
From the Editorial Board of Usp. Fiz. Nauk. The pa-
pers published below are dedicated to the memory of Acade-
mician Il'ya Mikhailovich Frank (October 23, 1908-June
22, 1990).

Most physicists probably associate I. M. Frank with
optical phenomena accompanying the passage of charged
particles through matter. Indeed, Vavilov-Cherenkov radi-
ation, transition radiation, the anomalous Doppler effect,
and radiation from moving multipoles were a constant ob-
ject of his scientific interests.

Joining S. I. Vavilov and P. A. Cherenkov at the begin-
ning of the 1930's, he obtained, together with I. E. Tamm, a
result which brought him worldwide fame and a Nobel prize
in 1958. He worked in this field all of his life and at the end of
his life he summarized the main results in a monograph
(I. M. Frank, Vavilov-Cherenkov Radiation. Theoretical
questions [in Russian], Nauka, M., 1988). These and other
scientific accomplishments of Il'ya Mikhailovich are fully
described in a paper dedicated to his eightieth birthday
(Usp. Fiz. Nauk, 156, 373 (1988) [Sov. Phys. Usp. 31, 960
(1988)]). Referring to I. M. Frank's post-war scientific
work, the authors of this paper indicate primarily the results
obtained at the Laboratory of Nuclear Physics at the Insti-

tute of Physics of the Academy of Sciences and the Neutron
Laboratory at the Joint Institute of Nuclear Research in
Dubna, which Il'ya Mikhailovich created and directed for
many years. One of these remarkable results is the discovery
of ultracold neutrons at the end of the 1960's. This led to the
appearance of a new field of neutron physics.

Educated and primarily interested in optics and devot-
ing several decades of his life to nuclear and neutron physics,
Il'ya Mikhailovich probably saw this event as a unique op-
portunity for joining together two of his favorite fields of
physics. At the beginning of the 1970's, he carried out sever-
al investigations on the optics of ultracold neutrons. Unfor-
tunately, these papers, which are still of value, have re-
mained unknown, except within a quite narrow circle of
specialists.

Wishing to fill this lacuna and paying tribute to the
memory of Il'ya Mikhailovich Frank, we are publishing a
memorial lecture given by A. I. Frank at the VI Interna-
tional School on Neutron Physics in Alushta in 1990 and a
lecture delivered by Il'ya Mikhailovich at the II Alushta
School in 1974 (this paper was prepared for publication by
A. I. Frank).
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This paper is dedicated to the memory of Academician Il'ya Mikhailovich Frank (1908-
1990). The papers of I. M. Frank for the period 1972-1974 concerning the optics of ultracold
neutrons (UCN) are briefly reviewed and compared with later results obtained in this field.
The basic stages of the development of a neutron microscope based on UCN are briefly
described. The possibility of using neutron-optical methods for fundamental investigations
with long-wavelength neutrons is discussed.

It is well known that F. L. Shapiro and his coworkers
first started to work with ultracold neutrons (UCN) at the
end of the 1960s. In these studies it was demonstrated that
such neutrons can indeed propagate along curved neutron
guides and that they can even be stored for a long time in
closed vessels. At the same time in Munich A. Steyerl started
to experiment with very slow neutrons. This was in fact the
discovery of UCN.

The first period of research was summarized by F. L.
Shapiro in his report at the conference in Budapest during
the summer of 1972.1

At that same conference in Budapest, Il'ya Mikhailo-
vich made some remarks2 as a supplement to the report of F.
L. Shapiro. He called attention to the fact that together with
the approach based on the introduction of the optical poten-
tial

opt 2m n (1)

which F. L. Shapiro employed, into the Schroedinger equa-
tion, the index of refraction n can be introduced immediate-
ly. In so doing the squared index of refraction was compared
with the permittivity e for light and the imaginary part of e
was determined by the cross section of all processes resulting
in the vanishing of UCN, namely, radiative capture and in-
elastic scattering. Here the index of refraction is a complex
number: n — n' + in" and

•«' (2)

where b' and b " are the real and imaginary parts of the scat-
tering amplitude.
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It is easy to obtain expressions for the real and imagi-
nary parts of the index of refraction (see the formulas (4.1 )-
(4.5) of Ref. 6). I. M. Frank did this in his subsequent
works.

