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The use of tunable lasers to obtain polarized and coherent ensembles of nuclei is discussed. The
possibilities and advantages of laser technology in this field are demonstrated by various

examples.

INTRODUCTION

In recent years, tunable lasers (dye lasers) have been
increasingly used in experimental investigations into the
properties of nuclei. In these lasers, the frequency of the laser
radiation can be smoothly adjusted in the complete visible
range of the spectrum. Lasers are characterized by a high
energy resolution (AE /E = 10— %-10"?) and a high power
of the generated radiation (up to 1 W in the continuous-
wave (cw) regime and up to 10° W in a pulse). It is possible
to obtain laser radiation with a definite polarization, the de-
gree of circular or linear polarization effectively reaching
100%. Such properties of lasers with tunable frequency open
up new possibilities for investigating nuclear structure and
make it possible to control the direction of the nuclear spin
and establish a phase connection between nuclear substates.
The study of nuclear processes taking place under extremal
conditions of a strong electromagnetic field also becomes
realistic.

At the present time, one can identify at least four groups
of physics problems that can be solved by means of dye la-
sers.

1. The determination of the mean-square charge radii of
nuclei and the spins and magnetic and quadrupole moments
of the ground and isomer states of nuclei. The method is
based on selective excitation of the hyperfine-structure com-
ponents by a laser beam with tunable frequency. The effect is
detected by fluorescence (optical methods) or by the anisot-
ropy of the nuclear radiation. The method makes it possible
to work with small amounts of a substance. Measurement of
the hyperfine structure and the isotopic shift by laser spec-
troscopic methods is essentially a direct measurement of the
shape and size of the charge distribution in the nucleus. This
aspect of laser spectroscopic methods is very fundamental,
since, in contrast to the existing methods of analyzing results
in nuclear physics, it does not depend on model properties of
the nuclei or decay channels of radioactive nuclides.

2. Orientation of nuclei by a laser beam. The acquisition
of coherent ensembles of nuclei. Study of the decay of such
systems. The investigation of fundamental interactions by
means of such systems. Nuclear reactions on targets with
coherent properties. Determination of the magnetic and
quadrupole moments of the ground and isomer states of nu-
clei.

The method is based on the excitation of a number of
hyperfine-structure components by polarized laser radi-
ation, this resulting in polarization and coherence in the
atomic shell. Polarization of nuclei and nuclear coherence
are obtained through the hyperfine interaction. The method
is highly selective and makes it possible to measure high de-
grees of polarization (up to 100%) and appreciable coher-
ence (~11%).
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3. The search for and detection of rare events: super-
heavy and superdense nuclei, double 8 decay, neutrino ex-
periments, etc.'

The method is based on selective ionization of atoms
with the studied nuclei and subsequent study of the ion in ion
traps. According to the existing estimates, the laser method
of rare-event detection could become one of the most sensi-
tive methods.

4. Nuclei and nuclear reactions in a field of strong elec-
tromagnetic radiation. There is a hope of finding new, pre-
viously unknown effects, since hitherto the behavior of nu-
clei in a field of strong electromagnetic radiation has been
little studied.”

In this review, we present results of investigations in the
field of application of tunable lasers to obtain and study po-
larized and coherent ensembles of nuclei. The possibilities
and advantages of laser technology in this field are demon-
strated.

Optical methods of polarizing nuclei and creating co-
herent ensembles were initiated by the classical studies of
Kastler® and Hanle.* In recent years, the methods of high-
resolution laser spectroscopy have been widely used to inves-
tigate isotopic shifts and the hyperfine structure of atoms
with short-lived nuclei. The methods of coherent optics have
been used much less often in nuclear physics. Nevertheless,
the development of these methods at the present time, in
which pulsed and cw dye lasers are available, offers the pros-
pect of a significant extension of the field of application of
optical methods in nuclear physics. In the present review, we
consider the following questions:

1. Methods of orienting and aligning nuclei by means of
laser radiation with detection through optical and nuclear
radiations.

2. Coherent effects in the electron shell, investigation of
the Hanle effect and level crossing for atoms with radioac-
tive nuclei, and the determination of the quadrupole mo-
ments of nuclei.

3. The acquisition of coherent ensembles of nuclei
(namely, ensembles in which nuclear substates differing in
their magnetic quantum numbers are connected in phase)
and investigation of the effects of nuclear coherence in opti-
cal and nuclear radiations.

We shall not consider in detail questions relating to the
traditional methods of high-resolution laser spectroscopy
employed to investigate the properties of short-lived nuclei.
Several reviews have been devoted to this question.>”

ORIENTATION OF NUCLEI BY OPTICAL PUMPING IN THE
ATOMIC GROUND STATE

Investigation of the decay of oriented nuclei makes it
possible to obtain a variety of information about both the
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characteristics of nuclear states and the properties of funda-
mental nuclear interactions.® However, the wide use of these
methods comes up against serious difficulties and limita-
tions in the currently developed methods for orienting nu-
clei. A significant extension of the ambit of nuclear-physics
research can be achieved by the development of reliable opti-
cal methods for orienting nuclei.

The possibility of orienting nuclei by means of optical
pumping of atoms with circularly polarized light was al-
ready noted by Kastler,” but the first attempts to use this
method in nuclear physics date from the middle of the seven-
ties. The most work was done on the orientation of the elec-
tron shell of atoms by means of circularly polarized light. A
review of the work done with the aim of selecting the optimal
conditions for optical pumping of atoms, relaxation times,
etc., can be found in Ref. 9. All these studies were made with
flashlamp light sources. Some aspects of the optical pumping
of atoms by means of laser radiation are discussed in Refs. 10
and 17. Itis natural that the orientation of the atoms and the
degree of orientation were also established by means of opti-
cal methods or from the deflection of polarized beams of
atoms in inhomogeneous magnetic fields. In nuclear phys-
ics, one can use the fact that the existence of the hyperfine
interaction between the nucleus and the electron shell leads
to orientation of the nuclear spins if the atomic spins are
oriented. Dynamical orientation of a nucleus in this process
comes about through the preferred population of one of the
magnetic sublevels of the atom.

The first studies on the optical orientation of radioac-
tive nuclei were made by Otten’s group.'' A fundamental
feature of these studies was the detection of the nuclear ori-
entation through the anisotropy of the nuclear £ or ¥ radi-
ation (3 — ¥ = RADOP). These studies can be divided into
two groups. The first group'>'® used mercury isotopes. The
optical pumping was done by means of a mercury lamp, the
scanning of the wavelength of the light was realized by a
magnetic field, and the mercury vapor was created by heat-
ing a collector onto which an ion beam was precipitated after
an isotope separator. The use of such a scheme to investigate
other elements involves serious difficulties due to the differ-
ences of the relaxation effects and chemical activity. The
second group of studies'""® related to the orientation of
short-lived isotopes of Na and K formed directly in reactions
with protons or deuterons on Ne and Ar gas targets. In this
special case, one can avoid the main methodological diffi-
culty of working with radioactive isotopes, namely, the prep-
aration of a sample in a cell in the necessary chemical state
with minimal amount on the cell walls; however, it is almost
impossible to work with long-lived isotopes because of the
small yield of them in the reaction.

The Na and K isotopes were oriented by spin-exchange
collisions with Rb vapor optically oriented by means of spe-
cial lamps. The nuclear-physics experiments made in Refs.
11-13 had a number of shortcomings.

1. The asymmetry of the nuclear radiation was mea-
sured by comparing counts at only two angles, since detec-
tors with large solid angles were used.

2. The work with optically oriented samples was dem-
onstrated only in some special cases.!!"!3

The main difficulty was that already in the preparation
of the sample an appreciable portion of the employed sub-
stance was precipitated on the walls or formed different
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chemical compounds, so that a background was created that
made it impossible to measure the asymmetry of the nuclear
radiation.

3. The optical pumping was achieved by means of flash-
lamp sources, and this greatly restricted the experimental
possibilities.

In Refs. 14-16 a fairly universal apparatus and method
of orienting stable ** Na nuclei as well as the long-lived ra-
dioactive ** Na and ** Na nuclei by means of a dye laser are
described. Some of the difficulties in preparing the samples
can be overcome by means of pulsed laser evaporation of
matter. The degree of orientation of the nuclei was estimated
through the angular distribution and polarization of the flu-
orescence from nuclear transitions and nuclear y decay.

Mechanisms for orienting atoms and nuclei by optical
pumping

Nuclei are oriented in the process of optical pumping by
the preferred population of certain Zeeman sublevels in the
atom. There are two mechanisms of optical pumping’: de-
populating and repopulating. In the first, atoms accumulate
in the Zeeman sublevels that more weakly absorb the optical
radiation; in the second, there is preferred population of the
sublevels to which transitions from an excited state take
place most strongly. In what follows, these two forms of
pumping will simply be called optical pumping, with the
particular form being identified where necessary.

For orientation of nuclei by optical pumping there must
be a hyperfine interaction between the nucleus and the elec-
tron shell. This interaction leads to the appearance of the
hyperfine structure in the spectra of atomic transitions. In
the atomic ground state, orientation of the nucleus can occur
in the following three cases:

(1) there is a hyperfine interaction in the atomic
ground state;

(2) there is a hyperfine interaction in the excited atomic
state;

(3) there is a hyperfine interaction in both the ground
and excited atomic states. When we say that “there is a hy-
perfine interaction” we mean that the following conditions
are satisfied:

(1) in the excited state

Thpt S Tep» Thpt = Tet
(2) in the ground state
Thp{ S Tsts

wherery, . ~h /AE, . is the characteristic time of the oscilla-
tions in the wave function of the atom associated with the
interaction of the nucleus with the electron shell, AE npr 18 the
energy of the hyperfine interaction (the hyperfine splitting),
7, i8 the spontaneous-decay time of the atomic level, and Tai
is the stimulated-transition time, i.e., the time during which
the atomic sublevel is populated in the presence of optical
excitation.

Ifhyperfine interaction is absent in both the ground and
excited atomic states, then nuclear orientation by optical
pumping will not occur.

