) *®®*Po and °’Pb (*He, 4n) 2%py. The different method of Pb explorationlzm
solid ore specimens was first realized in 1974 by Flerov et al.by applying the accelerated '“C
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 —
10°°-10°® 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 o-decaying
isotopes of Po — Rn isotopes also with rather high cross-sections — about n.10 millibarn.

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 '*C-
*0Ar jons 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 pm
thick layers of muscovite mica, used as fission fragment track detector (6-8).

Heavy lons

Fig. 1. The experimental setup:
| — massive mica track detector ~ 20 um thick;
2 - polished ore specimen;
3 ~ massive Al rotating disk with a hole;
4 ~ Faraday cup.

The experimental setup is schematically presented at fig. 1. The 22 cm diameter rotating
aluminum disk was placed into vacuum chamber and then bombarded with heavy fluence of
accelerated d, He, '*C or '°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 pohshefi ore specimens were
mouthed at the edge of rotating disk. The total fluence of accelerated ions usually was in the
range 10" — 10" ions per cm’. ) ' v

The beam profile was measured with track density of fission fragment due to the induced
fission of Pb nuclei with accelerated '*C jons. 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 MeV/nucleon 12¢C jon _with 1 pm Pt
foil) was measured. As one can see from fig. 3 the angular distribut‘ion of fission fragments
generated in the reaction Pt (%, i.f.) at the energy 9.1 MeV/nucleon 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.

10 5
s} / .\'/.\- st
—
Z of 83
g 3
[) =
k= =
E 41 @, 2+
§ -
2k 1+
-20 -15 -10 -5 0 5 10 15 20 0 30 60 €0
Beam from target ©, deg

Fig. 3. Angular distribution of fission fragmént
produced in the interaction of 9.1 MeV/nucleon
2C jons with 1 pm Pt foil,

Fig. 2. The ion beam profile on target surface.

In order to determine the real yield of fission fragment produced in the thick (~ 10 pm)
Pt, Au and Pb metal foils with accelerated 9.1 MeV/nucleon '2C 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 ~ Nipee / Newn, 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 '2C ions fluence was 3-10' jons cm™ in that case.
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Fig. 4. The backward fission fragment creation
cross-section of of Pt, Au, Pb versus the energy
of bombarding ions.

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 o be the
shallow etch pits, when the fission fragment tracks still have the length from 2 pm up to
10 um, and shortens down only by 10%-15% in average, due to anncaling at 450°C during
15 hours

The remaining background track density still is at the level of 5-10 tr.cm® 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 > 25
produced with "°C ions could not be annealed in muscovite mica at any annealing conditions
(9). That sets an upper limit for the total fluence of '2C - or heavier ions at the level of -
3)10™ ¢cm™, and subsequently, the sensitivity of Pt-Bi element determination with induced
fission fragment registration is limited at the level (2-4)-107 g/g. for natural mica detectors.

In order to increase the sensitivity of the method we have tested at the same '2C jon beam
conditions the artificial mica track detector — 10-15 pm 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 > 36 (10). Fluorphlogopite mica practically contains also no
Th-U nuclei (Crny < 107 g/g) (10). It allows one to reach in principle the sensitivity for Bi-Pt
determination at the level of sensitivity up to < 10" g/g 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 '°C 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 jons. Our calcula-
tions of elemental synthesis in the Au (*2C, xn) reactions confirmed generation of a-active At
and Po isotopes therein. In the Pt ("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 f.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 ~Fig. 7. Track radiography of Pt continuing pirite and
fragment track replica with muscovite mica detector. piridine crystals. i
The track density (b) is about 3-10 tr-cm™.

The minimum detectable elemental concentration (i.e., the least numbers of atoms within
a local area) depends on the incident ion flux only (N =10'2-10" atoms at flux 10" 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 >C ion flux 3-10"* cm™.
Platinum concentration was evaluated from the track density on the autoradiography (3-10°
tracks per cm?) 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 10°
tracks per cm?, 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 '2C 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 ¢nly 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 pm, which allows to find outa ..

very fine (1 pum) 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 10° 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 > 23 nuclei coming to rest in the crystalline lattice. The track lengths of
fast Z = 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 > 110 nuclei; these produce 2-prong and 3-prong
fission fra/gment tracks, and differ significantly from the tracks from spontaneous fission of
284 and 2**Pu 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 5x 107 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 Sobichevsky (see ref. 1). Basing on the
nuclear shell model it was estimated, that double-magic nuclei with atomic number
110 £Z <114 and neutron number N = 184 double “magic” closed shells of neclei can
possess the lifetimes between 10° and 10° 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.Y ago.

