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INTRODUCTION

In experiments in nuclear physics, oriented nuclei and
polarized neutrons are used to obtain information about
features of the interaction and properties of neutrons
and nuclei associated with the spin. In some cases,
such information can also be obtained from investiga-
tions with ordinary neutrons and nuclei, though fre-
quently these investigations do not ensure the necessary
accuracy or give results only under unusual circum-
stances. However, many of the results obtained in ex-
periments with polarized neutrons and oriented nuclei
cannot be obtained by other methods at all,

A system of microscopic particles is said to be ori-
ented if the spatial distribution of the orientations of
the spins of the particles of the system is not isotropic.
In accordance with quantum mechanics, the projection
I, of the spin I onto a given z axis can take 2/ +1 dis-
crete values from -/ to I. If the conditions are char-
acterized by axial symmetry, the distribution of the
orientations of the spins with respect to this axis is ob-
viously completely characterized by the 27+1 values of
the probabilities W (7,) of observing all possible projec-
tions I,. Since the energy level of a particle in a mag-
netic field is split into individual sublevels associated
with different spin projections, the probabilities of
realization of these sublevels are frequently called the
relative populations of the corresponding sublevels. By
virtue of the normalization 31, W(7,)=1, only 2I of the
probabilities W(,) are independent. This means that
for the complete description of the distribution of the
orientations of the spins of the system in the considered
case it is sufficient to specify 2I values W(I,) or 2I in-
dependent parameters constructed by means of them.
The parameters most widely used in experiments are
the orientations f; (Ref. 1), which are defined to be
zero for an isotropic distribution and equal to unity for
a system completely ordered in a given direction. The
first two orientation parameters, which are the ones
most frequently used, are defined by the expressions

fo={IMT; } (1

fo=[3/1 (I =D KID—T (I41)/3].
Here, as usual, the angular brackets denote the expec-
tation values. The parameters f, and f, are called,
respectively, the polarization and alignment of the sys-
tem of spins. The polarization characte rizes the pre-
dominant orientation of the spins of the system in one
of the directions of the z axis, while the alignment
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characterizes the orientation of the spins along the
axis, irrespective of the direction on it. The polari-
zation f, is used very frequently, since, on the one
hand, it completely characterizes the spin orientation
state of systems of particles with spin 1/2 and, on the
other hand, it is sufficient for the description of a num-
ber of the simplest processes that take place in sys-
tems of particles with spin greater than 1/2. Some-
times, it is also necessary to use the orientation pa-
rameter f,. This parameter, which has not received a
special name, is defined by

fa=[/ (I = 1) (2T —1)] [(I) = (3] (I + 1) = 1) (L.)/3]. (2)

In the general case, a system of spins is said to be po-
larized if at least one of the parameters f, with odd % is
nonzero. If all f, with odd % are zero but f,+0 for some
even k, the system is said to be aligned.

If an investigated interaction of neutrons with nuclei
depends on the relative orientation of the spins of the
neutrons and the nuclei, the experimental results de-
pend in general on the polarization of the beam and the
orientation parameters of the target. This means that
information about the spin dependence of the interaction
can be obtained from experiments with polarized neu-
trons and oriented nuclei. Such experiments also make
it possible to investigate spin-related properties of the
compound nuclei produced by the capture of neutrons by
the target nuclei. This last possibility is due to the
circumstance that the system of compound nuclei pro-
duced by the capture of polarized neutrons by oriented
nuclei is oriented in a definite manner.

In experiments using neutrons, one is dealing with two
interacting systems of microscopic particles: the neu-
tron beam (spin of the particles s=1/2) and the nuclear
target (nuclei with arbitrary spin I). The neutron
beams of the majority of sources and ordinary nuclear
targets are usually not oriented. Special methods are
used to polarize neutron beams and orient nuclei in tar-
gets.

Although investigations with polarized neutrons and
oriented nuclei have now been made for more than a
quarter of a century, it cannot be said that the accumu-
lated experimental material is rich. This is due to the
great technical difficulties encountered in obtaining
polarized neutrons and oriented nuclei. It is necessary
to use superlow temperatures and very high magnetic
fields and various subtle methods. In recent years, the
situation has somewhat improved. A number of major
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physical and technical advances, such as the develop-
ment of the method of polarization of slow neutrons by
passing them through a polarized proton target, the de-
velopment of cryostats with a solution of *He in *He at
temperatures T~107? K, and of superconducting mag-
nets producing fields H=~10° Oe, offer hope of a signifi-
cant intensification in the near future of investigations
with polarized neutrons and oriented nuclei,

A number of reviews, for example, Refs. 2 and 3,
have been devoted to methods of obtaining polarized
neutrons and oriented nuclei and investigations made by
means of them. However, the most recent of these re-
views are already a decade old, and much new material
has been accumulated in the meanwhile. This has
prompted us to writing the present review. In it, we
consider some possibilities of investigations with beams
of polarized neutrons and oriented nuclear targets and
the methods of obtaining such beams and targets, and
we also consider some of the latest experiments made
with polarized neutrons and oriented nuclei. The re-
view in no way pretends to a complete survey of the
problem but reflects rather the interests of its authors.

1. SOME POSSIBILITIES OF INVESTIGATIONS WITH
POLARIZED NEUTRONS AND ORIENTED NUCLE]I

The majority of investigations with polarized neutrons
and oriented nuclei are made for s neutrons, i.e., for
neutrons of sufficiently low energies when the orbital
angular momentum of the neutrons in the interaction
process is zero. We shall therefore restrict ourselves
in practice to considering just this case.

We begin by considering the spin dependence of the
total interaction cross sections of neutrons with nuclei.,
When s neutrons interact with a nucleus with spin 7+#0,
there are two possible values of the channel spin, J=1
+1/2, to which the interaction cross sections ¢ : corre-
spond. The total cross section observed for polarized
neutrons and oriented nuclei is obtained by averaging
the cross sections ¢, with weights equal to the prob-
abilities W, of the realization of the corresponding
states:

o=W.o.+ W X (3)

The probabilities W, can be expressed as follows in
terms of the probabilities W (m) and W (m,) of the pro-
jections m and m of the spins of the nucleus and the
neutron:

Wo= 2 W (m)W(m) (I, 1/2,m m, | I+12, m--m,)2. (4)

Here, (1,1/2,m,m|I+1/2,m +m,) are the coefficients
of vector addition. Simple calculations give for W, and
W_ the expressions
We=@I 4+ T (L fd)+ 10 } (5)
Wo=T@I+1)"' (1—7.f).
If either of the polarizations f, or f, (of the neutrons
and the nuclei) is zero, these probabilities are equal
to the well-known g factors for spin-disordered beam
and target. Thus, polarization effects are manifested
in the total cross sections for the interaction of s neu-
trons with nuclei only if both polarizations are simul-
taneously nonzero. Using the expressions (5) for the
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total cross section, we readily obtain
o=Q@I+ ) I (I +faf) +1os+ T @I+ (1 —fof)o..  (6)

In practice, it is more customary to use for this cross
section the different and more compact expression

0=0y+ [1f10por- (7)

It is obtained from the expression (6) by separating the
cross section in the absence of polarization,

Oo=(I+1) (2T + 1)V o, +1 (2] + 1)1, (8)
and introducing the so-called polarization cross section

Opot =1 (21 +1)"' (0, —a_). (9)
The polarization cross section characterizes the spin
dependence of the interaction between the s neutrons
and the nuclei. For known I and ¢,, it enables one to
determine o, and ¢., i.e., to describe completely the
spin dependence of the interaction.

In the total cross section for the interaction of neu-
trons with medium and heavy nuclei it is customary to
distinguish two components: the cross section of poten-
tial scattering o,; and the cross section ¢, for the for-
mation of a compound nucleus. The resonances ob-
served in the neutron cross sections are associated
with excited states of compound nuclei which have defi-
nite quantum numbers. One such quantum number is
the spinJ, which for s neutrons can take the two values
J=I+1/2. Determination of the spins of neutron reso-
nances is one of the problems of neutron spectroscopy.
In experiments with polarized neutrons and nuclei, the
solution of this problem reduces simply to determining
the sign of o,, at resonances. Indeed, since the con-
tribution from the potential cross section can be ignored
at the resonance, and only one of the cross sections 0+
or ¢. is nonzero, it follows from (9) that Opot >0 for
J=I+1/2 and o, <0 for J=I-1/2, In the region of the
so-called averaged cross sections, when the reso-
nances are not resolved, the mean value (o,) and op
are comparable in magnitude. Here, if additional in-
formation is not available, one cannot separate the con-
tributions to o, made by these two processes.

What has been said above is also valid for the various
partial cross sections for the interaction of s neutrons
with nuclei. For processes that proceed only through a
compound nucleus, such as the (r,v) or (n, f) processes,
the situation is actually simpler, since here there is no
need to separate from the polarization cross section
the contribution due to the potential scattering,

We now consider the spin ordering of the ensemble of
compound nuclei resulting from the capture of polarized
$ neutrons by oriented nuclei. The angular distributions
of the decay products of the ensemble of compound nu-
clei are, for example, related to this ordering, In the
simplest case, when only one of the possible spin states
is formed during the capture process, the orientational
ordering of the spins of the system of compound nuclei
can be described by corresponding orientation param-
eters F;. These parameters depend on the neutron po-
larization, the spin and orientation parameters of the
original system of nuclei, and the spin J of the realized
state of the compound nucleus. Using the notation intro-
duced above, we can write the expression for the polar-
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ization F, in the form

Fy={)0
NOW (m)W (m) (L, 172, m, mg|J, m--mg)? (mt-mg)
1 ﬂ'l‘.-'m.w RE (10)
- J .\_I‘ W (m) W (ms) (T, 1/2, m, mg|J, m-mg)?

m, m,

which, after some calculations, gives the result

e I(2I4-3) fn T 2143 I 21 —1)
F={groersy i3 LTt TEh @y o]}

I -1
x (1475 fifa) s T=T+12 (11)

Fy=[fy—(faf3) 04 20)] (1 = fif i) =T —1/2.