If matter vapor is illuminated by polarized laser radi-
ation at the frequency of an atomic transition under the con-
dition 7, ~ 7y, then there is excitation of the atoms to the
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fine-structure states that during the time 7, decay to the
hyperfine-structure levels. One can speak of a hyperfine
transition being distinguished and a nucleus being oriented
directly during the time of excitation of the atomic level only
if the time scale satisfies £ X 7. In the present review, we
consider processes in precisely this time interval. As an ex-
ample, we give the characteristic times and corresponding
energy widths for > Na. The lifetime of the first excited
atomic levels P, and P, is 7, ~ 1.6 X 107" sec, to which
there corresponds the intrinsic width AE = 9.76 MHz. The
hyperfine splitting in the P,,, state is AE = 190 MHz, to
which there corresponds the time 7,,,; ~8 X 10~ ' sec, while
in the §,, ground state AE,.~17 GHz; then
Thpr ~9X 107" sec. Thus, in studying optical pumping in
the D, line (excitation of the P, , state) in >* Na on a time
scale £ 2 8% 10~ '° sec one can ignore the oscillations in the
wave function of the atom due to the hyperfine interaction.

In the process of optical pumping, not only the total
spin of the atom, F, but also the spin of the nucleus, I, where
F =1 + J, and J is the spin of the electron shell, is oriented.
The orientation of the spins takes place in the atomic ground
state. The elements for which orientation of the nuclear spin
by optical pumping is possible can be divided into two
classes:

(1) elements for which there is a hyperfine splitting in
the atomic ground state;

(2) elements for which there is no hyperfine splitting in
the ground state.

In the second case, it is important that the nucleus has
been oriented in an atomic excited state, i.e., after absorption
of polarized laser radiation, and this, in its turn, imposes a
number of additional requirements on the experiment,
which reduce to suppression of relaxation processes in the
atomic excited state.

There are also a number of requirements common to
classes 1 and 2. By optical pumping one can orient sub-
stances in the gaseous state with the S configuration of the
electron shell, since otherwise the relaxation processes are,
as a rule, so strong that the effects of the orientation become
experimentally unobservable.'® In addition, it is necessary to
create conditions under which the presence of atoms on the
walls of the cell does not make a significant contribution to
the observed effect. This, in its turn, reduces the number of
nuclei that can be oriented.'®

Up to the present time, orientation has been achieved
for the nuclei of alkali elements in the atomic state and a
number of ions of other elements having a similar electron
configuration (class 1).>'""* For class 2, the nuclei of heli-
um, cadmium, barium, ytterbium, americium, and lutecium
have been oriented (Refs. 9, 12, 19, and 20). In addition,
polarization has been obtained in metastable states of a num-
ber of noble gases and in lead and thallium.”

Physical processes associated with orientation of alkali
elements

We consider the orientation of nuclei by optical pump-
ing for the example of alkali atoms. The mechanism of the
optical pumping for these atoms and for a number of ions
with the S|, electron configuration of the ground state is the
same, although in each particular case there are specific
technical difficulties in the implementation.’

The level scheme of the atoms of alkali elements is
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FIG. 1. Level scheme of the * Na atom, I = 3/2.

shown in Fig. 1. In what follows, we shall use this notation: F
is the total spin of the atom, I is the spin of the nucleus, J is
the spin of the electron shell, S is the spin of a photon, and m;
is the projection of the spin J onto the direction of the laser
radiation. Repopulating and depopulating pumping are
equally effective for atoms of the alkali elements. The photon
absorption operators for the D ; and D, lines have the form’

8T, = R, (1 — 2J8)); 81, = R, (1 + JS,), (1)

where R , and R , are the mean rates of absorption in each of
the lines, and S, and S, are the spins of the photons respon-
sible for the excitation of the P,,, (D, line) and P;,, (D,
line) atomic levels. The absorption operator for light in
which both D components are present has the form

8f = (R, + Ry) — (2R8; — RySy) J. (2)

When the D, and D, components in the irradiating light
have the same polarization, i.e., S, =S, and their intensi-
ties are approximately equal [in this case 2R | =R, (Ref.
9)], it can be seen from (2) that polarization of the atom and
nucleus does not occur. This is a consequence of a more gen-
eral sum rule’ from which it follows that if when an unpolar-
ized atom is excited the transitions from the S state of the
electron shell take place with equal intensity to all compo-
nents of a fine-structure multiplet, then the population of the
Zeeman components of the S state after the spontaneous de-
cay will be uniform. Thus, to achieve a nonuniform popula-
tion of the Zeeman sublevels in the S state, it is necessary to
choose the spectral composition of the irradiating light in
such a way that the transitions in the multiplet are excited
with different probabilities. Using both D lines, one can ob-
tain an appreciable degree of orientation of the atom and the
nucleus only if the spins S, and S, are antiparallel. Fre-
quently, only one D line is used, and in this case one can also
obtain an appreciable degree of orientation.

For alkali elements, the spin of the electron shell in the
S, ground state is J = 1/2. The total spin F of the atom
takes the two values I + 1/2. A circularly polarized photon
ot has angular-momentum projection + 1. The resonance
absorption of such photons by atoms will take place in accor-
dance with the selection rules AF = 0, + 1 for the total an-
gular momentum and Am, = + 1 for its projection. In the
case of multiple absorption of o photons and subsequent
decay, atoms accumulate in the ground state in the magnetic
sublevel with the maximal value of the projection of the total
angular momentum F onto the direction of the laser beam,
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FIG. 2. Groups of states of atoms of alkali elements that participate in the
optical pumping process: (1) laser beam; (2) direction of polarization of
the laser radiation.

i.e., there is orientation of the spin of the atom and the nu-
cleus. Figure 2 shows the groups of states that participate in
the optical pumping. Here, N, are the sublevels of the
ground-state doublet with # = I — 1/2, and N, are the same
for F =1 + 1/2 except for the sublevel with maximal projec-
tion m; =1 + 1/2, which is denoted by N;; N, are the
doublet states of the excited P, level with F =TI+ 1/2. In
accordance with the selection rules, absorption takes place
from the groups of levels N ; and N, , but not from N ;. How-
ever, decay takes place to not only the N, and N, states but
also the NV state. In the case of multiple excitations and
decays, atoms accumulate in the state N, i.e., they are ori-
ented. This means that the nuclear spins are also oriented,
since in the V; state the direction of the nuclear spin coin-
cides with the direction of the atomic spin. The time during
which an appreciable degree of orientation (up to 100% ) of
the atoms and nuclei occurs depends on the power of the
exciting radiation and on the probabilities of the transitions
between the states in which we are interested; the time is
related to the lifetime of the excited atomic level and is limit-
ed by it.

By means of nonlaser light sources an orientation time
of atoms and nuclei during 10 ~2-10 2 sec could be ensured
in the best case; moreover, the frequency of the pumping
light remained fixed or could be changed only in a small
range. The spectral resolution was low, and this made it diffi-
cult to measure the hyperfine splitting in the atom and,
hence, to determine the quadrupole and magnetic moments
of the nuclei. Dye lasers, operating in both the cw and the
pulsed regime, permit excitation of an atomic transition dur-
ing a time much shorter than the lifetime of the excited atom-
ic state (about 10~ * sec), i.e., the speed with which nuclei
can be oriented by optical pumping is now limited only by
the lifetime of the excited atomic state. The wavelength of
the laser radiation can be varied in a fairly wide range, and
this, in its turn, makes it possible to carry out experiments
with many elements with excitation of different atomic tran-
sitions. The highly monoenergetic nature of laser radiation,
which can reach several megahertz, makes possible pumping
in different components of the hyperfine structure of an
atom and the determination with high accuracy of the quad-
rupole and magnetic moments of nuclei.

For the orientation of the nuclei, one can use either
pulsed or cw dye lasers. At the present time, higher powers
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(in a pulse) of the laser radiation have been achieved in
pulsed lasers, and this makes it possible to excite atomic
transitions in shorter times than when cw lasers are used.
When cw sources of polarized pumping radiation are used,
the maximal possible degrees of polarization (reaching
100% ) can be achieved. If pulsed lasers are used, one can
work with ensembles of atoms and nuclei in which orienta-
tion has occurred after one, two, etc., cycles of excitation of
an atomic transition and spontaneous decay to the ground
state. It should be noted that the orientation of nuclei by
pulsed laser radiation, especially in the case of a high power,
has been the subject of relatively few studies,'*2?* in which
by no means all possibilities of this method have been consid-
ered.

A high intensity of the laser radiation (up to 10°* pho-
tons/sec in a pulse) and a large cross section for resonance
excitation of an atomic transition (10~ '° cm?) make it possi-
blein principle to orient nuclei at densities of the nuclei up to
10'8 ¢m — 3,

Laser radiation with a half-width Av, of the emission
line (Fig. 3) consists of modes® separated by the distance
Av, :

Av,, = ¢/2L, (3)

where L is the length of the laser resonator, and ¢ is the
velocity of light. The mode half-width Av,,, usually varies
from a few megahertz to several tens of megahertz. In the
cell, the Doppler width Av,, of the absorption and emission
line profile is about 2 GHz. The natural width of the reso-
nance, corresponding to the lifetime 10~ 8 sec of the excited
state, is Avy, ~ 10 MHz. The field broadening Av,. (Ref. 25)
ata power of the laser radiation corresponding to the satura-
tion limit of the atomic transition is usually about 10 MHz.
The fraction N of atoms in resonance with the laser radiation
when Av,, > Av,, is

N=Av}+ Av, + M2 /Av,.. (4)

Typical values of the widths are Av,, ~ 150 MHz, Av, 210
MHz, Av, ~10 MHz, and Av,,, ~30 MHz. Substituting
these values in (4), we find that N ~ 24%. Since the position
of the modes varies with time, the limit for N may be in-
creased. Thus, using laser radiation for optical pumping un-
der the condition Av; > Av,,, without adopting special mea-
sures,*® one can obtain a degree of orientation of about 24%.

The disorientation time is largely determined by the in-
teraction of the excited atoms with one another, with extran-

Avy X
4

FIG. 3. Structure of radiation generated by a multimode laser (the x axis
is the frequency of the laser radiation, and the y axis is the intensity of the
radiation).
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TABLE I. Table of some characteristic values of the relaxation parameters for polarized atoms.