Experimental attempts to discover long-lived SHE nuclei with the lifetimes > 2x108
years in natural samples undertaken from the late 60s up to the late 70s provided limited
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 spontancous fission of ***U. 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 = 36 nuclei in cosmic rays.

The new approach, first demonstrated in 1980 (Perelygin, refs. 2-4) was based (1) 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.,
met.eorites. For example, through every cm?® of Marjalahti meteorite pre-atmospheric surface
during its radiation exposure — 180 M.Y. the fluency of Z =70 nuclei corresponds to an
exposure of about 20000 m? 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
!un.ar. 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 > 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>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 sgar, to energies 10° GeV per nucleon. These nuclei can reach the solar system in as -
few as 10° years and produce very long latent tracks in non-conducting crystals.

Thus, we can seek SHE nuclei with a lifetime T > 10° years in extraterrestrial crystals
that }}ave 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
fr.om spontaneous fission of Z2 110 nuclei; they produce 2-prong and 3-prong tracks, and
differ significantly from the spontaneous fission tracks of 281 and ***Pu nuclei. ‘
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Extraterrestrial phosphate crystals of lunar and meteor.itic origin will be investlgatezd4m
future studies because these crystals began to register fission fr.agmer}t 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

. . . 7
fission, if their lifetime is more than 5x10’ years.

2. Experimental
2.1. Milestones _
Recent synthesis and discoveries of very stable isotopes of elements 110 -116 stlmulated the
present project. During 1999-2000 in the Flerov Laboratory of I_\Tuclear. Reactxons, JINR,
Dubna, Professor Yu.Ts. Oganessian and his colleagues succeed in obtaining a numberf.of
rather neutron-rich isotopes of elements 112, 114 and 116 in reactions of high-intensity
breams ‘of *Ca with mono-isotopic targets of 28y, 2py and ***Cm, respectively (7). The
most stable isotope obtained was the odd-even nuclide 285112, which has a lifetime between
10 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 ***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 an
most stable isotopes provides a stabilization factor of 10'%-10" 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 > 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 1967, using 4.5 m? 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 >89 were definitely registered with the two electronic
detectors. During 1985-1990, 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 m? of plastic track
detectors, only 27 actinide nuclei were registered (see ref. 4). No track of Z > 110 cosmic-ray
nuclei was found. N
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 > 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'? tracks per cm?);
another problem is partial annealing of track in silicate crystals that occurs under the
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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. 1).

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 7% 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 10° Thand U cosmic-ray tracks per cm’.

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"" ¢m™), 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 Fig. 2. VETL spectrum of fossil tracks due to

%ilact_ic cosmic-_rgy nuclei and due to accelerated

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);

¢ — track-length spectra due to accelerated P*U

nuclei (ref. 3).
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go%lactic cozssr!?ic-ray nuclei and due to accelerated
Pb and™U in Marjalahti olivine crystals
annealed at 450°C for 32 hr before etching:
a — fossil track-length spectra;
b — track-length spectra due to accelerated
2%*pb and **U nuclei (ref. 4),



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 100-130 pm and
- espectively (Fig. 1a). o
10 ;"i(lsuen:rgclg of dif}fle(rengt len)gths were unambiguously identified in 1988 by ca!lbratlons
of the same olivine crystals with accelerated Au, Pb and U nuclei. In further studies, more
than 1600 fossil tracks of Th and U nuclei were measured (Fig. 1b). For these annealing
conditions 11 extra-long tracks (L = 340-380 pm) were found (ref. 3, 4). The correspondence
of fossil and fresh 2*®Pb and 2*U 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
>250 pm was seen. The maximum track length of Th or U nuclei can not exceed 200 Hm
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 co.sn'lic
rays. Thus we have the evidence of SHE nuclei; their abundance relative to the actinide
elements is ~ (3-10)x107. :
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 T>10* 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 > 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 **U and **Pu
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 **°U in the same crystals annealed under
the same conditions. Such tracks should provide proof of spontaneous fission of Z > 110
nuclei, if present.