For ultracold neutrons, when the velocity is less than
the limiting value, n"2 > n'2 and the real part off is negative.
If, as is usually the case, absorption is small, then the real
part of e, though it remains negative, is much greater in abso-
lute magnitude than the imaginary part. This situation oc-
curs in optics when light is reflected from a highly conduct-
ing metal.

Thus the reflection of UCN from the surface of a mate-
rial was compared with reflection of light by metals. The
Fresnel coefficients, which are the amplitudes of the reflect-
ed and transmitted waves (formulas (5.3) and (5.4) of Ref.
6), were simply introduced by analogy to the optics of met-
als.

Reference 2 was essentially the first work on the optics
of UCN. I. M. later developed these ideas in several publica-
tions3'5 and he gave a memorable lecture at the 2nd Alushta
School in 1974.6 It seems quite natural that I. M., as one who
loved optics and contributed much to the field, would turn to
the optical analogy. The optical way of thinking was very
natural to him.

It is sometimes said that the approach employing the
index of refraction is "old-fashioned" and it is more correct
to employ the Schroedinger equation with an optical poten-
tial. I. M. himself emphasized that both methods are equally
well-founded, and this is undoubtedly true. However, when
an attempt is made to solve quite rigorously the problem of
propagation of a neutron in a medium, a solution (always
approximate) is obtained for some self-consistent neutron
field (see, for example, Refs. 7 and 8). The quantity kb is the
small parameter of the theory. The first approximation is a
plane wave with a definite wave number &,, whence the in-
dex of refraction n2 = k \ /k2, where k is the wave number in
vacuum, is determined in a natural manner. The optical po-
tential, however, is simply adjusted so as to obtain the same
solution. In fact, this is precisely how Fermi introduced the
concept of a quasipotential, which correctly describes a wave
scattered by a single nucleus. The optical potential is usually
obtained, however, by averaging Fermi's quasipotential over
the scatterers (see, for example, Ref. 9).

Returning to the works of I. M., we recall that at the
beginning of the 1970s one of the most important problems
in the physics of UCN was the storage problem. Ultracold
neutrons could be stored in closed vessels for significantly
shorter periods of time than predicted by the theory, and the
question "Where did the UCN go?" was one of the most
urgent questions. Naturally, this question also worried I. M.,
and he discussed it in the papers cited above.4"6 A number of
considerations stated in this regard are, it seems to me, still
important today, even though they may not be directly relat-
ed with the problem of storage of UCN. I shall discuss one of
them here.

In 1945 Foldy obtained a simple expression for the scat-
tering of scalar waves:10

k\ = k2 + 4xNf0, (3)

where/, is the forward-scattering amplitude. For slow neu-
trons the substitution/0 = — b into the formula (3) leads,

after simple transformations, to Eq. (2). In Refs. 4 and 6,1.
M. calls attention to the fact that the expression (3) is also
valid for light in rarefied media, where the index of refrac-
tion is close to 1:

n 2 = l+4 j r JVa , | n 2 - l | < K l , (4)

where a is the polarizability.
On the other hand, if n2 is not too close to 1, Eq. (4)

must be replaced by the Lorentz-Lorenz formula.
Lax investigated this question in a quite general

form.'U2 Instead of Foldy's formula (3) he gives an expres-
sion—valid for both light and neutrons—in which the differ-
ence between the effective field acting on a scatterer and the
coherent field is taken into account:

k'2 = *2 + 4nNCf0. (5)

The correction factor C introduced by Lax can, generally
speaking, be a complex number. Then instead of Eq. (2) we
have

n" = I -. (6)

where b0 = b '0 — ib „ is the amplitude of scattering by an
isolated nucleus. Thus the quantities b' = C'b'0 and
b " = C"b'0 + C'b'o must be employed as the scattering
length in a medium (in the expression for b' we neglect the
quantity C"b " ) .