For the alignment F,, similar calculations lead to

_fUEE@I—1) dn[3RI=DHI—1)
F=\rFne+y 73 ["""—¢2!+m1+1) fa
@I+3) 2I+4) - I el o, _
+ ST TaD A+ i), T=1H12 (12)

Fo=[fa— B G+ A = Afa) " T =1—1/2.

In the expressions for F, and F, when J =I-1/2and f,
=f,=1 the apparent divergence is in fact an indetermin-
ate form, since when f, =1 all the remaining orienta-
tion parameters of the target nuclei are also necessar-
ily equal to unity. This indeterminate form is due to
the fact that under such conditions the state with J =7
—1/2 simply is not realized. It follows from the ob-
tained expressions that when polarized neutrons are
captured by unoriented nuclei (all f; =0) the ensemble
of compound nuclei is polarized but does not have an
alignment.

In the more general case when two possible values of
the final spin result from the capture of s neutrons by
nuclei, the compound nuclei are produced in a spin-
mixed state. Here, to describe the orientational state
of the spins of the compound nuclei the orientation pa-
rameters introduced above are insufficient, and it is
customary to use directly the density matrix of the spin
states.*

We now consider the method proposed by F. L. Shap-
iro for determining the magnetic moments of neutron
resonances. He proposed® that for this purpose one
should use the energy shift of neutron resonances in ex-
periments with polarized neutrons or polarized nuclei
due to the hyperfine interaction of the magnetic moment
of the nucleus with the intra-atomic magnetic field in
certain atoms. Suppose that target nuclei with spin J
and magnetic moment p, are placed in a magnetic field
with intensity H. This splits the ground state of the nu-
cleus into 27 +1 equidistant magnetic sublevels. The
magnetic energy of these sublevels is given by the ex-
pression

El = —pHm!I, (13)

where m is the projection of the spin of the nucleus on-
to the direction of the magnetic field. If a nucleus in
such a magnetic sublevel goes over after capture of a
neutron with spin projection m into a compound nucleus
with spin J and magnetic moment ., the magnetic en-
ergy of the corresponding sublevel of the compound nu-
cleus will have the value

E’,"“"'s = —ufl (m+my)'J. (14)

The difference between the magnetic energies in the
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final and the initial state is compensated by the kinetic
energy of the captured neutron. This means that for
nuclei in a magnetic field the neutron resonance is split
into several subresonances, which correspond to the
possible transitions between different magnetic sublev-
els of the original nucleus and the compound nucleus.
Because of the small values of the nuclear magnetic
moments, the magnetic splitting of nuclear levels is
very small compared with the width of the nuclear lev-
els even in the maximal (intra-atomic) fields H = 107 Oe.
This strong overlapping of the individual subresonances
has the consequence that the observed total resonance
ig hardly broadened but is under certain conditions
shifted in energy by an amount up to (AE)=H(k - o).
The amount of this shift can be obtained by simple
averaging of the shifts of individual subresonances with
weights equal to the probabilities of their realization:
{(AE)

3w ) W) (1 402 g | (L . —EL

_rim, dmmadbges: -]

e N oW mWmg (02 meom (Tomam)?

iy N
tidy Mg

Calculations of the shift in the general case lead to
rather cumbersome expressions. However, the experi-
ments are performed in practice under conditions when
only one of the spin systems (the beam or the target) is
orientationally ordered. In these cases, the expres-
sions for the shifts simplify strongly and take the form

(AE)=f, T {no— (1 =1/ 2T+ 1) (T - D]},
J=TI41/2; } (16)
(ABy=[H (wo—w), J=I—12,
for unpolarized neutrons and
(AE) = (1/3) foH {po—[1 42/ (21 +1)] u},
J=T+1/2;
. 17
(AE) = (1/3) foH [p— (1 + L) pol, o,
J=I— 1"2,

for unoriented nuclei. These expressions make it pos-
sible to determine from the measured shifts the mag-
netic moments of the compound nuclei in the states cor-
responding to the neutron resonances. Of course, all
the other quantities in the expressions for the shifts
must be known.

Finally, we consider the phenomenon known as nu-
clear precession of neutrons, which was predicted and
analyzed in detail in Ref. 6. To consider this pheno-
menon, it is necessary to use the concept of the direc-
tion of polarization of a system of spins. We define the
direction of polarization as the direction in space for
which the first orientation parameter f, (the polariza-
tion) defined above takes its maximal value. The phen-
omenon of nuclear precession of neutrons is as follows:
When a beam of polarized slow neutrons passes through
a polarized nuclear target, the direction of polarization
of the beam is rotated around the direction of the polar-
ization in the nuclear target. This process is due toa
purely nuclear interaction, though it can be described
formally by the introduction of a fictitious magnetic
field associated with the nuclear polarization. This last
circumstance is the basis of a different name of the
phenomenon—nuclear pseudomagnetism. This was the
name given to it in the later study of Ref. 7 (after the
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experimental discovery of the phenomenon). Let us
consider the physical essence of nuclear precession of
neutrons and obtain an expression for the angle through
which the direction of polarization of the beam is turned.
This can be most readily done in the language of neutron
optics. We introduce a polar coordinate system with z
axis in the direction of polarization of the target and
regard z as the quantization axis. We consider the pas-
sage through the target of neutrons with spin projec-
tions m,=+1/2 onto the quantization axis, the neutrons
being described by the spin neutron wave functions X e
Let b; be the amplitudes for scattering of neutrons by
bound nuclei of the target in states with total spin J =1
+1/2. Then the effective scattering amplitudes (B) 12
for the waves X, are obtained by appropriate averaging
of the amplitudes b,:

(18)

For polarization f, of the target nuclei, the calculations
give the result

11
0= 57—
o1
Or-r2=—r

Byorp= E.J Wim) (I, 1'2, m, = 1/2|J, m£12)2b,.

(72 1) b+ U= b } )
(e~ ri1 fr) bs + 2:i1 (1—-f)b.,

where we have used the notation b,=b,,,,. With the
effective scattering amplitude of the neutron wave there
is associated the refractive index of the wave in mat-
ter®:

n2=1 -+ 4aN (by/k, (20)

where k is the wave number of the neutrons and N is the
number of neuclei per unit volume of the target. Since
the nuclear amplitudes are comparatively small, the
refractive index of neutron waves in real substances
differs only slightly from unity even for thermal neu-
trons, If the nuclear polarization is nonzero and there
is a spin dependence of the scattering, i.e., b, # b., the
effective scattering amplitudes for the waves X, and X_
are different. This leads to a difference between the
refractive indices of the polarized nuclear target for the
two waves. Bearing in mind that these refractive in-
dices are near unity, we can write the expression for
their difference in the form

An=niyz—n_yg=(4aNf/k2) I (20 +1) (by—b_). (21)

The difference between the refractive indices, which is
equivalent to a difference between the phase velocities
of the corresponding waves, leads to a phase difference
between these waves which arises as they penetrate the
material of the target:

Ap=hkAn Z = (4aNf Z/k) I (21 + 1) (b, —b.), (22)

where Z is the path traversed by the waves in the tar-
get. By analogy with the rotation of the plane of polar-
ization of light in birefringent materials, it is to be ex-
pected that in our case too there will be a rotation of the
direction of polarization of the neutron beam. We shall
show that this is indeed the case and that the rotation is
through an angle Ag about the direction of polarization
of the nuclear target.

We consider a completely polarized beam of neutrons
with direction of polarization having the angles 6 and ¢
in the chosen coordinate system. The spin wave func-
tion of the beam® in this case can be written in the form
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N=cos (0°2)exp (ig) N. —sin (0°2) X_. (23)
The angle ¢ occurs in this wave function as a phase
shift between the waves X, and X_, It was shown above
that it is precisely the difference between the refractive
indices of the material of the polarized target for these
waves that leads to the appearance of such a shift,
Thus, when spin-dependent scattering is decisive in

the interaction of neutrons with the target nuclei, the
result of the passage of a completely polarized beam of
neutrons through a polarized nuclear target will be a
rotation of the direction of polarization of the beam
around the direction of polarization of the target through
the angle A given by the expression (22), In the case
of practical interest when the beam is not completely
polarized, the description of the neutron beam by a
single wave function is not valid. Such a beam is de-
scribed by an incoherent mixture of waves determined
by the relation (23). However, since the treatment
given above is valid for any of the waves of this mix-
ture, a similar rotation of the direction of the polari-
zation will be observed for a partly polarized neutron
beam. By means of analyzers of the polarization of the
neutron beam the rotation of the direction of polariza-
tion can be measured. This makes it possible to de-
termine b, —b. experimentally and, using data on the
scattering cross section from experiments in the ab-
sence of polarization, to obtain the values of the ampli-
tudes b, and b..

2. ORIENTATION OF NUCLEI AND POLARIZATION
OF NEUTRONS

To orient a spin system, it is necessary in some
manner to make the populations of the magnetic sub-
levels different. The methods employed differ strongly
for the orientation of nuclei in targets and the polari-
zation of neutrons in a beam. We shall therefore con-
sider these methods separately,

Methods of orientation of nuceli. The methods cur-
rently used to orient nuclei can be divided into two
groups —static and dynamic.