2. The estimated probability of ternary spontaneous fission of Z = 110-114 nuclei as-

compared with binary fission is 10 to 10™. For actinide nuclei that ratio is < 10", 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 > 30 ions with energy = 10 MeV per
nucleon at 90° to the surface. The fluency of accelerated ions will be in the range 5x10°-2x10°
ions per cm®. 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 >26 nuclei accelerated at JINR Dubna; GANIL, Caen tandem
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cyclotron, SIS-UNILAC accelerator, Darmstadt. Also these facilities sh?glg be 2})1gsed for
calibrating the sensitivity of meteoritic and lunar silicates with accelerated “'Au, “"Pb and
28 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 > 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 > 50
nuclei, many more than were found in the Marjalahti pallasite. We estimate that in 10-12 cm’®
of these olivines we will be able to find and identify up to 10 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 > 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 sizgniﬁcant background from
spontaneous fission of 2*U. Also in old extraterrestrial samples “*Pu 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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USING *MAT
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Institute of Biophysics, Moscow

Usage of different kinds of radionuclides becomes more wide-spread in the present
radiotherapy, and particularly in the tumor therapy. However jrradiation 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 avai]f\ble w_ith
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 inyolved B-
emitting radionuclides such as 1311 and *°Y. 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 o- -

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, o-emitters possess two general advantages. First, it is the short range of

particles emitted in tissue (60-65 pm, 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/um). 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 1. 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:

1. 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 of B-particles 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 mo.h'scul.e \x.lith~
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 o-emitters which have received serious
attention in endoradiotherapy are 225Ac, 2I2Bi, 213Bi, 2“At, 149Tb, 2BFm. For our
investigations we have chosen an 2'* At 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, 2'°At and '!'At (half-life periods are 83 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 ?'°At decays to the long-lived a-particle emitter 2*°Po (138 d),
whose presence must be strictly avoided according to the practical radiation protection
standards. For the same reason, the high purity of At for the experimental work and
possible in vivo use is mandatory.

At is a pure a-emitter (half-life period is 7,2 h), which is suitable for damage of
targeted cells in vivo. ?''At decays by two pathways: by direct a-particle emission with
transition to long-lived 2'Bi (41.8 %, 5.78 MeV; Ty pi = 38 years), and by electron
capture with conversion to *'Po (T = 0.5 5), which also decays via a-particle emission
with mean particle energy at about 7.45 MeV. Both of *!' At decay pathways result in the
production of stable 27pp. 21 At emits one a-particle per disintegration with a mean energy
of 6.72 MeV. Emitted a-particles possess high LET at about 98.84 keV/um.

Organ and tissue specificity of 2!' At proves to be very close to the nearest halogen
in the Periodic Table - jodine. For example, 2''At also naturally accumulates in thyroid
gland, however to a less extent than iodine does (the thyroid:blood ratio is 180:1 and
220:1, respectively). As for pure 2HAt, 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 arc 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 AL
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 *''At and ZAt-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 pigmerited
melanoma.

Experimental part

21 gt and *' At-MTB production

AL was produced by the 29B(q,2n)*' ' At teaction 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)2“Rn) with separation of 21 At from radon isotopes seems to be not
useful for medical application because of high contamination with the neighboring
radioisotope 2"?At (T, = 8.3 h). Maximum activity yield achieved was about 400 kBq.
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2 At sorbtion on tellurium crystals (20-25 mkm diameter) was passed in HNO;

.so.lution during 2-3 min. Then tellurium particles were washed with NaCl solution and
injected into the mice in this form.

Binding of '' At to methylene blue was carried out through electrophylic exchange.

Investigations of M A1-Te colloid at EAC cells in vivo

VAt adsorbed by tellurium particles was administered into the peritoneal cavity of
mice 2 days after the intraperitoneal injection of 1x107 ascitic cells. At the same time
different number of EAC 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 *"'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 2'' At-Te activity on the mean life rate and survival of mice with EAC.

STAt activity, MBq  Number of animals ~ Mean survival, days Number of cured

ST ) o o animals

0.10 10 16.6 0

0.18 10 222 0

0.30 10 25.6 0

0.74 7 334 0

1.5 7 51.0 2

2.0 6 46.8 3

Control 40 14.6 0

We think that ''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 2 At-Te particles. In the
experiments the cell irradiation intensity depended only on the 2 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 "' At-MTB melanoma cells were plated and
grown as monolayer during 2 days, and after that 2 At-MTB as well as *!' At in ionic form
were injected with activity of 18,5 kBg/ml. The activity accumulated by cells was
measured in different time after injection, The results are presented on fig. 1.