It would be easy to explain the discrepancy in the stor-
age time of UCN if b " differed from the value b £ employed
in the calculation by approximately 3 • 10 ~ 4. For this reason,
I. M. suggested that this discrepancy could be associated
with the effects of the coherent field, if Lax's coefficient is
indeed different from unity and different for thermal neu-
trons and UCN. Since b"/b'~\Q~4, this contradiction
would be eliminated if C" is also of the order of 10 ~4.

Since the publication of the works of I. M., the question
has been investigated in greater detail.7'8 It has now been
firmly established that small corrections do indeed exist and
they indeed depend on the wavelength of the neutron. These
corrections are associated with the fact that near each nu-
cleus the neighboring scattering nuclei are not arbitrarily
distributed, since in all substances, even in liquids and amor-
phous bodies, there is at least short-range order. Some corre-
lation even exists in the model when the scatterers are hard
spheres. In this case it is simply said that the distance be-
tween their centers cannot be less than the diameter of the
spheres. Incidentally, it is precisely in this model that an
exact calculation is most easily performed. In this connec-
tion we shall present the results of Sears:7

C = 1 + / = 1 +J' + tf".

(7)

'o =

where a is the radius of an atom. It is easy to see that if ka — 0,
then

C' = 1 + InNb'a2,

(8)

C"=i
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Analogous results were obtained in Ref. 8. One can see
from Eq. (8) that in the case of UCN, when n2 is close to zero

l+*2a2, C"~k3a3, (9)

where the characteristic parameter kazzW 2. Therefore,
for UCN the quantity C" can indeed be of the order of
io-5-io-6.

It is significant that the local-field correction C" de-
pends on the wave number k. This means that the use of the
value of b " obtained from data on scattering and absorption
of very cold neutrons for estimating absorption of UCN can
lead to an error. A small deviation from the l/v law should
also be expected for very slow neutrons.

Thus the optical analogy has turned out to be correct on
the whole. In neutron optics coherent-field effects result in a
deviation from Foldy's simple formula, though this devi-
ation is small.

It is easy to see that substituting the quantity C 'b for b in
Eq. (1) leads to a wavelength-dependent optical potential.13

Apparently, it is precisely this dependence that at the pres-
ent time provides the only possibility for observing experi-
mentally the effects associated with the difference between
the coherent and effective fields. Such an experiment, it
seems, would be of fundamental significance.

As regards the possible characteristics of these effects in
the case of reflection of UCN, the present status of the prob-
lem of storage of UCN is significantly different from the
situation in the 1970s, and there are no longer any grounds
for expecting significant effects here. In addition, the expres-
sions (8) and (9) seemingly imply that in the limit ka -+ 0 the
corrections are small. Even here, however, some care must
be exercised. As I. M. pointed out in Ref. 6, the case of reflec-
tion of UCN requires a special theoretical analysis. The
point is that in the case of total reflection the wave decays
rapidly in the matter, and in addition the decay constant is of
the order of the wavelength. It is still not entirely clear how
this affects the corrections, and this question is not answered
in Refs. 7 and 8. Now I would like to discuss one of the most
often cited works of I. M. on neutron optics—Ref. 3. A wide
range of problems, including some of the problems discussed
above, was studied in this work. In addition, the question of
the possibility of a neutron microscope was first posed in it.
In order to get a clearer picture of how the problem was
viewed at that time, I quote in full the corresponding part of
this paper.