Relaxation mechanism Potential

Dipole—dipole interactions (DoDy —3DAR gRspDp)R

Spin exchange between V(R ap)dads
electrons

Spin-orbit interaction V(R)LJ

Spin-nucleus interaction JF(R)I

Nuclear quadrupole —1VEQ,
interaction

Phenomenon Cross section cm®
Broadening of optical lines, 10~ —10"1
depolarization in the excited state

Approach of the spin temperature to 10~
equilibrium preserves the total spin

Disorientation of atoms in the § state 10~ - 1072

in collisions with the wall or buffer gas

Disorientation of atoms in the S state 10

in collisions with the wall and buffer
gas, polarization of nuclei in spin-
exchange collisions

Relaxation of the spins of diamag-
netic atoms in collisions with
a wall

Depends on the gradient of the
electric field near the wall, the
time spent on the wall, and the
quadrupole moment of the
nucleus

Notation: J is the electron spin, R 4p is a vector connecting two atoms, D; is the dipole moment of the ith atom, I is the spin of a nucleus, F(R) and
V(R ,p) are the radial dependences of an interaction potential, VE is the gradient of the electric field, L is the orbital angular momentum.

eous atoms, and by collisions with the walls of the cell. It is
fairly long in the case of atomic beams or vapor for atoms
having the S configuration of the electron shell, and also in
an atmosphere of inert gases, and is between 102 sec and
several seconds.” The characteristic values of the disorienta-
tion cross sections are given in Table L. In the case of solids,
the disorientation time is, as a rule, very short (10~ sec),
and this leads to great difficulties in creating solid targets of
oriented nuclei by means of laser radiation.

The process of nuclear orientation can be studied by
measuring the anisotropy and polarization of the nuclear
radiation or by ensuring the fulfillment of a number of ex-
perimental conditions and measuring the angular distribu-
tion and polarization of optical radiation. Methods of ana-
lyzing the process of optical pumping by means of optical
radiation are considered in Refs. 9 and 28.

For the orientation of atoms and nuclei continuous
light sources have usually been employed. New possibilities
in this direction were opened up in experiments with pulsed
dye lasers. For example, their use in Ref. 16 made it possible
to demonstrate experimentally that already in one cycle of
absorption of polarized photons and spontaneous decay to
the ground state one can achieve an appreciable degree of
nuclear polarization (10-20% in the case of 23Na), with ori-
entation time 7,, ~3X 10~ % sec. The influence of various
external conditions on the degree of orientation of the nuclei
was also studied in Ref. 16. The degree of orientation of the
23Na nuclei is shown as a function of the power of the laser
radiation in Fig. 4. The greatest degree of orientation was
observed when the power corresponded to the saturation
limit of the atomic transition. When the power was in-
creased, the degree of orientation of the nuclei was observed
to decrease. This decrease can be explained as follows. Since
the duration of the laser pulse was 10 ~® sec, and the lifetime
of the excited atomic level (P,,,) is ~ 1.6 X 10~ *® sec, in the
optimal case the maximal number of Na atoms is in the excit-
ed state at the moment when the laser pulse ends, and the
atoms then decay spontaneously.

To eliminate the influence of extraneous magnetic fields
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on the orientation of the atom and the nucleus, one can either
use compensation of the fields or apply a stronger magnetic
field in the required direction, making the atoms begin to
precess around the total magnetic field without losing their
orientation. Thus, to eliminate the influence of weak (upto 1
Oe) magnetic fields, a stronger magnetic field (up to 100
Oe) directed along the propagation axis of the laser radi-
ation was applied in Ref. 14. The degree of orientation
P, = (I, )/I of the nuclei was measured as a function of the
applied external magnetic field. For zero value of the applied
field, an orientation signal was not observed: P, =0 (Fig.
5). This is explained by the fact that the atoms precess
around the Earth’s magnetic field, which was directed per-
pendicular to the propagation axis of the iaser radiation. As
the external magnetic field was increased in strength, a
growth in the degree of orientation P; was observed.

Orientation of long-lived isotopes in a cell

When a dye laser is used to obtain and study oriented
nuclei of radioactive elements, one must distinguish long-
and short-lived nuclei. For the former, the cell walls and
relaxation processes on them begin to play an important
part. The orientation of the long-lived **Na and **Na nuclei
in a cell by means of pulsed laser radiation was studied in
Refs. 14 and 16. The problem reduced to the following:

s
Prodb
20

ol 1 |
W, 2W, W,

FIG. 4. Degree of orientation of Na nuclei as a function of the power of the
laser radiation (W, is the power of the laser radiation, and W, is the
power of the laser at the saturation limit of the atomic transitions).
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FIG. 5. Degree of orientation P of the nuclei as a function of the external
magnetic field A.

1. One must obtain vapor of Na neutral atoms with only
a slight admixture of Na isotopes in the form of different
chemical compounds, since the latter do not participate in
the process of optical pumping.

2. The cell must not be heated above 250 °C in order to
minimize the effects of disorientation on the walls.

3. One must use materials with a low disorientation
cross section, transparent for the optical radiation, and ca-
pable of ensuring a sufficiently high vacuum in the cell
(10 Pa).

4. It is necessary to create conditions in the experimen-
tal apparatus that lead to a minimal contribution of depolar-
ization effects. In addition, the number of atoms used for
orientation must not exceed p, ¥, where Peq 18 the equilibri-
um density of the atoms at the given wall temperature of the
cell, and ¥ is the volume of the cell. If this is not done, an
appreciable fraction of the atoms will be on the walls and will
give a background. The unsuccessful attempts to obtain ori-
ented nuclei of long-lived nuclides in a number of studies!’
are due, in our opinion, to the attempt to orient a large num-
ber of atoms.

At cell wall temperature ¢ = 200 °C and volume V = 1
cm®, the number of atoms must be limited (in the case of
Na), N510%, this value corresponding to an activity of
about 5 1.Ci for * Na. In Refs. 14 and 16, the difficulties of
preparing samples of the investigated substances were over-
come by means of pulsed laser evaporation and decomposi-
tion of various chemical compounds in vacuum. We shall
consider this question in somewhat more detail.

Laser radiation is currently used to investigate radioac-
tive nuclei in neutral atoms orions.” In the majority of cases,
neutral atoms are required for experiments. Usually, the
ions of the investigated substances, obtained as a result of
nuclear reactions, are transported to the region of interac-
tion with the laser radiation, prior to which they are deceler-
ated in various foils, and then, the final foil being heated, the
substances evaporate in the form of neutral atoms.® If one is
working with elements having a low ionization potential, the
surface of the foil must be covered by a material with a low
work function (for example, yttrium). We consider a typical
scheme for obtaining neutral atoms after mass separation of
the products of nuclear reactions®® in an investigation of
short-lived Na nuclei. Ions of Na, accelerated to an energy of
about 60 keV, were thermalized on a tantalum foil with yt-
trium covering heated to a temperature 1200 °C, were neu-
tralized, and entered the region of interaction with the laser
radiation. Neutralization of 80% of the ions occurred during
a time ~150 msec. The main shortcomings of such a system
for obtaining oriented nuclei of long-lived Na isotopes are
the need to heat the foil to high temperatures and to use
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FIG. 6. Experimental arrangement intended for investigation of the pro-
cess of pulsed evaporation and decomposition of substances.

materials with a large disorientation cross section, a fact that
requires one to work with only atomic beams.

However, it is known that if the sample is irradiated
with the irradiation of the first harmonic (1 = 1060 nm) ofa
O-switched YAG:Nd™* laser, evaporation of the matter in
the form of neutral atoms and ions occurs.?! It is noted in
Ref. 32 that when salts are decomposed in this way up to
70% of the evaporated matter may be in the form of neutral
atoms and the remaining 30% in the form of ions, the evapo-
ration process lasting for several hundred nanoseconds.
Such an evaporation regime, used with the aim of obtaining
neutral atoms for subsequent investigation by means of laser
radiation, was studied experimentally in Ref. 33 by means of
the arrangement shown in Fig. 6.

The investigated substance (NaCl) was deposited on a
zinc plate. Infrared radiation of the YAG:Nd™* laser was
focused by means of a lens onto a sample in a spot with
diameter 1 mm. The energy density of the incident radiation
was 0.1J/cm?. The duration of the laser pulse was 10~ ® sec.
A dye laser was pumped by the second harmonic (1 = 532
nm) of another YAG:Nd* laser, whose third harmonic
(4 =353 nm) served to ionize the excited neutral atoms
obtained as a result of the laser evaporation and decomposi-
tion of the investigated substance. The dye laser was tuned to
the frequency of the §,,, - P, ,, transition in sodium. The
width of the laser emission line was Av ~20 GHz. Two Fa-
bri-Pero interferometers were used, one of which was placed
within the dye laser and reduced the width of the emission
line to 1 GHz, while the other, placed outside the resonator
in a pressure chamber, reduced the width of the emission line
to 200 MHz and made it possible to adjust the wavelength of
the laser radiation in a range of 6 GHz. The ions formed as a
result of the resonance absorption of the laser radiation and
subsequent ionization (Figs. 6 and 7) were detected by a
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FIG. 7. Spectrum of hyperfine splitting of the D, line of **Na obtained by
means of a laser atomizer® ; N__is the number of counts of the secondary
electron multiplier as the frequency v, is scanned.
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secondary electron multiplier (VEU-6). The dependence of
the ion current on the frequency of the laser radiation is
determined by the structure of the levels of the ** Na atoms.
Figure 7 gives the spectrum of the hyperfine splitting in the
D, line of **Na obtained by such a method. The experimen-
tal signal-to-noise ratio was 3:1, indicating that about 67%
of the evaporated matter was in the atomic state. When a
blocking potential — 30V was applied to the substrate with
the sample, the signal-to-noise ratio was improved to 10:1,
indicating that 33% of the evaporated substance was pro-
duced in the form of ions.