The maximum accumulation of 2''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 At
in ionic form is accumulated by both cell lines in similar and insignificant way.

The effectiveness of 2''At and 2''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 10 or
24 hours cells were incubated in medium containing various radioactive concentrations -
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from 0 to 370 kBg/ml of 211 At and 2'"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 2"'At and >"'At-MTB (results were presented on dose-survival
curves, fig. 2) shows considerable decrease of survival of melanoma cells after ' At-MTB
injections. The dose modifying factor (DMF), defined as correlation of equal activities of
M At and 2" At-MTB, was estimated close to 30. The dose, required for 37% cells survival
is about 4.8 kBg/m! of medium.

At the same time the Chinese hamster cells survival after the 2 At and ' 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 radicactive MTB by these cells, The
survival of cells after treatment with 2''At 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 2'At and 2" At-MTB influence on normal and pigmented cells survival.
The results let us to report one order of magnitude lower cell survival after 2P 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. B'I-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
9%.11" 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 21 A MTB is capable to act selectively,
damaging melanoma cells with selective accumulation in pigmented cells. Thus, the MTB
tagged 2''At 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 ‘21 seems to be quite suitable; as for the treatment, well-known isotopes '
and '?°I, B-emitters, and the 21 At an a-emitter, also proves to be curative.
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Conclusions

The results illustrate possibilities of 2'' At a-radiation in radiotherapy of the tumors
application.

21 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 g)erspective in diagnostics
and treatment of pigmented melanoma. The accumulation of *''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 ' At-MTB treatment in vitro show one
order of magnitude higher treatment efficiency on pigmented melanoma cells relative to
normal cells, while action of *"?At-MTB irradiation on normal non-pigmented cells was
practically non-effective. The experiments in vivo show rapid excretion of *'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 ?// 41-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,Institute 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 (B), quadratic (8% and cubic (8%

field dependent terms. In a magnetic field of high intensity (B>10 Tesla ) the natural -

rotation o,(0) in a chiral medium (serum) becomes quadratic (B?) 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—computed 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 ol
for the parallel configuration [(Bllk)] and o' for the antiparallel  [(-Bllk)]
configuration of B and k. The light polarization planes of the beams a'l, [(BlIK)],
and a”, [(-Bllk)], leaving the medium with a>0, b>0, ¢>0 are rotated,

respectively by":

o' =(aB +bB? +cB%+..)L, (1)
o't =(-aB +bB? —cB3+...)L.

In egs.1 the term cB® describes the non-linear Faraday effect, the term bB? is
a measure of the change of NOA of the chiral medium in magnetic field®®#, the term
aB 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, kIiL.
The natural rotation ¢, (B=0)= a, is not infroduced in egs.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 investigated®®, 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

B=30 Tesla and laser light beam of the wavelength

magnetic fields up to
of 1=488nm. All of the serum samples subjected to the B magnetic field and
the electromagnetic field of the laser beam were placed in celis of L=5mm in length.
Detailed description of the experimental set-up is given in paper". The magneto-
optical circular birefringence per unit path length according to egs.1, can be
expressed in the units of a, b, ¢ coefficients:deg T' m”, degT? m" and
deg T°m", respectively. The effects of the quadratic magnetic field-induced circular
birefringence (bB°L) and non-linear Faraday (cB°L) rotation in a chiral medium i.e.
serum are clearly observed” for B>10 Tesla. The NOA (natural circular birefringence
ap of the investigated serum samples: [=5mm) was measured by the classical
method with an accuracy of +0.01 degree and expressed in deg m™* (degrees in arc
of rotation related to 1m of thickness of a serum sample). The error in the
determination of coefficients a, b and c is +0.5%, +2% and +10%, respectively?.
For all of the serum samples investigated, their NOA was .positive, oo>0. In order to
calculate MOCB effect a(B?) = bB2L
and a(B®) =cB3L the values of a, b, ¢ given in Tables |- IV are to be multiplied

by 210% for L= 1m.

in degrees of rotation: a(B) = aBL,

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, ¢ coefficients and a,
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 (a,>1) and positive
values of a, b and ¢ magneto-optical coefficients. So, the sings of «o, @, b and: ¢
are the same as those observed for dextrorotatory chiral mirror image molecules?.
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 ¢ values could
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serum samples investigaled. The differences between b and ¢ 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 o, and a, b, ¢ magneto-optical coefficents within the time
of the patient medical control.