"In future, when it becomes possible to do so, the sim-
plest optical experiments will be performed. For example,
one can imagine the following experiment. Ultracold neu-
trons pass through a small opening, strike a concave mirror,
and after being reflected from the mirror collect at the focal
point (Fig. 1). In the process, the neutrons will acquire an
additional vertical velocity due to their free-fall in the earth's
gravitational field. As a result at the mirror they will appear
to have emanated from a point 0 lying somewhat above the
opening A, and they will collect at the focus C below the
geometric focus B. This unique velocity-dependent chro-
matic aberration must be taken into account in optical de-
vices based on ultracold neutrons. It seems to me that the
production of an optical image with the help of reflection
and refraction of very cold neutrons is such an important

FIG. 1.

experiment that it absolutely must be performed. One can,
after all, dream that in some distant future the optics of very
slow neutrons will make it possible to build a neutron micro-
scope."

I remember well the impression that this suggestion
made at this time. At first glance, it was simple, almost tri-
vial. On the other hand, the state of sources of UCN was such
at that time that it was very difficult to dream seriously
about a microscope and the suggestion seemed hopeless.
Third, the problem of gravity-induced chromatism present-
ed a definite challenge and one wanted to find at least theo-
retical approaches to its solution. Without this it was impos-
sible to think about a microscope. This is probably why the
simple experiment, proposed by I. M., with a concave mirror
was never performed, and the first experiments performed
by A. Steyerl and then later by our group were directed to-
ward demonstrating the possibility of achromatization.

I had to talk to I. M. several times about this subject
long before there appeared any prospect for such experi-
ments. The experimental arrangement proposed by him
could be discussed in a completely classical, i.e., corpuscular
language. On the other hand, in order to understand the
question the problem of forming a neutron image had to be
understood from the wave standpoint. In the classical ap-
proach it was obvious that a neutron requires different
amounts of time to reach the focus along different trajector-
ies. The consequences of this in the wave analysis of the
problem were not completely understood. These discussions
led to the idea that gravity can be taken into account by using
purely optical language, and it is possible to introduce the
concept of a "gravitational index of refraction"14

, 1/2
, v0 = v (z = 0). (10)

Thus the space where gravity acts on the neutrons can
be regarded as an optically nonuniform medium where one
of the fundamental principles of optics—Fermat's princi-
ple—holds without any restrictions.

The validity of Fermat's principle implies an image can
be formed with neutron waves in a potential field.'' The idea
of an optically nonuniform medium made it possible to em-
ploy a number of well-known results in optics.16 However
the correct answer to the question of the role of nonisochron-
icity of the classical trajectories was not obtained. At the
same time it became clearer that this is an important ques-
tion. In specific optical calculations the classical time of
flight appeared directly in the expressions for the basic char-
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acteristics of the optical apparatus, for example, the magnifi-
cation.15'17 Further investigations clarified the situation,
and the role of the classical propagation time of the particle
was understood better. I shall present below the current un-
derstanding of this question.58'19

In all cases Fermat's principle can be written in the fol-
lowing form:

B B

kdl = 0, or
A A

In the standard optics it can also be written in the form
B B B

1 = J ndl= J^d/ = c Jd<, <57 = 0, (12)
A A A

and expresses the fact that the propagation time of the wave
between optically conjugate points A and B is minimum or
stationary. In the case of a massive particle, such as a neu-
tron, however, k d/ = (m/h) v2dt and Fermat's principle as-
sumes the form20

B

& J v*dt •• 0, or n2dt = 0. (13)

In this case Fermat's principle expresses only the fact
that the phases, but not the time, are minimum or stationary
(compare Eqs. (12) and (13)). This actually means that a
"classical" particle requires different amounts of time to
reach a surface of equal phase. We note that Fermat's princi-
ple in the form (11) follows from the quasiclassical solution
of the stationary Schroedinger equation. Starting from the
stationary wave equation, however, we seemingly made the
question of the propagation time meaningless. Indeed, the
wave pattern of the field is determined only by the ampli-
tudes and phases of the waves arriving at the observation
point. Analysis showed, however, that the question of the
stationarity of this wave pattern is directly related with the
question of the isochronicity of the classical trajectories.

The problem of the stationariness of the interference
pattern was analyzed more carefully in connection with the
problems of neutron interferometry. Chue and Stodolsky21

showed that near the so-called ideal configuration, when the
classical trajectories bring the particles to the same observa-
tion point simultaneously, the first derivative of the differ-
ences of the phases with respect to the experimental param-
eters is equal to zero.