Processes of orientation relaxation in the cell

‘We consider a number of questions relating to the relax-
ation of the orientation in the cell. At low pressures of the
residual gas, when the mean free path of the atoms is greater
than the cell diameter, the main contribution to the relaxa-
tion is made by processes on the walls. However, it is an
important fact that for atoms oriented in the cells there may
be many hundreds of collisions with molecules of the buffer
gases or with a wall without loss of orientation.** Thisis true
only for atoms for which the electron shell is in the .S state,
since the spherical distribution of the charge in the atom
protects the spins from disorientation effects in collisions.

The spin-disorientation cross section of nuclei colliding
with the cell walls is 10~ '*~10~2 cm? and depends on the
wall material.” For example, for glass and quartz the num-
ber of collisions without loss of orientation is 10°~10°, for a
paraffin covering 10°~10*, and for special coverings 10*~10°
(Refs. 8, 9, 13, and 34, see also Table I). In a number of
cases, spin disorientation occurs after a much larger number
of collisions. The spin-orientation relaxation of cesium and
rubidium atoms requires 10°-10° collisions of the atoms
with one another. It was shown in Ref. 36 for the first time
that the atoms of alkali metals can be oriented by means of
optical radiation in an evacuated volume if the glass walls of
the chamber are covered by materials with a small disorien-
tation cross section. The relaxation time was of the order of a
second. It was found that paraffins and various organic com-
pounds are particularly effective in the case of optical pump-
ing of atoms of alkali metals. It was also shown that the
relaxation rate is lower for paraffin coverings containing
deuterium. This fact indicates that the magnetic fields of the
nuclei on the cell walls play an appreciable part in the relaxa-
tion processes, since the magnetic moment of the deuteron is
approximately three times smaller than the magnetic mo-
ment of the proton.

However, the complete process of the spin-orientation
relaxation of the atoms cannot be exclusively attributed to
the magnetic fields of the atoms and nuclei on the walls of the
cell. Other processes can also play an important part. Thus,
it was shown in Ref. 37 that the polarization of the hyper-
fine-structure components (J-I) relaxes at the same rate for
both **Rb (u = 1.353) and ¥ Rb ( x = 2.751) on deuter-
ium coverings but is slightly different for hydrogen cover-
ings. This is explained by the fact that for the deuterium
coverings, where the relaxation rate in the magnetic fields of
the walls is small, the main contribution to the relaxation of
{J-I) is made by the spin—orbit interaction with the atoms of
the walls. For walls with hydrogen covering, a significant
contribution to the relaxation rate is made by interaction
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with the magnetic fields of the cell walls, and, since the mag-
netic moments of the ** Rb and * Rb nuclei are different, a
difference is observed in the relaxation rates. The disorienta-
tion cross section depends strongly on the wall temperature,
and when the latter is increased it increases too as a rule.*®
We note that data are often given in the literature on the
spin-disorientation cross sections of an electron shell or an
atom but not a nucleus. As a rule, the nuclear spin relaxes
much more slowly than the spin of the electron shell.

The mechanism of the disorientation process depends
strongly on the ratio of the times of interaction with the
depolarizing fields in the collisions and on the following
characteristic times:

(1) the hyperfine-interaction time 7, ~ 107" sec;

(2) the fine (spin-orbit) interaction time 7,~10""
sec;

(3) the collision time 7, ~ 10~ !2 sec.’

Since 7y, » 7. and 7, €7,, the hyperfine interaction
does not feel such a rapid perturbation, whereas the fine in-
teraction can carry the system to equilibrium. Therefore, in
collisions of duration less than 7, the spin of the nucleus
does not change its direction appreciably, whereas the spin
of the electron shell can be completely disoriented. The nu-
clear spin inertia in collisions of atoms of alkali metals was
established experimentally in Ref. 39. The experimental val-
ue of the spin-disorientation cross section of nuclei in colli-
sions with the walls (quartz and special coverings) is
o~10"2-10" 2% cm?.° The cross section of polarization of
nuclei of alkali metals in spin-exchange collisions of the
atoms with one another is of the same order of magnitude:
o~ 10~%* cm?. The main contribution to the depolarization
of the electron shell is made by spin-exchange collisions with
extraneous impurities (o~ 107'* cm?), for example, with
the residual air molecules. As a result of spin-exchange colli-
sions, the spin orientation of the electron shell does not, in
general, disappear, but is passed from atom to atom. The
disorientation cross section of the electron-shell spins in
collisions of atoms of alkali metals with one another is
a~10""" c¢m?.* If the cell is evacuated to pressures 10~*
Pa and purified of chemically active elements, these depolar-
ization factors can be almost completely eliminated. In this
case, the main contribution to the spin relaxation of the nu-
clei is made by the processes on the cell walls. The relaxation
is determined by the time during which the atom is on the
cell walls, by the local magnetic field, by the gradient of the
electric fields, and by the nuclear quadrupole and magnetic
moments. The mean time that an atom is on a cell wall is’

Tw = To oxp (E/kT), (3)

where E, ~0.1 eV is the energy of stripping of the atom from
the wall (for quartz), T is the wall temperature, and
To ~107'? sec is the period of the vibrations of the atoms
about the equilibriun position in the case of interaction with
the wall.

For T=473°K and 7, = 10~ "' sec, i.e., less than the
hyperfine interaction time (7, ~107'" sec), this, in its
turn, means that it is mainly the electron shell that is disor-
iented in the collisions with the walls.

To investigate the process of orientation of Na nuclei by
optical pumping in a cell the optimal conditions correspond
to heating of the walls to # ~ 150-200 °C. Since with decreas-
ing temperature the time during which an atom is on a wall
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increases, and with it the disorientation probability, but the
chemical activity of the walls increases with the tempera-
ture, and this also destroys the orientation, it is necessary to
select the optimal temperature regime.

In Ref. 14, the mean flight time of the Na atoms from
wall to wall was 75 ~3 X 1077 sec, i.e., much greater than
the time during which an atom remains on a wall. Therefore,
all the foregoing arguments are correct only when the num-
ber N of atoms in the cell satisfies the condition

N<g Pqua (6)

where p., is the density of the saturated Na vapor at the
given wall temperature, and ¥ is the cell volume. If this con-
dition is not satisfied, the majority of atoms will be on the cell
walls and will not participate in the orientation process.
Therefore, it is desirable to work with sources with a mini-
mal amount of stable isotopes of the investigated elements.

Investigations with optically oriented isotopes

To obtain oriented Na nuclei, an optically transparent
layer of Na vapor was excited by circularly polarized light
with wavelength A = 589.6 nm (D, transition). The width
of the irradiation line was 20 GHz, which covered the isoto-
pic shifts of ** Na( — 757 MHz), 2*Na(706 MHz), and
**Na, the hyperfine splitting, and the Doppler broadening
and also ensured that the D, transition was avoided (480
GHz). The power of the laser radiation was chosen to ensure
the regime of saturation of the atomic transition, i.e., after
the time of action of the laser pulse all the atoms in the region
of illumination had been resonantly excited. In the subse-
quent decay, about 8% of **Na atoms and 6% of the >*Na
atoms went over tothe .S ,, level with maximal projection of
the angular momentum.

In work with the radioactive isotopes, the angular dis-
tribution of the ¥ rays from the decay of the oriented nuclei
was measured. In the case of the stable isotopes, the fluores-
cence signals, detected by two photomultipliers, in front of
which rotating polaroids and A /4 plates were placed, were
studied. For the measurement of the y anisotropy, four y
spectra were measured for the same detector position and for
the same time interval (Fig. 8):

1. The ¥ spectrum in the presence of the laser beam and
a magnetic field applied along the direction of propagation
of the laser beam: N(8, o+, H *).

2. The y spectrum without the laser beam (covered by a

Kz
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FIG. 8. Arrangement of experiment intended to measure the angular dis-
tribution of the y radiation of nuclei oriented by means of a dye laser: 1 is
the laser beam, D is a diaphragm, P is a polaroid, A /4 is a quarter-wave
plate, K is a Helmholtz coil, and CV is the cell with Na vapor.
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diaphragm D) but with the same magnetic field: N(6, 0,
H )

3. The ¥ spectrum in the presence of the laser beam and
with a magnetic field in the opposite direction to the beam:
N(G,0~,H™).

4. The y spectrum without the laser beam: N (8,0, 5 ).

Such a method makes it possible to eliminate the correc-
tions for the change in the solid angle and ¥ detection effi-
ciency, and also the corrections to take into account the in-
fluence of the magnetic field on the photomultiplier. Some
control experiments in which no orientation of the *>Na,
24Na, and also the **Na nuclei should be observed were
made. These involve measurement of the ¥ angular distribu-
tion at frequencies of the laser radiation different from the
resonance frequency, measurement of the angular distribu-
tion of the ¥ rays and the fluorescence in uncompensated
magnetic fields, and measurement of the ¥ angular distribu-
tion without the pulsed decomposition of the Na salts.

The ratios
N @®, ox, Hz)
W= (e)= N(e‘ 0’ Hi) (7)

give the y angular distribution in pure form. Degrees of ori-
entation ~ 129% for > Na and ~ 8% for ** Na were obtained.

Effects associated with parity nonconservation in weak
interactions are manifested in annihilation radiation follow-
ing 8 * decay of oriented nuclei.*’ If unoriented nuclei de-
cay, the positrons are emitted isotropically, and the ratio (7)
for the annihilation radiation must be equal to unity for all
angles 6. This indicates that the experiment has been cor-
rectly performed. This was confirmed by measurements in
zero magnetic field.