In the static methods, one uses the interaction of the
magnetic moment of the nucleus with a magnetic field
or the interaction of the electric quadrupole moment of
the nucleus with an inhomogeneous electric field to
achieve an energy splitting of the magnetic sublevels,
and deep cooling of the material of the target. If an in-
teraction energy E,, with the field corresponds to the
sublevels with spin projection I,=m, the populations of
these sublevels in thermal equilibrium are proportional
to the well-known Boltzmann factors

(24)

where k& is Boltzmann’s constant and T is the absolute
temperature of the material of the target, At a suffi-
ciently low temperature of the target, when kT is ap-
proximately equal to or less than the energy difference
between the magnetic sublevels, the system of nuclear
spins is to a considerable degree oriented under con-
ditions of thermal equilibrium.

W (m) ~exp(— E,/kT),

We consider the case of orientation of nuclear spins
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in a magnetic field. The energy is

En=—pHm'I, (25)
and the polarization is given by the well-known Bril-
louin function'’

fi=B, (=2 eth (2 %) —5 a-eth (o %), (26)
and the alignment is given by the expression

fa= (21 — 1)1 [2(J + 1) —3f, cthx '2])], (27)

where %=[,H/kT. The method of orienting nuclei by
deep cooling of the target in a strong external magnetic
field, which is sometimes called the “brute-force”
method, is obviously the most universal method of
orienting nuclei. Let us consider the present-day pos-
sibilities of this method. Suppose a target with hypo-
thetical nuclei having unit spin and magnetic moment
equal to the nuclear magneton is in a field of 10° Oe,
effectively the maximal at present attainable, at tem-
perature 10 °K. In this case, the equilibrium polari-
zation is about 0.25, i.e., rather far from the maximal
possible. It should also be noted that the time of es-
tablishment of thermal equilibrium in a system of nu-
clear spins, which is usually called the time of nuclear
spin relaxation, is unacceptably long in such fields at
such temperatures in diamagnetic nonmetallic targets.
These considerations show that the “force” needed in
this method is by no means a “brute force,” Therefore,
the method of orientating nuclei in an external magnetic
field has not been widely used. It is much more effec-
tive to use the intra-atomic magnetic fields produced at
the nuclei of magnetic atoms by the uncompensated
electrons of their atomic shells for nuclear orientation.
Such fields, which are usually called hyperfine fields,
are present at the nuclei of atoms of transition elements
(atoms of the iron group, atoms of the rare-earth ele-
ments, and the actinides). These magnetic fields reach
values 10°~107 Oe and in many cases make it possible to
obtain a fairly high nuclear polarization, The uncom-
pensated electrons in the atom lead to the existence in
the atomic shells of magnetic moments of the order of
the Bohr magneton, Since the atomic magnetic moments
appreciably exceed the nuclear moments, it is much
easier to orient the atomic shells by an external mag-
netic field than the nuclei. Thus, at a temperature of
order 107K, a field ~10° Oe is sufficient for the vir-
tually complete orientation of the shells. However, ina
number of cases a serious difficulty arises in the ori-
entation of the shells of magnetic atoms through the
spontaneous ordering of the atomic magnetic moments
observed in substances with a high concentration of
magnetic atoms, In the case of ferromagnetic ordering,
to ensure a sufficiently high orientation of the shells it
is necessary to achieve magnetic saturation of the sam-
ple, which frequently requires high magnetic fields be-
cause of the high magnetic rigidity of the samples. But
if there is antiferromagnetic ordering in the material,
only alignment of the nuclei can be achieved. Spontan-
eous ordering can be avoided by lowering the concen-

Dyanslator’s Note. The Russian notation for the trigonome-
tric, inverse trigonometric, hyperbolic trigonometric func-
tions, etc., is retained here and throughout the article in
the displayed equations.
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tration of the magnetic atoms, i.e., by diluting the ma-
terial of the target with nonmagnetic “ballast” atoms.
However, in many cases the presence in the target of a
large number of ballast nuclei significantly reduces the
quality of the oriented target. In crystalline substances
with a complex structure, the electric fields of the at-
oms surrounding the magnetic atoms have a strong in-
fluence. This influence leads to an anisotropy of the
magnetic moments of transition elements and to an
anisotropy of the hyperfine magnetic fields associated
with these moments. In the cases when the anisotropy
is unacceptably large, it is necessary to use single
crystals as targets, which greatly complicates the
preparation of the targets. However, despite these
difficulties, the majority of the polarized nuclear tar-
gets used in experiments have been produced by means
of the hyperfine magnetic fields.

In dynamical methods of orienting nuclei, the equilib-
rium orientational state of the spins of the system is
disturbed by means of spin orientation transitions ex-
cited by rf fields. The advantage of these methods is
that they make it possible to obtain a fairly high nuclear
orientation without cooling of the material of the target
to superlow temperatures. This last circumstance is
very important if one is using oriented targets under
conditions when the heat release in the target is ap-
preciable. Unfortunately, the possibilities of the dyn-
amical methods of orienting nuclei are rather limited.
These methods can be used only for nuclei and working
substances of the targets that satisfy a number of very
specific requirements. Of the dynamically oriented tar-
gets, only polarized proton targets' have been widely
used in practice. We shall consider these targets in
more detail, since they are the targets used to polarize
slow neutrons.

Dynamical polarization of protons is achieved by the
so-called solid effect. In this method, the nuclei of
diamagnetic atoms are polarized in a diamagnetic sub-
stance containing a small number (=1%) of magnetic im-
purity atoms with effective spin S=1/2 of the shell. The
interactions between the magnetic moments of the pro-
tons and the magnetic moments of the shells of the mag-
netic atoms split the ESR transition in the external
magnetic field into three transitions: an allowed tran-
gition corresponding to reorientation of only the spins
of the shells of the magnetic atoms, and two forbidden
transitions, corresponding to simultaneous reorienta-
tion of the spins of the shells and the spins of the pro-
tons. If the proton relaxation time in the working ma-
terial of the target appreciably exceeds the electron
relaxation time, saturation by an rf field of one of the
forbidden transitions leads to a “pumping” of the polar
ization of the atomic shells of the impurity magnetic
atoms to the system of proton spins, If a fairly high
polarization of the atomic shells of the magnetic atoms
has been achieved by application of an external mag-
netic field and cooling of such a target, exposure of the
target to an rf field with the necessary frequency and
intensity leads to a high proton polarization, Historic-
ally, the first polarized proton target obtained by this
method with a fairly high polarization was a target in
which the working material was a single crystal of
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double lanthanum-magnesium nitrate, La,Mg,(NO,),,
X24H,0, abbreviated LMN, Later, there were devel-
oped polarized proton targets with other working ma-
terials giving better target parameters than LMN., For
work with slow neutrons, only LMN targets have been
used. This is due to the fact that in this case the para-
meters of LMN targets are perfectly adequate, and the tech-
nology of their preparation is much simpler than that of
targets with other working materials. In LMN, protons of
crystallization water are polarized, and the magnetic
impurity is provided by Nd atoms, which replace the La
atoms. In practice, the polarization of the protons in
LMN is achieved as follows. An LMN single crystal
with 0.5-1% impurity Nd is placed in a homogeneous
magnetic field of strength ~2X10? Oe and cooled to

=1 K, which leads to virtually complete polarization of
the shells of the Nd atoms. Exposure of such an LMN
single crystal to rf radiation at the resonance frequency
of one of the forbidden transitions, which corresponds
to a wavelength A= 4 mm, makes it possible to obtain a
proton polarization f,=0.6-0.7. The intensity of the rf
radiation needed to achieve a high polarization depends
on the size of the target. For targets measuring ~10
cm?®, the power is of order 0.1 W,

Methods of polarizing neutrons. Neutrons with ener-
gies below hundreds of kilo-electron-volts are obtained
by moderating fission neutrons from reactors or neu-
trons from nuclear reactions in accelerators. The
beams of neutrons from moderators are unpolarized
and, since there are at present no methods capable of
reorienting the spins of the neutrons in the necessary
manner, the only possibility of polarizing the neutron
beam is to extract from it neutrons with the necessary
orientation of the spin, Since both spin projections of
the neutrons onto a given axis are equally probable in
an unpolarized beam, an ideal polarizer makes it pos-
sible to obtain a completely polarized beam with an in-
tensity equal to half the intensity of the original unpo-
larized beam. Real polarizers are very far from ideal.

In practice, to polarize slow neutrons one exploits
the spin dependence of their interaction with matter.

Historically, the first and hitherto most widely used
polarizers have exploited the spin dependence of mag-
netic scattering of neutrons by the atomic shells of
magnetic atoms.? In these polarizers, one uses fer-
romagneties magnetized to saturation and one of the
following three methods: filtration of a beam through
a ferromagnet, total “internal” reflection from a fer-
romagnet, or diffraction by a ferromagnetic crystal.
The first method does not ensure a sufficiently high
polarization of the beam without an unacceptable loss
of its intensity, and is therefore not widely used. The
two last methods are widely used. They make it pos-
sible to obtain neutron beams with very high polariza-
tion f,= 0.9 and a loss of intensity by an order of mag-
nitude or somewhat more. It should, however, be noted
that these methods require a very good angular colli-
mation of the beams. In a number of cases, the result-
ing loss of luminogity is a serious shortcoming. This
shortcoming is overcome in the method with magnetic
mirrors by using polarizing neutron tubes,! and pro-
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posals have been made'” for using systems of magnetic
mirrors that focus the neutrons. There is an important
difference between the method with magnetic mirrors
and the diffraction method: The former gives polarized
neutron beams with only an upper limit on the energy,
while the latter gives monochromatic beams, A recent
development is the hybrid method,'® in which an arti-
ficial “crystal” with interplanar separations ~100 & is
constructed by means of thin magnetic mirrors sep-
arated by thin nonmagnetic layers. Diffraction by such
a “crystal” makes it possible to obtain beams of po-
larized neutrons with a much higher intensity, though
not so monochromatic. In some cases, the use of such
a polarizer can significantly improve the experimental
conditions. There is a very serious shortcoming in-
herent in all polarizers based on the use of magnetic
scattering—because of the rapid weakening of magnetic
scattering with increasing neutron energy, the use of
these polarizers is restricted to comparatively low en-
ergies. Thus, the best diffraction polarizer from this
point of view does not permit an increase of the neutron
energy above 10 eV. Since polarizers with magnetic
scattering have been considered in detail in the mono-
graph of Ref. 2, we shall restrict ourselves to the above
comments on these polarizers.