In Ref. 22 the validity of this conclusion was confirmed
by a direct calculation for an interferometer, designed for
operating with UCN in the earth's gravitational field. The
parameter of the problem was the neutron velocity. It was
shown that for isochronous trajectories the first derivative of
the phase difference with respect to the velocity does indeed
vanish. This condition, however, is satisfied when the phase
difference itself is significant, i.e., under conditions when
interference of high order is observed. For this reason, the
observation of an interference pattern still requires signifi-
cant monochromatization because of effects which are of
second order in the velocity. On the other hand, in order to
observe an interference pattern under conditions when the
trajectories are not isochronous it is necessary to have a very
high degree of monochromatization, even in zeroth order.
This conclusion follows in a more general form from the

results of Ref. 23, where it is proved that when the conditions
of the ideal configuration are not satisfied the effect neces-
sarily follows in first order of variation of the parameters.

In order to solve the problem of achromatization of the
interference pattern, it was proposed22 that a geometry be
employed in which isophaseness, i.e., zero-order interfer-
ence, and isochronicity are achieved simultaneously. Such a
geometry can be realized in a double-loop interferometer
scheme.

It is obvious that analysis of the operation of a neutron
interferometer in the earth's graviational field has a direct
bearing on the problem of formation of an image in an opti-
cal device, where not two waves (rays), as in an interferome-
ter, but rather an entire family of rays interfere. Thus the
question of the propagation time of a neutron in an optical
device turned out to be very directly related with the prob-
lem of the gravity-induced chromatic aberrations, about
which Il'ya Mikhaflovich wrote in 1972.

Since the publication of I. M.'s paper3 in the journal
Priroda, a great deal has been accomplished in the practical
optics of UCN. Since quite complete reviews are avail-
able,18'19'24 I shall list only briefly the basic stages which
were passed on the path toward a neutron microscope.

The basic characteristics of gravity-induced aberra-
tions are now quite well understood. Chromatic aberrations
which result in displacement of the image plane (position
chromatism) are distinguished from chromatic aberrations
which change the optical magnification (magnification
chromatism). In addition, gravity-induced geometric aber-
rations, associated with different curvature of the rays which
make a different angle with the vertical, occur even for per-
fectly monochromatic waves. In a real situation all these
types of aberrations can be present simultaneously.

The honor of obtaining the first image of a simple
source with the help of UCN, i.e., almost in the manner pro-
posed by I. M., belongs to A. Stereyl and his coworkers.25

An important difference, however, was that they were the
first to find a method for compensating the chromatic posi-
tional aberrations. To do so, instead of a simple mirror, a
more complicated optical element—a zonal mirror—was
employed; in this element a concave mirror was combined
with a zonal interference system (1980).

In 1984 our group tested an optical device with four
mirrors, which also give positional monochromatization.26

The optical resolution in both of these experiments, strictly
speaking, was not determined, but they marked the begin-
ning of experimental work in technical optics of UCN.

In 1984 there appeared a report in which it was stated
that work on a two-mirror high-magnification microscope,
developed by A. SteyerPs group,20 had begun. The first re-
sults of the tests were published in 1985.27 This device had
double achromatization (with respect to magnification and
position), and the use of a parabolic instead of a spherical
mirror significantly reduced the usual aberrations. A resolu-
tion of approximately 100 jum was obtained with a magnifi-
cation of X 78. In all these studies the image was analyzed by
mechanically scanning the image plane or the object plane.