Because parity is not conserved in 7 * decay of orient-
ed nuclei, an asymmetry of the emission of the 8 * particles
is observed. The angular distribution of the 8 * particles in
the model with ¥ — 4 interaction has the form

W (8)=1+ P;a 2 cos, (8)

[

where a =1 for §* decay with AT =1, (v) is the mean
velocity of the § *particles ({(v)/c =~0.6 for >*Na), and P, is
the degree of orientation of the nuclei. Since the solid angles
for detection of the annihilation radiation are different for
different points at which the annihilation occurs, the asym-
metry of the  * radiation can be reflected in an asymmetry
of the annihilation radiation. For the cell used in Ref, 14, the
geometrical conditions were the same for the angles 0° and
90°. Therefore, exact measurement of the asymmetry is made
possible by comparing the effects at these angles. The experi-
mental value of the asymmetry 4, = P, (v)/c was found to
be 4 ;/ =0.05 + 0.01. The sign of the effect was reversed
when the direction of the spin orientation of the nuclei was
reversed,

Aj = —0,04 + 0.0, (A)

whereas the anisotropy of the ¥ rays with energy 1280 keV
did not change sign (Fig. 9). This fact confirms the conclu-
sion that the asymmetry observed in the annihilation radi-
ation is due to parity nonconservation in the 8 * decay. The
theoretical calculation of the angular distribution of the
annihilation radiation for angles different from 0° and 90° is
made difficult by the fact that the geometrical factors are
different and, in addition, it is difficult to calculate the quan-
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tities associated with the reflection of the 8 * particles by
the cell walls. Therefore, in the expgriment the angular de-
pendence for the annihilation radiation agreed with (8) only
in sign. In Ref. 14, the number of collisions with the cell
walls during which disorientation of the nucleus did not oc-
cur was determined and found to be N2 3 10°, and the
cross section of disorientation on the wall was o102
cm?.
In Ref. 20 there is a description of the method of obtain-
ing oriented nuclei of the **°” Am shape isomer by means of
laser radiation. The asymmetry of the fission fragments of
the *°" Am nuclei was measured as a function of the fre-
quency of the laser radiation. When the Am atoms were ex-
cited by polarized laser radiation, they were oriented, and
this was reflected in the angular distribution of the fission
fragments. The ***" Am nuclei were obtained in the
28J("Li, 5n) reaction. The 2S,,, »'°P,,, atomic transi-
tion was excited and the optical isomer shift was measured.
From the results of the measurements, Benis et al.*° suc-
ceeded in estimating the change in the mean-square radius of
the 2" Am and *°Am nuclei, 8{r*) ~5 F?, a result that
confirms the conclusions drawn from calculations by Stru-
tinskil’s method*? about the double-hump nature of the fis-
sion barrier in the Am nucleus. For further comparison with
theory, it would be desirable to measure the hyperfine struc-
ture in ***" Am atoms and to determine the quadrupole mo-
ment of the shape isomer.

The atomic transition in Am was excited by laser radi-
ation from a cw dye laser operating in the multimode regime
with line half-width 0.05 nm and density 5 W/cm?. In the
atomic ground state ®S,,,, the hyperfine splitting is small,
and this means that to obtain oriented Am nuclei one cannot
allow disorientation in the atomic excited state P;,,. How-
ever, the P, state does not have spherical symmetry, and
this leads to a sharp growth of the disorientation cross sec-
tions in collisions,’ which, in its turn, imposes rather strin-
gent conditions on the admissible concentrations of impuri-
ties in the region of observation and on the use of buffer
gases. Unfortunately, Ref. 20 is as yet the only publication
devoted to orientation of Am nuclei by optical pumping.

Thus, by means of laser radiation it is possible to orient
both long- and short-lived nuclei of different elements with-
out using the technique of low temperatures and strong mag-
netic fields. One of the important advantages of this method
is that it enables one to obtain an appreciable degree of orien-
tation of the nuclei during a time of 10~* sec. The shortcom-
ings of the method include the restrictions associated with
the need to use volatile substances with the S configuration
of the electron shell. In addition, significant numbers of nu-
clei cannot be oriented in cells.

The use of the method of nuclear orientation by optical
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FIG. 9. Angular distribution of y rays from the decay of *?Na nuclei
oriented by means of a dye laser.

pumping appears to be most promising in the case when one
wishes solve physical problems that require selectivity with
respect to the oriented elements and a high speed.

POLARIZATION OF NUCLEI BY EXCITATION OF AN
ATOMIC TRANSITION WITH POLARIZED LASER
RADIATION

In the process of optical pumping of atoms by polarized
light the spins of the atoms and nuclei are polarized in the
ground or a metastable atomic state. The time during which
the nuclear spin is oriented (7, ) in this method is limited by
three quantities:

(1) the stimulated-transition time (7, )

9

(2) the time of spontaneous decay from the excited
atomic state:

Tor > Tsts

(10)

an ?’ Tst + Tsp;

(3) the maximal hyperfine splitting AE,  in the
ground or excited atomic states and the associated hyper-
fine-interaction time (7ypc ~h /AE ;¢ ):

(11)

For a fairly large number of atoms it is possible to
choose optical transitions such that 7y,¢ <7,,*** and by
exciting the atomic level by laser radiation one can fairly
easily satisfy the relation 7, €7,,.** In this case, the time
during which the orientation of the nuclei in the atomic
ground state takes place will be bounded below only by the
spontaneous-decay time: 7, > 7,,. The typical value of 7,
for allowed E 1 transitions in an atom is about 10~® sec, and
this, in its turn, means that the optical pumping method can-
not be used to orient short-lived nuclear states (with lifetime
less than 10~ % sec). However, since we can transfer an atom
from the ground to an excited state in a time much shorter
than 10~ % sec, and can also regulate this time (7, ) by
choosing an appropriate power of the laser radiation, it is
interesting to consider the process of nuclear polarization in
an excited atomic state.

The process of orientation of nuclei in an excited atomic
state during a time 7, <7,, was analyzed theoretically for
the first time in Ref. 22 for the case when there is a hyperfine
interaction in the ground atomic state but the hyperfine
splitting in the excited atomic state can be ignored. It was
shown that to obtain the maximal degree of orientation it is
necessary to excite aJ—J transition (D, transition in alkali
atoms); the degree of orientation of the nuclei in this case is
roughly doubled (J= 1/2) compared with excitation of
J—J + 1 transitions (D, line), and the maximal degree of

Tor > Thpf (]
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orientation is 6%. The time during which the orientation of
the nucleus occurred was equal to the stimulated-transition
time and was limited by the hyperfine splitting in the atomic
ground state.

For orientation of nuclei in either the ground or an ex-
cited state it is essential to have in at least one of these states a
hyperfine interaction between the nucleus and the electron
shell, by means of which the angular momentum of the pho-
ton absorbed by the atoms is distributed between the nucleus
and the electron shell. Polarization of nuclei following exci-
tation of an atom by polarized laser radiation can occur only
in the following three cases:

(1) there is hyperfine structure in the excited atomic
state;

(2) there is hyperfine structure in the ground atomic
state;

(3) there is hyperfine structure in both the ground and
the excited atomic states.

In Ref. 46, polarization of nuclei in an excited atomic
state in the presence of hyperfine splitting in both states
(case 3) was considered. In this situation, one can achieve a
higher degree of nuclear polarization than in cases 2 and 1,
although the orientation time (7, ) is bounded below by two
quantities—the hyperfine-interaction times in the ground
and excited atomic states (7§, o). The polarization in
the excited atomic state is due both to the polarization of the
exciting light and to the polarization in the ground atomic
state.

In Ref. 46 experiments are described in which the
ground state at the initial time was not polarized and the
excitation was done by means of a broad line, i.e., the half-
width of the laser emission line (Av,) exceeded the hyper-
fine splitting in both the ground and the excited atomic
states. In this case, orientation and alignment occur in the
electron shell. If the hyperfine-interaction time is less than
the lifetime of the atom in the excited atomic state, then the
electron polarization is transferred to the nucleus.

When the atom is excited by a broad line, the appear-
ance of the nuclear polarization can be interpreted as a pro-
cess of relaxation of the electron-shell polarization with hy-
perfine interaction superimposed.*” The angular dis-
tribution and the polarization of the fluorescence in optical
transitions will depend on whether or not the nucleus was
polarized during the lifetime in the excited atomic state. In-
deed, the angular distribution and the polarization of the
fluorescence depend on the degree of polarization of the elec-
tron shell, and in the case of a hyperfine interaction the spin
of the electron shell begins to precess around the total spin F,
and this, in its turn, signifies the occurrence of polarization
of the atom and the nucleus and a decrease of the electron-
shell polarization, this being reflected in the angular distri-
bution and polarization of the optical radiation, i.e., the hy-
perfine interaction depolarizes the fluorescence and smooths
the angular distributions. The calculations of Ref. 69 show
that the polarization of the fluorescence can be reduced by
several times. With increasing polarization of the nucleus
and the atom (optical pumping) and the approach to a
steady limit, the degree of polarization of the fluorescence
also increases, but, as already noted, this process requires a
longer time.

Studying the polarization and angular distribution of
the fluorescence and knowing the scheme of the optical tran-
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sitions, it is possible to determine the polarization param-
eters of both the atom and the nucleus.

To obtain polarized nuclei during times 7,, < 108 sec
itis expedient to use pulsed dye lasers. In Ref. 46, the process
of polarization of atoms and nuclei in an excited atomic state
with resonance excitation of the atomic transition by linear-
ly polarized laser radiation and radiation with circular po-
larizationin the D, and D, lines was studied experimentally
for the example of Na atoms. The experimental data yielded
an estimate of the degree of polarization of the Na nuclei in
the excited atomic state, and a comparison was made with
the corresponding degree of polarization obtained after de-
cay to the ground state.

We now consider the formation of polarized atoms and
nuclei when polarized photons are absorbed, and we analyze
the angular distribution and the polarization of the fluores-
cence for the subsequent radiation on the decay to the
ground state.

We shall direct the quantization axis oz and the external
magnetic field along the laser beam in the case of excitation
by circularly polarized radiation and along the direction of
the polarization vector of the light in the case of linear polar-
ization of the laser radiation. Then, in accordance with the
selection rules for the magnetic quantum number, a transi-
tion from some sublevel |FM ) of the ground state of the
atom, following absorption of one photon, is possible to not
more than one sublevel [F *M *) of the excited state, i.e., the
conditions of the experiment are chosen in such a way that
coherent polarization effects, which will be discussed in the
following section, are absent and the density matrix of the
excited state of the atom is diagonal with respect to the mag-
netic quantum numbers:

Pararr = OnrarPar (12)

This means that the phases of atomic states that differ in the
magnetic quantum number are uncorrelated, and for such a
geometry of the experiment we study effects associated with
the difference of the populations over the different Zeeman
sublevels in the excited atomic state.