We now consider the method of polarizing neutrons
based on exploiting the spin dependence of the interac-
tion of slow neutrons with nuclei. An unpolarized beam
can be assumed to consist of two beams of the half-
intensity that are completely polarized parallel to and
antiparallel to any chosen direction in space. If the in-
teraction of the neutrons with the target nuclei depends
on the spin, then in accordance with the expression (7)
the mean cross sections for interaction with nuclei of a
polarized target for neutrons polarized parallel or anti-
parallel to the direction of the polarization in the target
will differ. This means that when an unpolarized beam
is filtered through a polarized target, the beam will be
relatively enriched by neutrons with the direction of
polarization for which the interaction cross section is
smaller, i.e., the beam will become polarized in that
direction. Let us consider this question quantitatively.
We restrict the treatment to s neutrons, for which the
cross section of the interaction with nuclei of a polar-
ized target is given by the expression (7). When con-
sidering filtration of a beam through a polarized nuclear
target, we shall, as before, assume that the beam con-
sists of two components with intensities J, and J_ that
are completely polarized parallel and antiparallel to the
direction of polarization in the nuclear target, respec-
tively. The intensities of these components are related
to the total intensity J of the beam and its polarization
fn by the obvious relations

J=JdsdJs fa=Ws—J). (28)
If the spins of the neutrons do not change their orienta-
tion during the passage of the beam through the polar-
ized target, which is true for the targets used in prac-
tice, each of the components is attenuated independently.
The cross sections that determine the attenuation of the
parallel and antiparallel components are given by the
expression (7) with f,=+1, respectively. Using these
cross sections and the relations (28) for the intensity
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and the polarization of the initially unpolarized beam
filtered through the polarized target, we readily obtain
the expressions

J =Jyexp (—noy) ch (fin0p01 ); } (29)

fa=th (fin%pot),
where J, is the intensity of the original beam, and # is
the thickness of the target measured in the number of
nuclei per square centimeter. For neutrons of suf-
ficiently high energies (E=1 eV), when a nucleus of the
target can be regarded as free for its interaction with
a neutron, the cross sections opa and o, are deter-
mined by (8) and (9), where ¢, are to be understood as
the eross sections for free nuclei in the corresponding
spin channels. For neutrons of lower energies, if
scattering makes an important contribution to their in-
teraction with the target nuclei, the cross sections oyq
and ¢, depend in a complicated manner on the structure
and dynamics of the material of the target, and also on
the polarization of the nuclei and the energy of the neu-
trons. In this case, it is virtually impossible to cal-
culate g,y and ¢,, and they must be determined ex-
perimentally, The expressions (29) were derived under
the assumption that the target contains only polarized
nuclei. If the target contains other, unpolarized, nu-
clei, the expression for f, remains valid, but the ex-
pression for J must be corrected in the usual manner

for the attenuation of the beam by the unpolarized nuclei.

The dependence of J and f, in (29) on the thickness of
the target is such that there exists an optimal thickness
of the target polarizer. Indeed, since J decreases with
increasing thickness, tending asymptotically to zero,
and f, increases, tending asymptotically to unity, it is
not advantageous to achieve a very high polarization of
the beam because of the considerable loss of intensity
and, accordingly, accuracy of the results obtained with
the beam. If the effects investigated with the beam are
linear in the polarization of the beam, and if the back-
ground is ignored, the thickness of the target will be
optimal when a maximum of Jf? is ensured. This op-
timal thickness depends on the cross sections o,y and
0, and on the nuclear polarization. As can be seen from
the expressions for J and f,, the quality of the target
polarizer increases with increasing o, and decreasing
o,. Since g,,; cannot be greater than o, the ideal tar-
get polarizer corresponds to o, =0,, f1=1, and n—=°
in the expressions (29).

The first attempt to use a polarized nuclear target for
polarizing neutrons was made on a target with polarized
149gm nuclei.’* Because of the low nuclear polarization,
this attempt was not very successful. But in principle
the °Sm nuclei have, for neutrons of energy up to ~1
eV, a good relation between oy, and o, (Opoty™ 0.80,),
and for a sufficiently high polarization a target with
149gm nuelei can be a good neutron polarizer. Because
the range of neutron energies in which a polarizer with
a polarized Sm target works can be successfully
covered by simpler polarizers using magnetic scatter-
ing of neutrons, the Sm polarized target was forgotten.
Only recently has interest in this target been re-
awakened!® in connection with the possibility of using
it in beams with large angular divergence.
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Polarized nuclear target polarizers of neutrons ac-
quired wide practical importance only after the devel-
opment of satisfactory polarized proton targets and the
use at the Laboratory of Neutron Physics at the JINR,
Dubna, of such a target as a neutron polarizer.'® A
great advantage of the polarized proton target is the
fact that it enables one to polarize neutrons in a wide
range of energies, since a favorable relationship be-
tween opy and o, for protons holds for neutrons with
energies from the very lowest to =10° eV. The use of
a polarized proton target as a neutron polarizer made
it possible to advance into the region of energies of the
previously inaccessible but interesting region of reso-
nance neutrons. Detailed information on the properties
of the neutron polarizer produced on the basis of a po-
larization proton target with LMN working material is
given in Ref, 17.

Let us now consider the practical possibilities of a
neutron polarizer with an LMN polarized proton target.
Suppose the target has a polarization f, =0,6-0.7. The
optical thickness of such a target for neutrons with en-
ergy E=1 eV is approximately 1.7 em. This target en-
sures a polarization of a beam of resonance neutrons
close to the proton polarization with an attenuation by
about 5 times of the beam intensity. For low-energy
neutrons (E <0.1 eV), the optimal thickness of the target
is reduced to ~0.5 cm. At the same time, the quality of
the target polarizer increases somewhat (the polariza-
tion of the beam increases by =10%, and the loss of its
intensity is reduced by ~20%). The beam intensities
given above refer only to the LMN single crystal itself.
However, constructional elements of the target are also
present in the beam, and these attenuate it further by
1.5-2 times. The working area of an LMN target polar-
izer can be raised comparatively easily to ~10 cm?® A
further increase in the area entails difficulties, which
relate both to the preparation of large LMN single crys-
tals and to the need to ensure a high and very homo-
geneous magnetie field for the operation of the target,

3. INVESTIGATIONS WITH RESONANCE NEUTRONS

Interaction of polarized neutvons with polarized nu-
clei. The question of the existence of a spin dependence
of the cross section for the interaction of neutrons with
nuclei arose many years ago. Feshbach'® proposed that
this dependence should be described by the introduction
into the optical potential of a spin-spin term of the form
~Ves f(@#)[I0/I], where I and ¢ are the spins of the nu-
cleus and the neutron and f(») is a form factor of the
game form as in the real part of this optical potential.
The strength Vg of this term must be found from ex-
perimental data.

Attempts at the experimental detection of a spin de-
pendence of the neutron cross section were undertaken
in two directions, One of them involved the passage of
fast polarized neutrons through a polarized target. Such
studies were made for a long period of time by the
groups of Fisher in the United States'®** and Kobayashi
in Tokyo.2!*2% Polarized neutrons with several energies
from 0.3 to 8 MeV were obtained in reactions with a
Van de Graaff accelerator and a cyclotron. Holmium
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and cobalt, polarized at low temperatures in a hyper-
fine magnetic field, were used as targets.

The conclusion drawn in Refs. 19 and 20 was that
there is no spin-spin effect in holmium, this yielding
the upper limit | V5| <300 keV. In cobalt, a spin-spin
effect was observed, but its magnitude and energy vari-
ation were not reproduced by optical-model calculations
in connection with which the authors of Ref. 20 suggest-
ed that cobalt exhibits an influence of intermediate
structure. In a later work, Heeringa and Postma®® con-
firmed these results.

