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FIG. 1. Temperature dependence of entropy per atom. 1) He3

at saturation vapor pressure5; 2) He4 at 25 atm6; 3) He4 at 25
atm5; 4) parahydrogen at 64.6 atm.7

sured sonic velocities and densities of the liquids at
the pressures coneidered, i .e . , P = 0, Ρ = 25 atm, and
Ρ = 64.6 atm for He3, He4, and H2, respectively, were
substituted. The calculations give values ο ί θ = 13.7 °K,
32.7 °K, and 155 °K. In all cases, the linear law pre-
dicted by (1) is followed closely except at low tempera-
tures for He3 and He4, in which quantum degeneracy
begins to appear. It is also important to note that the
line drawn through the experimental points for He3

extrapolates not to zero at T - 0 but, as it should, to
the value s s 0.62, which is close to In2, since the en-
tropy of the disordered nuclear spins must be added
in this case to the entropy determined from (1). Com-
paring the inclination angles of the lines in the figure
to relation (1), we find the reciprocal level densities
ι/"1 for He3, He4, and H2, respectively: 3.5 °K, 6 °K,
and 110°K, which seem quite reasonable.

The inequality Τ « θ is also conspicuously in evidence
in the fully quantum range Τ« Tt. Analyzing the mag-

netic properties of liquid He3 in the Fermi-liquid range,
Castaing and Nozieres8 noted that the inequality Τά « θ
makes it possible to treat He3 as a nearly solid-state
system; this explains the relative weakness of the
nuclear-spin exchange interaction and the associated
anomalously large observed magnetic susceptibility.
For liquid He4, the anomalously low density of the
Bose-Einstein condensate is a manifestation of prox-
imity to the solid state in the superfluid range. In
addition, the experimentally observed positive velocity
dispersion of phonons in He II9 finds it natural ex-
planation here. Actually, according to the general con-
siderations advanced by Mandel'shtam and Leontovich,10

any large relaxation time in a liquid (in this case r)
causes dispersion of sound, with the sonic velocity in-
variably increasing with frequency. A brief description
of the study was published in Ref. 11.
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Ε. Ε. Berlovich. Study of nuclei far from the β-
stable band. In recent years, physicists have shown
sharply increased interest in nuclides far from the
0-stable band; several international conferences have
been devoted to discussion of their properties and the
results of experimental research. In spite of the great
difficulty of producing these nuclides in the laboratory,
which arise out of their small cross sections of for-
mation in nuclear reactions and their short lifetimes,
information on their properties is very important both
from the standpoint of astrophysics, since they are
formed continuously in various astrophysical processes
(for example, the process of "rapid" neutron capture
in supernova explosions, or the reactions of deep
splitting, fission, and fragmentation under the action
of high-energy protons and α particles in stellar at-
mospheres, in the envelopes of supernova remnants,
and in the interstellar medium) and for the creation of
an adequate thoery of the nucleus.

The principal characteristic properties of these
nuclides are as follows: 1) an "unusual" relation be-

tween the numbers of neutrons are protons; 2) an "un-
usual" relation between the Coulomb and nuclear forces;
3) a significant difference between the binding energies
of the protons and neutrons; 4) a difference in the radii
of distribution of the protons and neutrons, which re-
sults in the formation of a peripheral "loose" halo con-
taining more nucleons of one type1·2 (Fig. 1); 5) large
j3-decay energies.

The presence of a halo of weakly bound excess nu-
cleons around a core of rigidly bound nucleons of both
types, together with the other peculiarities mentioned
above, should make for differences in the structure of
these nuclides and affect such important properties as
the type of potential, moment of inertia, shape, etc.
Experimental information on nuclei far from the bi-
stable band is no less important for creation of an
adequate theory of the nucleus than information on nu-
clides in the region of this band.

Certain effects that are to be expected near nucleon-
stability boundaries have been considered in Refs. 3-6
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FIG. 1. Proton and neutron distribution profiles for 28Ca,
85Ca> i2o p b i a n d 292pb a s c a i c u i a t e d in Bef. 2. 1) protons;
2) neutrons; 3) all nucleons.