The schematic distribution of the populations of the
magnetic sublevels of the Na atoms in the excited atomic
state in the absence of depolarization effects is shown in Fig.
10. This reflects the case when the excitation is done by a
broad line. Then, after absorption of linearly polarized light
inthe D | line, the angular distribution of the fluorescence is
isotropic and there is no polarization.*® This fact is used in
control experiments.

In the case of irradiation with circularly polarized light
ineitheraD, oraD, transition an orientation of the electron
shell and the nucleus occurs already after absorption of a
single photon in the atom. In the case of irradiation with
linearly polarized light in a D, transition, alignment occurs
in the system. One must also take into account the contribu-
tion to the polarization from the ground atomic state. For
example, in the case of irradiation with o light in the D,
line the E'1 transitions from the level F = 2, m,. = 2 are for-
bidden by the selection rules, whereas they are allowed from
the remaining Zeeman sublevels. At the same time, it is nec-
essary to take into account the contribution of the state
F=2,mp=2,8,, tothe total polarization.

To get a clearer picture of the polarization mechanism,
the Rabi oscillations are often ignored.*® In fact, the oscilla-
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FIG. 10. Population of magnetic sublevels of ** Na atoms in an excited
state following illumination with polarized light: (a) with linearly polar-
ized light, (b) with circularly polarized light; (1) the step; (2) the steady
limit.

tions in the populations of the magnetic sublevels take place
over a time (10-30)7,,, and to obtain extremal values of the
polarization it is necessary to choose the power of the laser
radiation appropriately.

The experiments reported in Ref. 46 were done in the
optimal regime, i.e., during the time of action of the laser
pulse approximately one stimulated transition occurred in
each atom. Then at the time when the laser pulse ends the
greatest number of atoms is in the excited state. The follow-
ing values were obtained in the experiments: 4 ! t00.14%
and P, t00.11% in the D, transition, and P; t00.31% in the
D, transition; here

Ab =D ppa (FM|3I2— 12| FM)/I (21 +1),
FM

(13)

Pr= 3o (FM|LIFMYI,

where p,, is a diagonal element of the density matrix of the
atom. The orientation time was about 10~* sec.

COHERENT EFFECTS IN THE ATOMIC SHELL AND THE
PHENOMENON OF LEVEL CROSSING FOR ATOMS WITH
RADIOACTIVE NUCLEI

In this and the following section, we consider questions
related to polarization coherence, namely, we analyze pro-
cesses of obtaining ensembles of atoms and nuclei for which
the states differing in the magnetic quantum number are
connected in phase, and we investigate the decay of such
systems. Our main attention will be devoted to the phenome-
non of level crossing in the electron-nucleus system and its
manifestation in the optical and nuclear radiations.

It should be noted that these questions illuminate only a
small number of the methods of coherent optics that could
be used in nuclear physics.”® These methods include, in the
first place, methods associated with spatial coherence: pho-
ton echo, double resonance, superradiance, etc. Develop-
ment of these methods at the present time, in which pulsed
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and cw dye lasers are available, promises a significant exten-
sion of the ideas and methods of optics in nuclear physics.

Polarization coherence in the atomic shell and interference
phenomena in optical radiation

We consider a number of phenomena that arise in opti-
cal radiation because of the existence of a phase connection
between atomic sublevels, i.e., coherence, and we analyze
the possibilities of some methods associated with coherence
in the atomic shell for the determination of nuclear charac-
teristics.

For E | transitions in an atom the intrinsic polarizations
are 0T (Am=1), o (Am= — 1), and w(Am =0), i.e.,
e ,,e_, e, are the orthogonal components of an irreduci-
ble tensor of third rank. The polarization of laser radiation
can be expanded with respect to these components:

€ = a1y + @€ + Aol (14)

If in the expansion (14) only one coefficient is nonzero, then
on the absorption of a photon from a given magnetic sublevel
of the atomic ground state only one magnetic sublevel of the
excited state can be populated. Such polarization of the light
is said to be incoherent. If in the expansion (14) at least two
coefficients are nonzero, then two sublevels of the excited
state can be populated, and the phases of the populated states
are correlated. Such polarization of light is called coherent.
The presence of states with correlated phases leads to a num-
ber of interference phenomena in the spontaneous emission
of atoms and is manifested in changes of the polarization,
angular, and time characteristics of the optical radiation. We
have here in the first place phenomena such as®* level cross-
ing, quantum beats, paramagnetic resonance, galvano-op-
tics,>* and others.

We give examples of light with coherent and incoherent
polarization. As the quantization axis, we take the direction
oz of the external magnetic field. In the case of linearly polar-
ized light [Fig. 11(a)] and a magnetic field directed along
the polarization vector e,, only the single coefficient @, in
the expansion (14) is nonzero, but if the magnetic field is
directed along the laser beam, then in the expansion (14)
there will already be two nonvanishing coefficients, a , and
a_ (since linearly polarized light can be regarded as the sum
of two circular polarizations), and it is possible to have pop-

FIG. 11. Arrangement for obtaining ensembles of atoms and nuclei with
polarization coherence: (a) in the case of illumination of atoms with lin-
early polarized light P, ; (b) in the case of illumination of atoms with
circularly polarized light P, ; 1 is the laser beam, 2 is the region of interac-
tion with the atoms, and H is the direction of the magnetic field.
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ulation of two sublevels (i.e., the formation of a superposi-
tion state) in the excited atomic state differing in their mag-
netic quantum number by 2 (Am = 2 is the coherence).

In the case of excitation by circularly polarized light
o [Fig. 11(b)] and a magnetic field directed along the
laser beam, only the coefficient @ | is nonzero in the expan-
sion (14), and we cannot excite a coherent superposition of
states in the atom. But if the magnetic field is directed per-
pendicular to the laser beam, three coefficients @ , , a,, a_
will be nonzero, and we can excite a coherent superposition
of states with Am = 1, 2, 3.

Wenow give a brief description of interference phenom-
ena in the optical radiation. For stable atoms, a detailed
analysis of these phenomena is given in Ref. 53. We shall give
the description in the formalism of the density matrix p. To
simplify the mathematical description, we consider the most
elementary conditions for performing the physical experi-
ment. We assume that the atom can be in two states, the
ground state with sublevels ;2 and the excited state with sub-
levels n. We restrict ourselves to conditions under which
optical coherence, i.e., coherence between the sublevels of
the ground and excited states, does not arise; this means van-
ishing of the matrix elements

Pun = 0. (15)

We give the treatment in the first order of perturbation the-
ory. This condition is satisfied in the case of excitation by a
weak optical field with a wide spectrum. We also assume that
the number of atoms in the excited state is small compared
with the number of atoms in the ground state. In this case,
the density matrix can be decomposed into two parts: the
density matrix of the ground state and the density matrix of
the excited state. Under such conditions, the density matrix
of the ground state can be regarded as constant, independent
of the applied optical field. In addition, in all that follows,
unless specially stated otherwise, we shall assume that the
density matrix of the ground state does not contain nondia-
gonal terms, i.e., the ground state does not possess coher-
ence:

Pupr = 0, p = p'. (16

The equation for the density matrix in this case has the
form™

Eﬂ%_ P = = Pnn/Oune — 10nn/Prns + P (), (17)
where p,, is the element of the density matrix connecting
the sublevels |n) and |#') of the excited state, I, is the
decay constant of the corresponding element of the density
matrix, @, is the frequency distance between the sublevels
|n) and |n'), and F,,, () is the rate of formation of the atoms
in the superposition state. We assume further that the pump-
ing F,, (¢) does not depend on the state of the ensemble of
atoms, i.e., on the velocity distribution of the atoms, the ap-
plied external fields, etc. This assumption is satisfied in the
case of excitation by light with a wide spectral composition,
i.e,, by a broad line. For then the probability of transition to
the excited state depends neither on the velocity of the atom
nor on the shift of the resonance frequency under the influ-
ence of the external fields. Under conditions of irradiation by
a broad line, the pumping matrix F,, can be expressed sim-
ply in terms of the matrix element of the E 1 transition Fin
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from the ground state |1) to the excited state |n):

Fowp =K' Flye =K’ Eu fun_fn'upuus (18)
where
fun = (u | de | n). (19)

Here, K ' is a coefficient that depends on many parameters of
the experimental setup, but mainly on the intensity of the
irradiating light, and 42 is the projection of the dipole-mo-
ment operator @ onto the direction & of the polarization of
the irradiating light.

In experiments with stable atoms, the intensity and po-
larization of the optical radiation are measured. Besides de-
pending on the density matrix, the measured signal depends
on the actual conditions of the experiment, which can be
characterized by means of an observation matrix 4:

Apne =73, (n | dey 1n) (' | dey | p), (20)

where e, is the polarization of the observed light.

In the experiment, one measures the intensity of light
with polarization é; this is related to the quantities just men-
tioned as follows:

v 4 (eo):KE Ann'pnn'- (21)
nn"

We describe the nature of the observed signals for dif-
ferent forms of pumping. In the simplest case of interference
phenomena and level crossing, the pumping is constant in
time, all the remaining coefficients in (17) are also constant,
and the differential equation for the density matrix (17) be-
comes an algebraic equation,

d
—dt—Pnn'=0y
Foir=—= T Onn: — 10 popp e = 0, (22)

whose solution has the form

Pnne = an"l(rnn’ “+ imnn')- (23)
The observed intensity /(e) is
I(e)=K 2 Fon Ayl (Tnne + it0pn). (24)

The expression (24) completely describes the signal.
We split the sum in (24) into two parts, the first containing
the terms with n = n’, the second containing those with
n#n'. The first part characterizes the mean intensity of the
observed signal:

T@=K2Annan/an' (25)

The second part characterizes the interference signal or, as
one says, the interference intensity:

I, () =Kn§,FwAnn.f(r,m,+ i0nne). (26)

This term vanishes after averaging over all possible polariza-
tions and directions of observation. The signal 7, ,, which
arises because of the degeneracy of the Zeeman sublevels in a
zero magnetic field, is called the Hanle signal (level crossing
in zero magnetic field). The value of . can be changed by
means of an external magnetic field. Studying the depend-
ence of [, on the external magnetic field, I,,, (H), one can
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determine the constants of the hyperfine interaction.