4

The second direction involved measurements of the
parameters of neutron resonances, including determin-
ation of the spins, on the basis of which the values of
the neutron strength function (S,);=(I"®/D), for s neu-
trons were calculated separately for resonances with
spins J=/+1/2 and J=1-1/2, Here, T is the mean
reduced neutron width and D is the mean distance be-
tween the levels., The strength function determines the
averaged cross section of the interaction that proceeds
‘through a compound state. Approximately, this connec-
tion can be expressed in the form

5 {11t
0, =2n%2E'S,,

(30)

The first investigations of the interaction of polarized
resonance neutrons with polarized nuclei®* ¢ were made
by means of magnetic scattering for polarization of the
neutrons. The results of these experiments are pri-
marily of methodological interest. The values of the
constants of the hyperfine interaction for a number of
rare-earth elements were obtained and the method of
polarization of nuclei was improved. With regard to the
determination of the spins of the neutron resonances,
the results were not too significant: For each investi-
gated nucleus, between three and five spins were iden-
tified, which is clearly inadequate for establishing any
spin dependences of the interaction between neutrons
and nuclei. Moreover, at that time similar or even
more detailed data on the spins of resonances had al-
ready been obtained from measurement of the total and
partial neutron cross sections or the spectra of ¥ rays
produced by resonance capture of neutrons.?7: 2829

Significantly better possibilities for investigations
with polarized neutrons and nuclei were opened up by
the development of the method of polarizing neutrons
by passing them through a polarized proton target. The
first experiments made with a polarized '**Ho target
made it possible to obtain the spins of 23 resonances,®
However, even this number of resonances with known
spin is also inadequate to obtain reliable information
about the spin dependence of the strength function. This
is due to the fact that the accuracy of S, obtained by
averaging over a small number of resonances is low
because of the strong fluctuation of the distances be-
tween the levels and, especially, of the neutron widths,
which are distributed in accordance with a ¥* distribu-
tion with one degree of freedom. The relative error of
the strength function calculated over an energy interval
containing N resonances is approximately

AS8yS, = (2 N, (31)

It is readily seen that to detect a 10% difference be-
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tween the strength functions of two spin states T=1r+1/2)
of one nucleus it is necessary to identity the spins of
approximately one thousand resonances. At the present
time, the luminosity and resolution of neutron spec-
trometers does not permit one to obtain such data by
any of the known methods,

This difficulty can be overcome by measuring the
transmission of polarized neutrons through a polarized
nuclear target in the region of the averaged cross sec-
tion, where the resonances are not resolved. In this
case, one obtains information over an interval in which
the number of resonances is sufficiently large to re-
duce the error associated with the fluctuations. In the
case of averaging over an energy interval AE >D, the
averaged cross sections in the channels J =7 +1/2 can
be represented in the form

=

(0.) = 22%%25} | E + hrwa; } (31)

(0.) = 2n2%285 V' E + 4ma?, (32)
whence

(Opot) =1 (21 + 1)~ [2n232 | E (S} — 8;) + 4a1 (a2 —a?)]. (33)

Here, S; and a, are the strength functions and ampli-
tudes of potential scattering for the corresponding spin
channels. The polarization cross section can be ob-
tained from the so-called transmission effect €, which
is determined by the expression

e=(Tp—Ta)/(Tp+Ta), (34)

where T, and T, are the transmissions of neutrons
through the target for parallel and antiparallel direc-
tions of the polarizations of the neutrons and the nuclei,
It is easy to show that
e= —f, th(nf,0po1).

(35)

Here, n is the thickness of the target (the number of
nuclei per em®). When nf,0,, <1, the relation (35)
simplifies to

e= —nf.f10p01,

(36)

and then we arrive at the following expression for the
transmission effect in the region of averaging over
many S resonances:

(&)= —nfufu 21+ 1) [20202V B (S} —8;) +4n (a2—a?)].  (37)

These relations show that by measuring the transmis-
sion effect one can obtain the difference between the .

cross sections for two spin states, and, using any ad-
ditional information about the difference (a2 - a?), ob-

tain from (37) the value of S; - S;.

In recent years, experiments have been made at the
Laboratory of Neutron Physics at Dubna on the trans-
mission of polarized neutrons through polarized nu-
clear targets in the region E, <100 keV (Refs. 31-34).

The measurements were made by the time-of-flight
method on neutrons from the pulsed IBR-30 reactor in
the booster regime with the electron accelerator LUE-
40. The scheme of the experiment is shown in Fig. 1,
The neutron beam was polarized to f,= 0.5 by being
passed through a polarized proton target (LMN crystal)
with an area of about 30 cm? (Ref. 35). The direction of
polarization of the neutrons could be changed by rotat-
ing the polarized proton target together with the cryo-
stat and magnet through 180°, This reversal required
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FIG. 1. Arrangement of experiment: 1) reactor, 2) neutron
tubes, 3) collimator, 4) polarized proton target, 5) polarized
nuclear target, 6) neutron detector.

about 10 sec.

The nuclear targets were polarized by cooling to the
superlow temperatures 0.03-0.04 X in a cryostat with
a solution of *He in *He (Ref. 36) placed in the field of
an electromagnet.

The samples used in the investigations were metallic
terbium, holmium, and erbium, and also the intermet-
allic compounds TmFe, and PrAl,, which are ferro-
magnetic at these temperatures, The rare-earth atoms
are characterized by the presence of L large internal
magnetic fields of order 108-10” Oe. The nuclei within
the domains are almost completely polarized, and the
external field, which was 15 kOe in the experiment, en-
sured spatial ordering of the domains. The polarization
f1 of the targets averaged over the domains was 0.4-0.6.
The thicknesses of the targets were ~(1-1.5)X10%
nuclei/cm?,

The neutrons that passed through the targets were de-
tected by a scintillation detector at a distance of 116 m
from the reactor. The spectra were accumulated and
the polarization of the neutrons reversed by means of
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FIG. 2. Region of resolved resonances. At the bottom, one of
the 15Th spectrograms obtained during 20 h of measurements;
at the top, the transmission effect g. The numbers between
the curves are the energies of the resonances in electron volts,
and ¢ is the number of the channel of the time-delay analyzer
(channel width 1 psec).
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an automated system based on a TPA minicomputer.

Sections of the spectrum obtained in one of the series
of measurements with Tb are shown in Fig. 2 (in the
region of the resolved resonances) and in Fig. 3 (aver-
aged region). In the latter, the structure is due to con-
structional materials (copper and aluminum) in the
beam,

The evaluation of the low-energy sections of the spec-
tra with allowed resonances had the aim of determining
the spins of the resonances. In this region, the sign of
¢ directly gives the value of the spin, as can be seen in
Fig. 2. Altogether, the spins of approximately 250
levels were determined, some of them for the first
time, for the five investigated nuclei.

As we have noted above, the region of unresolved
resonances, which in the present experiments covered
the energy interval from several keV to 100 keV, car-
ries much more information about the spin dependence
of the average neutron cross section than the region of
resolved resonances. The high statistical accuracy of
the measured spectra, and also the special measures
taken to eliminate systematic errors in the experiment,
made it possible to obtain the transmission effect with
an accuracy better than 0,1% for each of the sections of
the spectrum into which the range E, <100 keV was
divided. The polarization cross sections obtained from
these experimental data by means of the relation (36)
are given for all the investigated nuclei in Fig. 4. It
can be seen that o,, changes appreciably with the en-
ergy, and that the energy dependence is very different
for different nuclei. It is difficult to attribute such be-
havior to potential scattering, for which the interval 100
keV is insufficient for appreciable structure to be mani-
fested. More probable is the assumption that we here
observe a spin-dependent intermediate structure of the
type of doorwary states, the structure being associated
with the production of a compound nucleus. In this case,
one can estimate from (37) the difference S; — S; of the
strength functions by setting a,.=a.. These differences
are shown in Fig. 5. The error includes the indeter-
minacy associated with the Porter—Thomas fluctua-
tions of the neutron widths. In the majority of cases,
this indeterminacy is predominant in the estimate of

Ne107S N-10°
Jr " 48
35 178132 9270 53 4433 26
L 1 1 L [ L
Cu
E_— 14
42
L 1 1 1 1 A 1
5 15 25 I 45 55 85 t

FIG. 3. !¥Th spectrogram in the averaged region obtained
during 30 h of measurements: 1) channel number of the anal-
yzer (channel width 2.5 usec). The numbers at the top give the
energy in kilo-electron-volts.
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The differences (S} -S;), averaged with allowance for
the statistical weights over the complete investigated
energy interval, are given in Table I. For all the nuclei
except holmium, the difference between the strength
functions for two spin states does not exceed the errors
of the measurement. At the present time, these data
are the most accurate estimate of the spin effect in the
strength functions of nuclei.

It should be noted that the experiments described
above are characterized by a high sensitivity to the
manifestation of intermediate structure. Indeed, the
measurements were made on a given nucleus under
completely identical conditions except for the relative
orientation of the directions of polarization of the neu-
trons and the nuclei, which makes it possible to observe
an effect of spin dependence in the cross section that
is many times smaller than the value of the cross sec-
tion itself. In connection with the indications of inter-
mediate structure, it appears interesting to investigate
the same nuclei but through a different reaction chan-
nel, for example, to study the spectrum of y rays pro-
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TABLE I. Averaged values (5;-55).

Target - Averaging inter- g =

nuc%:us Hp. 1074 y egm L CRE R
L1pp 1.9 6.6—110 0.02+0.17
159Th 1.6 2,1—100 0.03+0,07
185Ho 1.8 2,1—100 —0.20+0.07
167Er 2.0 2.1=490 0.014+0.08
189Tm 1.3 2.1—125 —0.04+0.07

duced by the capture of neutrons in different energy in-
tervals.

Investigation of fissile nuclei. Interest in the spin
dependence of the fission cross section of nuclei by
resonance neutrons is due, in the first place, to the
concept of fission channels developed by Bohr*® and Hill
and Wheeler.**3® According to the channel theory of
fission, a nucleus, having passed through the saddle
point, “cools,” the excitation energy is expended largely
on deformation, and the remaining energy can be dis-
tributed only between a small number of states (fission
channels) with definite values of the spin J , the parity
7, and the spin projections K onto the symmetry axis
of the nucleus. In this connection, a spin identification
of the resonances of fissile nuclei together with the de-
termination of other resonance parameters is very im-
portant for testing the theory.