For the rectal cancer patient (Table II; No.1), the magneto-optical studies dave a,>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: a>0, b>0, c>0.
Medical report stated a considerable improvement of the patient health. Four months
later, on June 12th, 1997 the resuilts of the magneto-optical study were ao,>0, b<0,
¢<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,
¢ coefficients and the medical examination results is obvious. A similar correlation
between the medical diagnosis and MOCB patient serum studies was noted for
(Feb.24, 1997). On June 11,
1997, after 4 months therapy, a significant decrease in b and ¢ coefficients was

patient No.2, Table 11, with recognized rectal cancer

noted which signalled unsuccessful response to the therapy confirmed by the marker
determination (CEA:7.9). The magneto-optical coefficients a, b, ¢ 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 Il present medical diagnosis and the MOCB, NOA results
for cancer patients serum. The patient No.1 (Table 111) 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 1V, patients 1, 2, 3, 4 gave b<0 and «a/b<0.

DISCUSSION
For all the patients investigated their MOCB'’s are displayed as a quantitative relation

between the value of oo/b parameter versus b coefficient value observed for
healthy (Fig.1A), recovered (Fig.1B) and unrecovered patients (Fig.1C)..
The data presented in Tables II and III illustrate the changes inthe oo, @, b and

¢ values in the time of 3 to 12 months when the patient’s status was under control.

These changes were characterized by the NOA, (ao), and the MOCB, (a, b, ¢)

structure of the blood serum of cancer cases.
As follows from the data given in Tables II, IiI and 1V, resuits 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 the b coefficient (b>0)

and /b values of the qualified donors. Moreover, an increase from b<0 to b>(

in the value of magneto-optical coefficient b characterizing the serum of cancer -

patient (Fig.1.,B) indicates an improvement in the patients’ health and a successful,

(b>0), medical treatment. On the other hand, a decrease in the value of b coefficient:

on a series of subsequent tests, (b<0), indicates the detericration 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, IIl and IV .

CONCLUSION

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 o, is positive while the quadratic magnetic
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TABLE |

The NOA o, and yalues of MOCB a, b, ¢ coefficients characterizing serum from

qualified donors

No o a 510° c10° (asb)10~ Rh
(degm™) (degT'm™)  (degT>m™)  (degT>m™) (T%  (identification)
1 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 15.2 284 A+
4 58 1.69 0.32 3.8 1.81 o+
5 75 1.62 0.83 8.8 0.90 B/+
6 57 1.67 0.95 2.9 0.60 Ad+
7 62 1.63 1.0 6.0 0.62 /-
8 49 1.64 15 100 0.32 AB/-
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TABLE Il
The MOCB a, b and ¢ coefficients, NOA «, of serum from rectal cancer patients

TABLE Il

The MOCB a, b, ¢ coefficients, NOA ¢, 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 o a b10° c10°  gyb107°
Medical marker (degm™) (degT-'m™") (degT?m™") (degT™m™") (T?)
control (ng/ml)
data No/  Medical diagnosis  Serum o a b10° c10°  (ayb)10
Medical marker (degm™') (degT'm™* -2t -1 2
1 control (ng/ml) (degm™) (deg ) (degT~"m™) (degT>m™) (T
Male data
01.10.96. Rectal cancer CEA:452 72 1.68 -1.37 "14.0 -0.53
—after operation 1
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:185 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. Ovariancancer Ca-125:1.4 65 1.63 -0.80 2.98 -0.81
. after operation : ’
2 29.10.97. After Ca-125486 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 0.89 176 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 -95 -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
hormonotherapy® 25.06.97. Plasmocytoma - 68 1.65 -0.39 95 ~1.74
treated with ' ’
CEA —Carcinoembryonic Antigen chemotherapy
23.10.97. Stabilization - 71 1.68 -0.75 -12.0 -0.95

2 Seen by the MOCB method earlier then by the traditional medical treatment

® Non marker contro! 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  ao a b10° c10°  (ayb)10°
Record (deg m™") (degT‘m™") (deg T*m™") (degT*m") (1)
1 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
B8-hCG:0.3)

AFP -Alpha Fetoprotein
B-hCG -Human Chorionic Gonadotropin
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Figure 1. Quantitative relation

between

and the B’ —induced circular birefringence coefficient b.

the value of the parameter o /b

Figure 1A. Donors of blood for
transfusion: b>0.
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field-induced circular birefringence bB?L 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 (B% 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 10" chiral biopolymers (+) or (-) 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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