In the presence of a hyperfine interaction, because of
the mixing of the states characterized in a zero magnetic
field by the quantum numbers F, and F,., the connection
between @, and the value of the external magnetic field is
determined in a fairly complicated manner by the param-
eters of the hyperfine structure, namely, by the constants of
the magnetic dipole interaction of the electron shell with the
nucleus; these are usually denoted by 4, while the constant
of the electric quadrupole interaction is denoted by B. The
connection can be calculated by means of a computer, and as
a result, given the magnetic field and the distance between
the distinguished pairs of Zeeman sublevels, one can deter-
mine the constants A and B. The level-crossing phenomenon
makes it possible to determine quite accurately from the sig-
nal I, the value of the magnetic field at which the levels
become degenerate (,, = 0). These data serve to deter-
mine the constants A and B. Two measured points of inter-
section of different pairs of levels are, for a known Landé
factor g;, sufficient for the determination of both constants.
This method is most promising in the case of determination
of the constant B when all the remaining constants are
known from independent measurements. On the basis of the
values of the constants 4 and B and a calculation of the elec-
tron wave functions, one determines the magnetic dipole and
electric quadrupole moments of the nucleus. One of the most
important advantages of the method is that it does not re-
quire the exciting radiation to be highly monoenergetic but
at the same time gives a high accuracy of the results. This
means that one can work with radioactive elements in cells
and poorly collimated beams of the nuclear reaction prod-
ucts.

It was assumed above that F,, is constant. In the case
of pulsed excitation and zero time delay between excitation
and observation, the dependence I, (H) is the same as in
the case of excitation by a cw laser. This means that in such
experiments one can use not only cw dye lasers but also
pulsed dye lasers. In addition, pulsed excitation may give a
number of advantages.*

If the pumping depends periodically on the time with
frequency (2 and on the modulation depth g, i.e.,

F o (£) = Fiw 11+ (£/2) exp (1Q8) + (e/2) exp (—iQ8)],

then the solution of the differential equation (17) has the
form

om0 | 1 s B exp (iQ1)
pﬂn' (t)“‘“ an' I_I‘nn‘+imn"' T 2 ( rnn‘+i (mnn'+ﬂ) )
e exp (—iQ#)
+ (T) T, +1(@y—2) J° 27

The diagonal terms with n = n', ,,, = 0 give the signal

T_K 2 F%nAnn[Pin 4 & Tan [exp (iQf) -+exp (—iQt)]

ey Tt
e (iQ1) [exp (1Qt) —exp ( —iQy]
g T, R

and taking the damping constants to be the same and equal
to I', we obtain

o
T

T KrL +_'£S_(ﬂ_¥;q’)_] N, Bl (29)
n

VI Gt

where tan ¢ = (/T.
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The fluorescence modulation depth eT/TZ+ 07 is
less than the pumping modulation depth and depends on the
level lifetime 1/T. The law of variation of the fluorescence
intensity for modulated excitation has been used for mea-
surement of the lifetime.*

For the interference term,

;S
2 2
e

S

nn’

ecos (@ —)

_{.-
VT2, + (0p +9°

eco_g(ﬂt-kq}ﬂ . 10
b VF?H‘&'+ (wnn’_Q)z ] ' ( )

where tang@, = (@ + 0)/Ton and tan @, = (@,
— Q)/T,,, . The first term in the square brackets is the level-
crossing effect; at high modulation frequencies, the second
term is small, while the third term, the interference beats,
reaches a maximum at @, = .

Ifthe difference @, between the resonance frequencies
of the atom is equal to the modulation frequency of the exter-
nal magnetic field, paramagnetic resonance occurs. The sig-
nal consists of an infinite series of resonances that decrease
rapidly in amplitude. The width of the signal, as in all other
interference phenomena, does not depend on the amplitude
of the rf field.

In the case of pumping by a pulsed laser with short pulse
duration and observation of the decay of the intensity in
time, it is possible to detect characteristic beats in the radi-
ation.’® In this case, the pumping is represented by a & func-
tion,

F (t) = F, 8(t — tg), (31)

where ¢, is the time at which the pulse is switched on.
The solution of Eq. (17) has the form

p:m' (t) =t F'?’m' exp I = (P'nn’ '+' iwnn') (t — to)] . (32)
The fluorescence intensity is

= TT‘ Iint == KE F(l‘mAnn exp [ _an (t—' tDH

+ 2K F_ exp [ — Dnur (= 1o)] AnneFine €OS Oppr (t—to).
Signals corresponding to different variants of the experi-
ments considered above are shown in Fig. 12.

Measurement of constants of the hyperfine interaction and
determination of the quadrupole moments of nuclei from
level-crossing signails

We consider in more detail experiments in which the
level-crossing signals are observed, and we examine the
method of determining the parameters 4 and B. In the ex-
periments, one investigates the dependence of the fluores-
cence polarization, when atoms are irradiated by coherently
polarized light, on the external magnetic field. The experi-
ments can be done either with vapor of the substances in a
cell or with atomic beams. We note, however, that only a
small number of elements can be investigated in cells. Most
elements interact chemically with the cell walls or require
temperatures too high to produce a vapor density sufficient
for observation of fluorescence. Therefore, most experi-
ments have been done with atomic beams. The requirements
on the atomic beam in level-crossing experiments are not the
same as in spectroscopic investigations, since in the observa-
tion of level crossing the Doppler broadening associated
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with the spread of the atom velocities is not important® ; the
divergence angle of the beam is limited by purely technical
factors—it is required of the beam only that the windows
through which the laser radiation passes and the observa-
tions are made remain transparent during the experiment,
i.e., the investigated substance must not be precipitated on
them. The remaining parameters of the experimental appa-
ratus are the same as in the case when a cell is used.

In the case of irradiation with laser light, the strong
field of the electromagnetic wave may influence the signal.*’
Familiarity with this form of signals, which themselves serve
as a source of interesting information,*® is necessary for the
correct arrangement of the experiment and the interpreta-
tion of the experimental data. The distortions of this kind
will be least if one chooses as the signal the difference be-
tween the intensities of the light with polarizations perpen-
dicular to each other and to the magnetic field, the difference
being divided by the sum of the intensities. Nevertheless, for
accurate determination of the hyperfine interaction con-
stants it is necessary to estimate the distortions introduced
by the electromagnetic wave. For this, one makes measure-
ments at several values of the power of the laser radiation. ;

S(H)=C

2

(B led |my(m|erd | w')(u' |e'd |[m')(m' [e'*d | p

the optical range: (a) level crossing; (b) beats in the radiation; (¢)
paramagnetic resonance (P, is the degree of polarization of the
fluorescence, and I, is the fluorescence intensity).

As a rule, the most serious distortions are introduced in
an experiment by capture of radiation; in addition, there
may be errors associated with incorrect allowance for the
spectral distribution of the intensities in both the irradiation
and the observation channel. The remaining distortions are
smaller than these.

The experimental data are analyzed on a computer by
means of a special program. The calculations are made in
two stages. In the first, the operator of the hyperfine interac-
tion with the external magnetic field is diagonalized®® :

o 3N+ (W) T I +1) T (T+41)
V*A(”H‘BI: 2I @I —1)7 (27 —1) :l

+ gspy (HY) — gy, (HI), (33)

where 4 and B are the required constants of the hyperfine
interaction, I is the spin of the nucleus, J is the spin of the
electron shell, g; and g, are the gyromagnetic ratios for the
nucleus and the electron shell, and H is the intensity of the
external magnetic field.

The wave functions of both the ground and the excited
state are calculated. The second step is the calculation of the
signal S(H):

’ (34)

(1/2) CuFT,) +1 (Bu—E, /%

Km, m, p°, m’

where C is a constant determined by the geometry of the
experiment, e is the polarization of the irradiating light, e’ is
the polarization of the detected radiation, and £ and T are
the energies and radiative widths of the intermediate (excit-
ed) states.

The time of the calculations for one set of constants is,
in the case of overlapping signals, a few minutes. In the case
of well-separated crossing signals the time of the calcula-
tions is greatly reduced, and in some cases the calculations
can be made manually.

The level-crossing method is most often used to deter-
mine the quadrupole moments (Q,) of stable nuclei; in a
number of cases, it has permitted the determination of the
most accurate value of (Q, ). For radioactive nuclei, such
studies are as yet the only ones possible, and have been made
for long-lived nuclides. Thus, the level-crossing method has
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I

been used to determine the quadrupole moments of the nu-
clei *I132136Cs (Ref. 60), '7Cd and '°Cd (Ref. 61),
193m Ho (Ref. 62), and **Na (Ref. 14).

We note that determination of the quadrupole moments
from measurement of the hyperfine splitting makes it possi-
ble to obtain information directly about the value of (Q, ),
whereas various methods of nuclear physics make it possible
to estimate (Q3)'/%. The values of (Q, ) are insensitive to a
number of dynamical changes in the shape of the nucleus,
and in this sense the optical methods give information about
the static nuclear quadrupole moment. The dynamical
changes in the nuclear shape make a nonvanishing contribu-
tion to (Q3)"? i.e., {Q2)"? is a certain sum of the static
and dynamical quantities. Differences between the values of
(Qo)and (Q2)'? were noted in Refs. 5 and 63 for a number
of ground and isomer states of nuclei. Attempts were made
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to explain these differences by the existence of dynamical
changes in the shape of the nuclei, including zero-point fluc-
tuations of the shape.

COHERENT EFFECTS IN NUCLEAR SYSTEMS

When an atom is irradiated with light of coherent polar-
ization, the presence of the hyperfine interaction has the
consequence that there is coherence in not only the electron
shell but also, in a number of cases, nuclear coherence as
well, i.e., the nuclear substates differing in the magnetic
quantum number are connected in phase. In this section, we
consider questions associated with the mechanism of occur-
rence of nuclear coherence, with the types of optical transi-
tions whose excitation leads to the appearance of nuclear
coherence, with the details of the radioactive decay of nuclei
in such systems, and with the experimental investigation of
the manifestation of nuclear coherence in the optical and
nuclear radiations. We shall give the description in the den-
sity-matrix formalism.