Another important feature of fission in which the man-
ifestation of a spin dependence is possible is associated
with the intermediate structure in below-barrier fission,
which was discovered in the investigation of the fission
of *'Np (Ref. 40) and was later discovered in other
nuclei. According to the model of a two-hump fission
barrier, such a structure can be associated with the
levels in the second well, and one then expects an en-
hancement of the probability of fission at resonances
with the same spin as the level with the corresponding
energy in the second well. Attempts to determine the
spins of the resonances of fissile nuclei have frequently
been made, but reliable and fairly detailed data have
been obtained only as a result of experiments with po-
larized neutrons and nuclei in the United States.'™3
These experiments were made at Oak Ridge using a
neutron beam from the pulsed electron linear acceler-
ator ORELA. The neutrons were polarized by means
of the method of transmission through a polarized pro-
ton target developed at Dubna, The investigated nuclei
35U and **'Np, which occur in the ferromagnetic com-
pounds US and NpAl,, were polarized in a hyperfine
field with cooling of the samples in a refrigerator with
a solution of *He in “He, Measurements were made of
the transmission of the neutrons and the number of fis-
sions in the sample (from the yield of fission neutrons).

The first measurements®! with 23U had the aim of
identifying the spins of the resonances in order to find
the spin dependences of the mean widths (I'y) and (T';)
and establish the connection between the quantum num-
ber K and the spin. Investigations with 2*°U were con-
tinued,** and these not only extended the energy region
in which the spins of resonances were determined but
also investigated the region of unresolved resonances
up to 25 keV.

Table II gives some of the characteristics obtained
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TABLE II. Mean parameters of 857 resonances
(Ref. 43).

J7 D, eV 8o, 10-4 ¢Tpr, eV
3 0.953+0.082 0.9454-0.098 0.180+0.018
& 0.80940.070 1.043+0.089 0.09140,011

in Ref, 43 from the parameters of the resonances in
the region E, <100 eV. It should be noted that measure-
ments by the polarization method made it possible to
detect doublets with different spins where previously
only one resonance had been assumed, and also to de-
tect weak levels. This led to a significant reduction of
the mean distance D between the levels compared with
the value calculated on the basis of the resonance pa-
rameters given in Ref, 44. In addition, a correction
for the omitted levels has been introduced in the data
of Table II. The relationship between the D; values for
two spin states agrees with the value expected on the
basis of the statistical model of the nucleus.

The values of the s-wave strength functions for lev-
els with spins 3 and 4 differ by 10%, which does not
exceed the limit of the statistical uncertainty associated
with the Porter—-Thomas distribution. The averaged
data for the region 0-25 keV reveal a somewhat greater
difference: (S,);=0.84%10™ and (S,),=1.04X10™, How-
ever, the authors themselves do not draw attention to
these values, since they were obtained as a result of
nonunique evaluation of the experimental data. The
mean fission widths (T';) differ most strongly for the
two spin states, which indicates a higher fission bar-
rier for the state 4°. This fact is not in doubt; with re-
gard to the values of (I';) and their errors, the situ-
ation is more complicated. The emission of levels with
small neutron and large fission widths is very probable,
and this may significantly change (I';). It is not for-
tuitous that different authors, using different methods
of evaluation, in particular many-level analysis, find
mean values of (I';) without separation according to the
spins in the range 50-175 eV (as was shown in Ref. 45).

In Ref. 43, Moore ef al. analyzed the averaged cross
gection of 25U fission up to 25 keV, separating the con-
tribution from each of the spin states. They concluded
that there is an intermediate structure in the cross sec-
tion of fission through the J =4 channel; for spin J =3,

a structure is also manifested, but it is established at a
lower confidence level and may be due statistical fluc-
tuations, The energy dependence of (I';); is shown in
Fig. 6. Note the similar nature of the fluctuations for
(T';); and (T';),. As one of the main arguments in favor
of reality of the structure for spin 4, Moore ef al.*® ad-
duce the impossibility of matching the calculated fission
cross section in many energy intervals with the values
of (S,), and (T';), obtained over an interval of 100 eV
(with respect to allowed resonances). However, it is
easy to see that the value (T';),=0.091 eV cannot serve
as a good reference point, since it clearly does not cor-
respond to the mean value over the interval 25 keV, but
lies appreciably lower. At the same time, the value
(T'4);=0.180 eV found from the resonances for J=3
agrees well with the mean value over the complete in-
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FIG. 6. Averaged values of *°U fission widths for states with
spin J=3 (a) and J=4 (b) (Ref. 43).

terval. One must therefore wonder whether the differ-
ence in the estimate of the reliability of the structure
for J =3 and 4 is not a consequence of the reference
points for the calculations.

The same group (Keyworth et al.*?) investigated the
interaction of polarized neutrons with polarized nep-
tunium nuclei. The main attention was devoted to de-
termining the spins of the individual resonances in the
region of satisfactory resolution of the time-of-flight
spectrometer (below 100 eV), and in the energy range
100-1000 eV the spins of the groups of levels forming
the gross structure in the fission cross sections were
determined (Fig. 7). The measurements showed that all
the resonances that make the main contribution to the
fission cross section in the neighborhood of 40 eV have
the same spin J=3. It was also shown that a definite
spin could also be attributed to other groups at ener-
gies 120 eV, 190 eV, etc., the spins 2 and 3 being en-
countered equally often, Thus, the suggestion that the
levels in the second potential well have an influence on
the nature of the fission received serious confirmation,
The values of the mean radiative and neutron widths for
two spin states are the same, as can be seen in Table
111,

One further important result from Refs. 42 and 43
relates to the determination of the projection K of the
angular momentum J onto the symmetry axis of the
nucleus. A detailed investigation of K for the reso-
nances of ?**U, ***U, and **'Np was made in Refs. 46-48
by measuring the angular distribution of the fragments
produced by the fission of aligned nuclei by unpolarized
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FIG. 7. Fission cross section of #¥'Np for E,<100 eV (a) and 100 <E, <500 eV (b).

neutrons. However, an unambiguous interpretation of
the results is possible if the spins of the resonances
are known. A combined analysis of the data enabled the
authors of Refs. 42 and 43 to draw some conclusions,
For the ***U and **'Np resonances, the effective value of
K is not an integer, i.e., there is a mixture of states
with different K. For **U, states with K =1 and 2 con-
tribute to the resonances with spin J=4; for resonances
with spin 3, a mixture of states with K =0, 1, and 2 is
probable. Neptunium fissions predominantly through the
channels (J,K)=(3, 2) and (2, 2). The channels (3, 3) and
(2, 1) make a smaller contribution,

Magnetic moments of compound states of rare-earth
nuclei. There exists a number of methods for deter-
mining the magnetic moments of excited states of nu-
clei, the methods based on the Mdssbauer effect and
perturbation of angular correlations being the ones
most widely used. A limitation of the first method
arises from the impossibility of observing the Moss-
bauer effect at excitations higher than 100 keV, and
only the range 10°-107"° sec is accessible for the life-
time of the excited state. The method of perturbed ang-
ular correlations is more universal, but it too does not
permit one yet to advance into the region of lifetimes
shorter than 1072 gec.

However, the compound states produced by the cap-
ture of resonance neutrons have a lifetime of about 107!
sec, and their magnetic moments were not amenable to
measurement for a long time. The magnetic moments
of the compound states can now be determined by mea-
suring the shifts of the resonances that arise in a polar-

TABLE III. Mean parame-
ters of 2:""I‘wlp resonances

(Ref. 42),
JT <Py MV p ) MoV
2+ 51,743.2 | 0.01940.007
J* 82.3+1.7 0.01840.006
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ization experiment, although the problem is very com-
plicated because the effect is small. To estimate its
magnitude, we use the expression (16) for the shifts of
the resonances. Taking f,=1, H=10" Oe, and the dif-
ference p—p, of the order. of one nuclear magneton, we
obtain a level shift ~3X10™° eV. It should be borne in
mind that the inherent width of the level is about 0.1 &V,

Despite the obvious difficulties, experiments were
made at Dubna to determine the magnetic moments of
the neutron resonances of a number of levels of the
rare-earth nuclei Th, Dy, Ho, and Er (Refs. 49-51).

From the two possible variants of the experiment,
the method of passing unpolarized neutrons through a
polarized nuclear target was chosen. *’

To determine the magnetic moment of the compound
state of the nucleus, it is necessary to measure the
energy shift of the resonance for a polarized target
from the unpolarized position. The measurements were
made using the pulsed IBR-30 reactor by the time-of-
flight method., The arrangement of the experiment is
shown in Fig. 8. The choice of nuclei suitable for mea-
suring the magnetic moments was greatly limited by
the requirement of large internal magnetic fields H= 2
X10° Oe. This is important both on account of the direct
dependence of AE on H as well as in connection with
the value of the polarization f1, which also depends on
H. A second requirement is that the investigated nuclei
should have low-energy resonances. In the time-of-
flight method, the energy and time shifts are related by

At ~ AE E;°F, (38)
It can be seen that with increasing energy E of the res-
onance the time shift measured in the experiment de-
creases rapidly, so that the accuracy of the determin-
ation of the magnetic moment deteriorates.

The nuclei of the rare-earth elements Th, Dy, Ho,
) The other variant (using polarized neutrons) was realized

for Er at Brookhaven,™ but it is complicated by side effects
and requires development.
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FIG. 8. Arrangement of experiment to measure the magnetic
moments of neutron resonances: 1) neutron tubes, 2) collima-
tors, 3) reference targets, 4) cryostat, 5) investigated target,
6) neutron detector.

and Er satisfy the two requirements best. As nuclear
targets, foils of these metals, which are ferromagnetic
at helium temperatures, were used. Deep cooling to
0.03-0,04 °K, which was achieved by means of a refrig-
erator with a solution of *He in *He (Ref. 36), ensured
a polarization f,>0.9 within the domains. In the ab-
sence of an external field, the polarization averaged
over the target is zero, which simplifies the observa-
tion of the shift of the resonance. To destroy the polar-
ization, the temperature in the targets was raised to
0.5-1.5 K.