(two-neutron decay,3 "delayed" emission of 3H and
3He4 particles); it has been shown5 that the "delayed"
fission phenomenon7 observed in G. N. Flerov's labora-
tory (Joint Institutes of Nuclear Research, JINK) is
especially common in the region of excess-neutron
nuclei, and this should influence development of the
"rapid" neutron capture process (r process) and the
abundances of elements. Calculation of the r process
with allowance for nucleon-shell effects showed6 that it
develops much farther than would be expected from
classical calculations8 and may, at certain values of
the parameters, lead to the formation of superheavy
elements.

Aspects of effects that depend strongly on energy
were considered in Refs. 9 and 10 (double 0-decay,9

contributions of higher order to single β transitions10

at high decay energies). A whole series of systems
designed for study of "far" nuclides produced on proton
and heavy-ion accelerators and in reactors are now in
operation in various countries. In the USSR, "far"
nuclei are being studied on a heavy-ion accelerator in
Flerov's laboratory at the JINR.

For several years now, the Leningrad Institute of
Nuclear Physics of the USSR Academy of Sciences
(LINP) has been producing nuclides with half-lives below
ten seconds in reactions initiated by protons accelerated
by a synchrocyclotron to an energy of 1 GeV; after fast
separation from the boiling-liquid target by flushing
with oxygen and converting to volatile oxides, these
nuclides were delivered to a background-free room via
a pneumatic shuttle. New short-lived osmium and
rhenium isotopes were produced for the first time by
this method,11'12 and in the case of rhenium it was pos-
sible to proceed 15 mass units from the lightest stable
isotope 185Re (170Re, T 1 / 2 = 9±2 sec).

At the end of 1975, the LINP started up the IRIS com-
plex, in which a mass separator works "on line" with
a synchrocyclotron, so that the emission of nuclides
can be studied continuously as they are formed and
transported as accelerated ions to a collector with a
radiation detector placed in front of it. Figure 2 shows
a block diagram of the IRIS complex. This system has
been used to study the γ spectra of xenon isotopes
(118Xe, 119Xe).13

Combining the efforts of the groups at the LINR and
in the nuclear spectroscopy and radiochemistry section
of the JINR Nuclear Problems Laboratory was a highly
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FIG. 2. Block diagram of IRIS complex.

effective measure. Using a JINR-developed ion source
with surface ionization integrated with a proton-bom-
barded target and adapted for work with the mass sep-
arator of the IRIS system, it was possible to investi-
gate the a decay of 27 isotopes of rare-earth elements.14

The α decay of isotopes produced in nuclear reactions
has usually been studied without a mass separator, and
the a radiators have been identified from the excitation
functions, i .e . , curves of the yield of the particular
isotope plotted against energy. Uncertainties and errors
were frequent with this method. Some of the errors
were brought to light in the studies cited14: for example,
the ο-line energy of the isotope 1S6Yb was identified
correctly, and the new isotope 157Lu was detected and
its basic characteristics studied—α-line energy, the
relative intensity of the α-decay branch, and the half-
life (Tj/ 2 = 5.2 ±0.3 sec). This isotope is 18 mass units
distant from the lightest stable isotope of lutecium
(175Lu). The IRIS system now has two operating ion
beams, and addition of a third is planned; this will
moke it possible to run simultaneous experiments with
three selected isotopes of an element. In addition to
the JINR group, staff members of the Leningrad and
Tashkent State Universities and the Radium Institute
have been called in to work on the IRIS system, and the
range of participants is to be expanded further by repre-
sentatives from other scientific establishments of the
Soviet Union and foreign countries.