Manifestation of the nuclear coherence in the optical
radiation

We begin by separating from the density matrix of the
atom the elements of the density matrix of the nucleus and
the electron shell. For this, we make a tensor decomposition
of the density matrix of the atom into the density matrix of
the nucleus and the electron shell. The method of such de-
compositions is explained in Ref. 52. Let |[Fm ) be the states
of the atom and p - the density matrix; [Im, ) be the states of
the nucleus and p, the density matrix; and |Jm, ) be the
states of the electron shell and p, the density matrix. Since
the total angular momentum of the atom is the vector sum of
the angular momenta of the nucleus and the electron shell,
the density operator pyis a tensor product of first rank of the
operators p; and p;:

Pr = pP1 @ P (35)
or
(Fmp | pp | F'mp) = ZG (IFF'JJ'I') {Imy |p; | I'mp)
Imy | py | J'my) I'mpJ'my | F'mp) (Imglmy | Fmg).
(36)

This and a number of other relations can be obtained by
using the graphical technique.** For the components of the
density matrix, after decomposition with respect to irreduci-
ble tensor operators, we obtain (I =1',J=J")

Prg (Fy F) = 3\ Psas (1) Praa, () (Rsgaknta | @)
Riqskala
e I & F
X FF' ko 8T J F’} . (37)
Ry by ko
where £ = 2x + 1.
In the case of excitation of only one of the hyperfine

components of the atomic state, we can set F=F',I=I',
J=J'; then

(Fmp | pp | Fmy) = NG (F, I, J) UmiJm3 | Fmy)
X (JmgIm; | Fmg) (Imy | pp | Imfy) (Jmy | pg | Jmy ).

(38)
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FIG. 13. Scheme of excitation of a transition in the ** Na atom by a broad
line.

1t follows from the expression (38) that if p, and p, are
diagonal, then so is py. Indeed, diagonality of p; and p,
means that the only nonvanishing elements of the density
matrix are the ones for which m; = m}, m; = m}, and this,
in its turn, means that my = mj, i.e., pr is diagonal. Gener-
ally speaking, in the presence of coherence in the atom (non-
diagonality of pj- ) the presence of coherent nuclear states is
not necessary, since the matrix p can have nonzero nondia-
gonal elements if the matrix p, is nondiagonal. However, in
a number of cases a necessary condition for nondiagonality
of pr is nondiagonality of p, . In such cases, investigation of
the interference effects in the optical radiation of the atom
associated with the nondiagonality of p makes it possible to
draw conclusions about the nondiagonal elements of the ma-
trix p; . This is particularly important when one is planning
experiments to study interference phenomena in nuclear ra-
diation that are associated with nondiagonality of p; . One of
these cases is the effect of the occurrence of Am = 2 coher-
ence when Na vapor is excited by linearly polarized light in
the D, line. In Ref. 14, experiments with a **Na atomic
beam were made. In the case of excitation by a broad line,
i.e., without separation of the hyperfine transition compo-
nents, coherence does not arise. For although the selection
rules do permit transitions with Am = 41 from a given
magnetic sublevel of the ground state, there is no coherence
because the excited state does not have sublevels differing in
the magnetic quantum number by Am =2 (Fig. 13). A
quite different situation is obtained when we use a narrow
line for the excitation. In this case, since there are states
differing in the magnetic quantum number by Am = 2, co-
herence arises in the system (Fig. 14).

As an example, we consider excitation of the transition
F=1,8,,—-F=1, P,,,. The density matrix Pt of the

excited state of the atom has the form

Pt 0 Py
0 Poo 0 ] ( 39 )
Py 0 py
where

Pyn F=1

81/2: =1 ~f [7] ] mF

FIG. 14. Scheme of excitation of a transition in the ** Na atom by a narrow
line. The wavy line connects coherent states.
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Proy=(F =1, mp=1|pp|F=1,
me = —1), py_; =p*u, (40)
or, using (38),
Proa = G (3/2—3/24/2 /2|1 —1)
X (1/2 — 1/23/23/2 | 11)

X (3/28/2 ) py 13/2 —3/2) /2 1/2 | py 11/2 — 1/2).
(41)

It follows from the expression (41) that if the matrix Pr
is diagonal, then so too will be p -, while if pr is nondiagonal,
so too will be p; .

Ifthetransition F = 1,§,,, - F =2, P, , isexcited (see
Fig. 1), then the density matrix of the atom has the more
complicated form

[p-a—2 0 pyp O O
0 p-y-4 0 p_yy O

Po-z 0 py 0 pggl. (42)
0 - peew Uopgg o0

. 0 0 P2 0 po

Using the relations (36) and (38), we can in this case too
readily conclude that if p - is nondiagonal, then so is prsand
vice versa.

In the optical radiation, as noted earlier, an interference
signal occurs if p- is nondiagonal:

DUIDIDpulil DI

—

(43)

In Ref. 14, the interference signal was investigated for exci-
tation of ** Na atoms by a narrow line. In the observation
channels, the components of the hyperfine structure were
also separated and the interference signal was studied. In
Ref. 14, an estimate was made of the degree of nuclear coher-
ence

K=ol . [l oL, I

It was found to be K ~0.11. Here, |p, . |* is the square of
the amplitude of the nondiagonal element of the density ma-
trix of the nucleus responsible for the observed effect, and
|07, |* is the mean value of the square of the amplitude of the
diagonal element of the nuclear density matrix.

The coherence of nuclear sublevels may lead to a num-
ber of interference phenomena in the nuclear radiation:
beats, crossing of the levels of the atom in weak magnetic
fields as well as of the nucleus in strong fields, and polariza-
tion of the radiation. It should be noted that in the literature
questions related to the use of a coherent nuclear source of
radioactive radiations have not been analyzed, so that at the
present time it is only possible to outline the main features of
the application of nuclear coherence. Some coherence effects
were considered in Refs. 64 and 65 for individual nuclei.
However, when an incoherent source of radioactive radia-
tions is used these effects are averaged over the ensemble and
become unobservable.

Besides what we have discussed above, the occurrence
of nuclear coherence in the case of excitation of the D , tran-
sition in sodium was analyzed in Ref. 14. It was shown that
in this case nuclear coherence arises if the system is illumi-
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nated by a broad line, and this, in its turn, makes it possible
to observe a number of interference phenomena without se-
parating the components of the hyperfine structure.

Observation of the level-crossing phenomenon in nuclear
radiation in strong magnetic fields

In the case of radioactive decay of nuclear systems that
possess coherence, an interference signal must be observed
in the nuclear radiation:

N IDIeLG 1D

Iin (H)= A A 1
g NGID el D g

(44)

wherep’ is the density matrix for the ensemble of nuclei, and
D is the operator of the nuclear transition.

Superposition states in which different nuclear sub-
states are connected in phase can be excited either by means
of laser radiation or directly in accelerator beams by irradi-
ating the target with protons, a particles, etc. In the first
case, the nuclear radiation will manifest the crossing of the
hyperfine-structure levels in the atoms, and observation of
the crossing signals requires weak magnetic fields (about
100 Oe). In the second case, crossings of the levels of the
nuclei will be directly observed, and magnetic fields of sever-
al tens of kilo-oersteds are then needed.

In Ref. 66, the crossing of nuclear levels in % Ge was
studied through the y radiation. A study was made of the
isomer state in  Ge with I™ = 9/2*, E = 398 keV, r = 4
wusec. The isomer was populated by irradiating a zinc crystal
with 20-MeV « particles. The intensity of the y radiation of
the M 2 transition 9/2" - 5/2+ was investigated at definite
angles as a function of the external magnetic field. The ener-
gy of the nuclear Zeeman sublevel in the crystal is

En =1 (8 moq + mo, + const), (45)

where
0 = — g}.(.H/ﬁ,

wo = wy/3 (integral I) or 6w, (half-integral I),
wp = eQV,, [4I (21 — 1)/h].

Here, H is the magnetic field strength, ¥, is the gradient of
the electric field, Q is the quadrupole moment of the nucleus,
and g is the gyromagnetic ratio.

Resonance in the y radiation occurs for

mL/mo=%n =41,3 5...,

when two levels with Am = 2, etc., cross. An experimental
study was made of the Lorentz and dispersion shapes of the
signals:

_ W) —W (909
RL (H)‘W (U°)+W(90°) 7 (46)
RD(H):W(45°)—W(135‘) (47)

W (45°)F W (135°)

where W(8) is the counting rate of the y rays at angle @ tothe
direction of the a-particle beam. The dependences of the
Lorentz, R, , and dispersion, R ;,, signal shapes are shown in
Fig. 15. The first crossing was observed in a field B~0.94 T.
From the results of the experiments, the authors of Ref. 66
obtained estimates of the gradient of the electric field in the
zinc crystal and a number of constants of relaxation pro-
cesses.
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FIG. 15. Lorentz and dispersion shapes of the crossing signal observed in
the ¥ radiation.

The method described above can be used in experiments
on level anticrossing. Such experiments augment the infor-
mation obtained in level-crossing experiments.>*

CONCLUSIONS

With the appearance of lasers with tunable frequency it
became possible to develop several very original and effec-
tive methods for investigating atoms, molecules, and nuclei
by means of laser radiation. It is important that in many
cases the use of laser radiation makes it possible to solve a
problem not hitherto solved or to radically simplify or im-
prove an existing method of investigation.®® The high sensi-
tivity and resolution of the methods of laser spectroscopy
make it possible to investigate characteristics of nuclei avail-
able in small numbers, and the possibility of smooth tuning
of the frequency of the laser radiation opens up wide possibi-
lities for working with atoms and molecules containing ra-
dioactive nuclei and for investigating the properties of these
nuclei. However, in the investigation of the properties of nu-
clei so far made by means of laser radiation only two of its
properties have generally been used—its highly monoener-
getic nature and the high intensity. The coherence property
of laser radiation has not yet been widely used in nuclear-
physics investigations.

In the present review, we have considered the possibili-
ties of laser technology for the solution of problems associat-
ed with obtaining polarized nuclei and nuclei with polariza-
tion coherence. However, these are only a small fraction of
the methods developed in coherent optics that could be used
in nuclear-physics investigations. The development and ap-
plication of the methods of coherent optics to nuclear phys-
ics is a very interesting direction of research.
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