The beam of neutrons from the IBR passed through
the polarized sample 5 and was measured by the de-
tector 6 (see Fig. 8). The time spectrum was accumu-
lated in the memory of the analyzing system, which was
based on a TPA-1001 minicomputer.

The alternation of measurements with a polarized and
unpolarized target (approximately every 10 h) could not
be frequent, since the change in the temperature in the
refrigerator required about an hour. Two such spectra
formed a pair for simultaneous evaluation. For each of
the investigated nuclei, about 30—-40 pairs were ac-
cumulated. To monitor the time scale of the analyzer,
Te, Sb, or Ir targets were placed in the beam. Figure
9 shows one of the spectra obtained during 6 h of mea-
surements with Dy. Each pair of spectra was evaluated
independently of the others. The time shift of each
resonance of the polarized target with respect to the un-
polarized target was determined by the method of least
squares with allowance for the reference resonances of
Te, Sb, and Ir,

In Table IV, we give the obtained values of the mag-
netic moments of all the resonances, and in Fig. 10 the
values of g=p/J. The accuracy in the measurement of
the magnetic moments of the neutron resonances is low,
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FIG. 9. Section of one of the experimental spectra obtained by
measurement of the magnetic moments of disprosium reso-
nances. Time of measurement 6 h; ¢ is the channel number of
the analyzer (channel width 2.5 usec).
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TABLE IV. Experimental results of the measure-
ment of the magnetic moments of neutron reso-

nances.

Target
nucleus
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Energy shift,
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and in the majority of cases the error was 0.5-1 nu-
clear magneton. It is difficult to expect an appreciable
improvement in the accuracy in the near future, since
detection of the shift with error 107 eV already leads
to this error in . It is also improbable that it will be
possible to increase significantly the number of investi-
gated resonances.

Nevertheless, the information obtained on the magnet-
ic moments of the compound states makes it possible to
draw some conclusion and make a comparison with the-
ory.

The first theoretical estimates of the magnetic mo-
ments of the compound states of nuclei were obtained
in Ref. 53 on the basis of a thermodynamic description
for an excitation energy of the order of the neutron -
binding energy. The expression (g)=Z/A was obtained
for the mean value of the g factor. For the rare-earth
nuclei, the charge-to-mass ratio is equal to about 0.4,
The value of the fluctuations around the mean value
was found to be Ag={(g)[(A - Z)/Z]/2, which is about
0.5.

A more rigorous treatment has been given by Bunat-
yan.®* Using the method of thermal Green’s functions,
he obtained the values of the g factors for the compound
states of deformed nuclei, and also the dependence of g
on the excitation energy and the energy of pairing cor-
relations. He showed that the limiting value (g)=Z/A
is achieved only for excitation energy ~10 MeV, and
that (g)= 0.27 for rare-earth nuclei at an excitation of
the order of the binding energy. With regard to the
rms deviations from this value for different resonances
and nuclei, the lower estimate is Ag=0.25. It is, how-
ever, noted that this value may be greater because of
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FIG. 10. g factors of the investigated resonances. At the top,
the designations of the target nuclei and the energies of the
resonances in electron volts.
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the difference between the energies of the pairing cor-
relations for different states and also when allowance
is made for the individual properties of the nuclei.

As can be seen in Fig, 10, the differences in the g
values appreciably exceed the experimental errors.
This made it possible to separate the fluctuations asso-
ciated with the measurement form the values of Ag
due to the physical nature of the levels, and to obtain
the experimental values (g)=0.34+0.22 and Ag =0,51
+0.20,

The mean value (g) and Ag agree with the theoretical
estimates given above.

Thus, it can be concluded that the experimental data
on the magnetic moments of the compound states are in
satisfactory agreement with the theoretical estimates
and confirm the applicability of the statistical model of
the nucleus to the obtained accuracy.

4. SOME EXPERIMENTS WITH THERMAL NEUTRONS

Investigalion of the Spin Dependence of the Scattering
Lengths. Data on the spin dependence of the scattering
lengths for neutrons on nuclei have great practical
importance for many experiments with thermal neu-
trons. They are used, for example, in the study of the
magnetic properties of matter and for determining the
parameters of nuclear levels lying below the neutron
binding energy. With regard to the theoretical analysis
of the spin dependence of the scattering lengths, it is
as yet intractable for complex nuclei, For nuclei with
a comparatively small number of nucleons, in which
a theoretical analysis can be made [*H (Ref. 55), He
(Ref. 56), **C, '"0, and '°F (Ref. 57)], experimental
determinations of the scattering lengths make it pos-
sible to test the correctness of the theories.

Information about the scattering lengths b, of neutrons
on nuclei in states with total spin J=I+1/2 can be ob-
tained from measurements of the total and coherent
scattering cross sections. In this case, the experiment
gives two possible sets of scattering lengths. The re-
sulting uncertainty is eliminated by means of additional
information. In recent years, successful use for this
purpose has been made of the resonance parameters of
the investigated nuclei, and the scattering lengths for
neutrons on *He (Ref. 58) and some other nuclei (Refs.
59-61) have been obtained.

Unambiguous information about » . is given by experi-
ments that use polarized neutrons and nuclei. The
direct method of determining b, from the polarization
cross section in experiments in which polarized neu-
trons are passed through polarized nuclear targets is
frequently complicated by the absence of data on the
contribution of capture to the polarization cross section.
This method is used to select the true set of scattering
lengths of the neutron on the deuteron.® The scattering
lengths b, of the nuclei of some magnetic atoms can be
obtained from neutron diffraction experiments on deeply
cooled antiferromagnets.”® Here, information on the
spin dependence of the scattering lengths is extracted
from the variation of the intensity at the “antiferromag-
netic reflection” when the sample is cooled to a tem-
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perature of the order of hundredths of a degree Kelvin.
This change is due to the contribution from nuclear
scattering, which arises because of the polarization of
the nuclei of the magnetic atoms in the magnetic sub-
lattices of the sample. The diffraction method is not
widespread; as yet, it has been used to measure b,
for some rare-earth nuclei.®™® A specific restriction
of the method is the requirement of exact measurement
of the temperature within the sample, which is needed
to calculate the polarization of the nuclei,

The majority of the currently available data on b L
were obtained using the method of nuclear precession
of neutrons considered in Sec, 1. Since 1972, this
method has been used to measure b, and b_ at Saclay 5™
The scheme of this experiment is shown in Fig, 11, The
arrows, crosses, and points indicate the directions of
the spins of the neutrons along their path through the
apparatus. The neutronbeam from the reactor is polar-
ized and monochromated by the diffraction polarizer P,
The beam then enters the gap of the electromagnet M
through the polarization reversal system F and the
region with the guiding field H, which ensures that the polar-
ization of the beam is parallel to the field of the magnet when
it enters the gap. In the magnet gap, on the path of
the beam, there are two identical coils K, and K, with
an rf field, each of which turns the polarization perpen-
dicular to the direction of the field in the gap. On
the path from the coil X, to the coil K, the polarization of
the beam processes around the direction of the field of the
magnet. The distance between the coils is such that in
the absence of a sample the polarization makes an inte-
gral number of rotations and has the same direction on
entering K, asonleaving K;. After it has leftK,, the beam is
polarized antiparallel to the field of the magnet. In the
region of the guiding field H between the electromagnet
and the diffraction analyzer A, the polarizationis
turned through a further 90° to the direction that coin-
cidences with the direction of the polarization on the
exit from the reversing device. The analyzer is ori-
ented in space in such a way as to permit measurement
of the polarization of the beam in precisely this direc~
tion. Behind the analyzer is the neutron detector D,
which measures the beam intensity. The presence in
the gap of the magnet (between the coils K, and K,) of
the polarized sample S leads to an additional preces-
sion of the beam polarization and, therefore, to a rota-
tion through a certain angle A¢ of the direction of the
polarization at the entrance to the analyzer. This ro-
tation results in a decrease in the beam polarization
measured by the analyzer to the value f, cosA@, where
J» is the neutron polarization at the exit to the polarizer.
The directly measured quantity is the polarization ratio

o
LS
A

FIG. 11. Arrangement of experiment to measure the spin-de-
pendent scattering lengths by nuclear precession of neutrons
(explanations in the text).
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R, i.e., the ratio of the counting rates of the detector
with the beam polarization reversal system switched

on and off. The quantity f, cosA¢ can be related to R
and the polarization efficiency P, of the analyzer by (see
(see, for example, Ref. 2)

fatos A= (R—1)(R-=1)P,. (39)

The relation (39) and the relation (22), which relates
the angle through which the beam polarization direction
is turned to the characteristics of the polarized sample,
enable one to find the required difference b,—-b_be-
tween the scattering lengths.

In Table V, we give the data currently available for
the difference b, — b_ (with reference to the source),
and also the spins and magnetic moments of the nuclei.
The overwhelming majority of the results have been
obtained during the last five or six years. The exten-
sion and revision of the table of data on b, continues
apace.