Procedures are being prepared for precision measure-
ments of the masses of "far" nuclides (jointly with the
Radium Institute group) on a high-resolution mass
spectrometer developed by V. M. Kel'man, for study
of the charge radii of nuclei via the isotopic shift of the
optical lines using tunable-laser techniques, and for
determination of the magnetic and quadrupole moment
spins (jointly with V. S. Letokhov's group at the Academy
of Sciences Institute of Spectroscopy (ISAN)); the rapid
crystal-diffraction spectrometers developed by O. I.
Sumbaev's group and the LINP will make it possible
to study x-ray line shifts and hyperfine-interaction
effects.
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V. S. Letokhov. Detection of single atoms and nuclei
by methods of laser spectroscopy. Considerable atten-
tion is now being given to development of methods for
laser detection of ultrasmall or "trace" amounts of sub-
stances (see the review in Ref. 1). In principle, the
limit of detection is the single atom, since it still
carries complete spectral information on its structure.
It is for this reason that one of the main objectives in
laser spectroscopy is the development of methods for
detection of single atoms. The most promising methods
are laser excitation of resonant fluorescence, in which
the largest number of photons is scattered by a single
atom,2 and selective stepwise ionization by laser light,
which converts practically all of the atoms to ions.3

Both methods have recently been demonstrated suc-
cessfully at the USSR Academy of Sciences Institute of
Spectroscopy.

A peculiarity of the resonant-fluorescence method is
that a given atom can interact many times with the
laser radiation, reradiating photons of the exciting fre-
quency in all directions. The populations of the ground
and excited levels become equal if the intensity of the
laser radiation is higher than the saturation intensity of
the resonant transition. In this case, the atom re-
radiates iV̂ m = T/2Tapont photons during the time Τ in
which it crosses the light beam; here i"apont is the spon-
taneous time of decay of the excited state to the ground
state.

In the experiment of Ref. 2, for example, Na atoms
crossed the light beam of a continuous dye laser whose
frequency was tuned to the £>2 resonance line. Each
atom reradiated about 200 photons into 4ττ sr on a 4-mm
path. This fluorescence signal was registered by two
photomultipliers (PM), and a two-channel registration
scheme operating in the coincidence mode was used to
extract the fluorescence signal from each atom that
crossed the light beam. The lowest detectable flux of
Na atoms was 10 atoms/sec, which corresponds to an
average density of 10"4 atom in the region of registra-
tion. Unfortunately, the fluorescent method for detec-
tion of single atoms cannot be used for most complex
atoms with metastable states near the ground state,
since the process cycle is easily interrupted after
transition of the atom from the excited to the metastable
state. In this case, the photoionization method is more
efficient and universal.

This approach to the detection of single atoms is
based on selective stepwise photoionization, a method

proposed by the author of the paper both for separation
of isotopes and for detection of atoms back in 1969 (see
the review in Ref. 4). If detection occurs in a vacuum
or a gas at low pressure (the most interesting case from
the standpoint of maximum spectral resolution), ioni-
zation of each atom that has entered the laser beam re-
quires sending laser pulses at a repetition frequency
of about 50 kHz (at a thermal velocity of 5 x 104 cm/sec
and an interaction path of .1 cm). At the 1 W average
power available from laboratory tunable lasers, effec-
tive ionization of most atoms can be brought about only
if the atom is ionized via overlying (Rydberg) states.
In this method of selective ionization, which was also ,
proposed and investigated at the USSR Academy of
Sciences Institute of Spectroscopy,5 the process of non-
resonant photoionization of the atom on the transition
from the intermediate state to the continuum is replaced
by resonant excitation of the atom from the same state
to a higher state near the ionization limit, with subse-
quent ionization by an electric-field pulse. In this case
the efficiency of ionization approaches unity. Since
excitation is resonant at all subsequent steps, saturation
of all transitions requires a comparatively small la-
ser-pulse energy density (10"4 to 10"6 j/cm 2 ), which is
quite within reach of most existing pulsed dye lasers.

A+e-

FIG. 1. Diagram of highly selective three-step excitation of
a Rydberg state of an atom near the Ionization limit with sub-
sequent ionization by an electric-field pulse; used to overcome
ionization-selectivity limit due to wing overlapping of closely
spaced absorption lines.
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