Gamma Emission Accompanying Radiative Captuve.
The use of polarized neutrons and oriented nuclei makes
it possible to obtain definitely oriented systems of
compound nuclei. The angular characteristics of the
gamma emission of such systems are related to the
characteristics of the gamma emission itself and the
nuclear levels between which the corresponding transi-
tions take place. Figure 12 shows the general scheme
of the reaction of radiative capture of a neutron by a
nucleus with mass number A and indicates the designa-
tions of the spins of the levels participating in the pro-
cess used in the text below. The investigation of the
gamma emission accompanying the radiative capture
of polarized thermal neutrons by oriented nuclei makes
it possible to obtain information on the properties of
low-lying nuclear levels obtained after the emission of
gamma rays by compound nuclei.

In the case of a unique value of the spin J of the com-
pound nucleus, the system of spins of the compound
nuclei has orientation parameters F, and F,, which
are determined by the expressions (11) and (12). For
the angular distribution W(6) of the probabilities of

TABLE V. Information on the spin dependence of scatter-
ing lengths.

Target 3 Mo, nuclear ey Refer-

nuﬁeu: Spinl m?lgnemns Bz -= by LuTl em ence
1H 12 —1.913 290040008 * 71}
2H 1 0.857 D370, 05 * 2. 72)
3He 1.2 —2.128 (—N.4F0. 1)—i-0.445 | [58. 73]
SLi 1 0.822 —0.38+0.05 69
uN 1 0.404 0.37+0.07 59
19Fe 1/2 2.629 — (10135400002 4
23Na 3/2 2.217 0.71+0.03 8
2iAL 5/2 3.€41 0.077 70]
3Cl 3/2 0,822 1.2040.04 G0
sy 72 5.151 1.28 67
33Cr 3/2 —0.474 1.3940.02 61
9Co T2 4.627 — 1. 1640.06 8
83Cu an 2.223 0.04540.005 G8
3Cu 3/2 2.382 0374002 8
ugr 5/2 —1.304 1,58 70
“Xb 9,2 6.171 —11,028 !
139La 1.2 2.783 0,73 110
uipp 572 4.136 —0,07240.007 166
18:Ho 72 4.173 —11,344-0.04 (64
139Th 3.2 2,014 —,035+0.01% G5
181Ta 2 2,371 —u.06 70
18Py 172 0,609 —11,234+0,04 G8
197 Ay 32 0,146 o I a3 68/
207Pp 12 0.582 —0 240,04 68

*The values for free nuclei.
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FIG. 12. Level scheme of nuclei studied by means of radiative
capture of neutrons. The dashed line is the excitation energy
corresponding to the neutron binding energy Ep in the product
nucleus (Ep=6-10 MeV).

emission of dipole gamma rays (L=1) and the values of
their circular polarization P,(6) we have in this case the
expressions!

W (8) ~ 1+ FadoP, (cos 0);

P, (8) ~ F,4, cos 0, }
Here, 0 is the angle between the direction of emission
of the gamma rays and the quantization axis, and the
coefficients A, (J,1,) and A,(J,I;) are known functions
of the spins:

(40)

kS Ao, =i
A‘={ 1, I=12, I=0;
BJH2(T 1) (2T -=8). =S+
A=={—3J’2(J’+i), i=J;
37122 —1)., I,=J—1.

The experimental determination of the coefficients A,
or A, leads in this case to a unique determination of the
spins I, of the final states.

However, when the compound nucleus is formed in a
mixed-spin state, the picture is greatly complicated by
the interference between transitions from the states
J=I+1/2 and J =I-1/2, This problem is analyzed in
Refs. 75-"177, in accordance with which the expressions
(40) must be replaced by

W () ~ ,1, fiy () AR™3f, () Py (c08 0); }

(41)

P,y (0) ~ ;.\_; Fra () A5, (T) cos 0,
12

where f, (I) are the orientation parameters of the target
nucleus [f,(I)=1], f,(n) is the polarization of the neu-
trons [f,(z)=1], and the indices k, k,, k, satisfy the
conditions 0s k, <1, 0sk<2, |k —k|<k,<k+k, with
B, +k,+ k an even number. As before, the coefficients
Af® in (41) depend on the spins / and /; and they can

be calculated as functions of the parameter « of the
mixture of the spin states. The example of the fre-
quently employed coefficient of circular polarization
Al° is shown in Fig. 13. Interference effects are mani-
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FIG. 13. Calculated values of the coefficient of circular polar-
ization A%" as a function of the mixture parameter « of the spin
channels for different values of the spins of the investigated
levels.
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fested for transitions to levels with spins I,=1+1/2

(in the given example, 1,=2,3) and are absent for I
=1+3/2 (I,=1,4), when a transition is possible only for
one of the spin states J, because of the dipole nature

of the emission. Simultaneous determination of several
coefficients Al makes it possible to find the values

of the spin I..

In the majority of the experiments so far made, either
aligned nuclear targets or polarized neutrons have been
used. in the first case, the capture of unpolarized neu-
trons gives an aligned system of spins of the compound
nuclei, whose gamma emission is anistropic. This
anistropy has been investigated, for example, for
some rare-earth nuclei,”” for which a single-spin
state is dominant in the thermal cross section of radia-
tive capture. Inthe second case (polarized neutrons and
unoriented nuclei), a polarized but not aligned system
of compound nuclei arises; the angular distributionof its
gamma emission is isotropic and it is the circular po-
larization that one studies. This method was used to
obtain the spins of nuclear levels in Refs. 76, 80, and
81 for targets with /=0, in which there are no difficul-
ties due to interference effects.

The first measurements of the angular distributions
of gamma rays using both polarized neutrons and pol-
arized nuclei were made at Prague® and Petten® with
approximately the same arrangement of the experiment
for a *°Co target. The arrangement of the experiment
at Petten is shown in Fig, 14, which is taken from Ref.
77. The thermal neutrons from the reactor 1 are mono-
chromated and polarized on reflection from the magnet-
ized Co, g, Fe, o5 single crystal 2. By means of the rf
coil 4, the neutron spin can be rotated with nearly 100%
efficiency. The neutrons then reach the target 7, which
is placed in a cryostat with a solution of *He in *He, the
cryostat also containing a superconducting magnet with
two coils 6 (field up to 50 kOe). At the entrance and
exit of the beam, outside the cryostat, there are mas-
sive iron rings 5, which act as magnetic screens to

!f f

FIG. 14, Arrangement of experiment using polarized neutrons
and oriented nuclei to investigate the gamma emission from

radiative capture of thermal neutrons (explanations in the text).
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eliminate depolarization of the neutrons by the external
field of the coils. Outside the cryostat, at an angle to
the field direction (the direction of polarization of the
target) of 6 =7 and 6 =7/2 there are placed the Ge(Li)
gamma detectors 8. There is also an analyzing crystal
and neutron counters 9, which are used to measure the
neutron and nuclear polarizations, The measurements
are made simultaneously by two detectors.

The counts of the detectors can be written in accor-
dance with the expression (41) in the form

Voa 0) =N (0) [ = ANy (n) £, + (A%fa + ANf, (n) 1,

& Afy (1) f3) P, (cos 0)], (42)
where the symbols + correspond to parallel (p) and
antiparallel (a)orientations of the polarization of the
neutron beam with respect to the magnetic field; N,(6)
denotes the detector counts in the absence of a polar=
ization of the neutrons and orientation of the target
nuclei.

From this one can, for example, obtain the pair of
coefficients A}' and A}, which determine the spins d2
Al =: [ () 4 28 (1n/2))/3f, () f.
At =2[e (1) — & (W/2)]/3f, (n) f,.
Here, ¢ is the relative difference between the counts
of the detectors: £=(,-N,)/(N,+N,).

In such experiments, one usually observes a large
effect (¢~10%), though complications can arise
through depolarization of the thermal neutrons. The
corresponding corrections were studied in Refs. 84
and 85.

The main advantage of the quoted investigations con- -
sists of the development of a reliable and direct method
of measuring the spins of nuclear levels. The method
yields rich spectroscopic information.®%%" Its further
development is intimately related to progress in the
polarization of nuclei by the “brute-force” method
which is expected in connection with the development of
a cryostat with nuclear demagnetization to a tempera-
ture =0.004°K (Ref. 88).

CONCLUSIONS

The review of investigations using polarized neutrons
and oriented nuclei shows how many phenomena can be
studied by this method. Interesting information has
been obtained by measuring the spins of neutron reson-
ances and the spin dependence of the total neutron eross
sections, in fission, in the spectroscopy of low-lying
nuclear levels, and in the investigation of scattering
lengths, in particular, for few-nucleon systems.

However, despite this obvious wealth of possibilities
of the method, the investigations develop relatively
slowly. In the first place, this is due to the complexity
of the experimental techniques and the difficulties in
obtaining intense polarized neutron beams and producing
oriented targets. Therefore, the further development
of these investigations will to a large extent require
an extension of the technical possibilities. Polarization
of neutrons by passing them through a polarized proton
target is the most universal in the considered energy
range and will undoubtedly be used in the new powerful
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neutron sources that are being commissioned and de-
veloped. With regard to the development of the methods
of polarization of nuclei, the main problem is still that
of extending the class of polarized nuclei, In the near
future, successes in the use of the “brute-force”
method can be expected. However, the need to cool
targets to superlow temperatures under conditions of
intense neutron irradiation and poor heat transfer
restricts the possibilities of this method. There is
therefore need for the further development of dynamical
methods of polarizing nuclei, which do not require
super temperatures.

The combination of such improved facilities suitable
for polarizing the majority of nuclei with high-resolu-
tion time-of-flight spectrometers will significantly en-
large the investigated region of neutron resonances
and extend the investigation of the spin dependence
to the partial neutron cross sections. It will also be
possible to investigate low-lying states of nuclei, study
problems of parity violation using resonace neutrons,
and solve many other problems. Work in these direc-
tions is already being done in a number of laboratories
in different countries.
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