In 1986 our group reported on our work with a low-
magnification ( X 1.4) device, which also exhibited double
achromatization. Here an image detector was employed for
the first time and images of a number of simple objects were
obtained, including a cross-shaped diaphragm and a two-
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dimensional object specially prepared by the method of pho-
tolithography on silicon with the image of a neutron reflect-
ed from the mirror—the emblem of the Alushta Neutron
School. In spite of the low magnification the resolution of the
device was equal to 70-100//m.20

At the same time A. Steyerl and his coworkers were the
first to attempt to use for purposes of microscopy neutrons
which are faster than UCN.29 It is obvious that in this case
total-reflection mirrors cannot be used. For this reason, the
normal-incidence mirror optics had a multilayer reflecting
interference coating. Although a quite modest resolution
(230 //m) was obtained, the experiment marks the transi-
tion to a very promising, from the practical viewpoint, ener-
gy range.2)

In 1988 A. Steyerl's group reported that they achieved
in their microscope a resolution of the order of 10/zm with a
magnification of X79. In addition, a mode with an even
higher magnification, right up to X 280, was tested.32 I want
to mention the fact that the paper containing these results
was included in a collection which the coworkers and friends
of IPya Mikhailovich dedicated to his 80th birthday. This
collection also contains a review of neutron microscopy.24

Now I shall discuss in somewhat greater detail the latest
work performed by our group in this field. Thus far, in all
experiments on the practical optics of very slow neutrons,
schemes with a vertical optical axis were employed, and this
tendency, undoubtedly, originated with I. M.'s ideas which
we discussed above. However it recently became clear that
the problem of gravity-induced chromatism is somewhat
easier to solve in schemes with horizontal ray paths. In this
arrangement of the device there is only one form of chromat-
ic distortions—displacement of the image as a whole as the
velocity of the neutron changes.33 One method for compen-
sating such chromatism is proposed in Ref. 34.

The setup that stabilizes the position of the image here
is a turning system, consisting of two mirrors positioned at
right angles to one another. If a turning system were not
present, gravity would have the effect that for every pair of
rays making with the axis an angle of the same magnitude
and different sign the upper ray would correspond to the
smaller wave number. Phase equality in the image plane is
ensured in this case by the large length of the top ray; this is
connected with the bending of the rays in the gravitational
field. In this case both rays have the same phase, but they are
not isochronous, and it is to this that the chromatism of the
pattern corresponds.

The turning system interchanges the top and bottom
rays, and in the process the phases at the point correspond-
ing to the standard optical image are equalized. The optimal
position of this system corresponds to isochronous trajector-
ies. As one can see, the situation is entirely similar to a two-
loop layout of a neutron interferometer. This situation is
illustrated in Fig. 2.

A microscope based on this idea has been developed,35

and it has recently been tested. The objective in this micro-
scope is a Schwarzschild objective from a standard optical
microscope. The microscope has an optical magnification
M = X47. The microscope is equipped with a new coordi-
nate-sensitive UCN detector with electronic data acquisi-
tion,36 which makes it possible to perform continuous expo-
sure over a period of several days.

The new detector was used to record images of two slits

FIG. 2. The optical layout of a horizontal microscope with a turning
system (b) as compared with a two-loop interferometer (a).

of width 40 and 13.5jum.37 Analysis of the form of the image
gave an estimate of the resolution of the microscope (and of
the measuring system), which was equal to 17 /zm. An image
of a periodic test object, consisting of 33-/zm-wide transpar-
ent and reflecting stripes, was also recorded. The contrast of
the image is satisfactory.

This then is the current state of affairs in this field. It
appears that we shall soon witness the first experimental
work on the use of a neutron microscope for the investiga-
tion of matter.

Of course, the questions discussed above by no means
exhaust the modern optics of long-wavelength neutrons. The
relation between neutron optics and the quantum mechanics
of a slow particle is obvious (see, for example, Ref. 38).
Optical methods also provide new possibilities for investi-
gating the fundamental interactions of a neutron. This, in
particular, has been clearly demonstrated in experiments
concerned with the investigation of the electric neutrality of
the neutron.39'40

I shall discuss these questions in greater detail. The
question of the linearity of the Schroedinger equation for a
free particle is undoubtedly of fundamental significance. In
all models of nonlinear quantum mechanics the degree of
nonlinearity is characterized by some fundamental quantity
b having the dimension of energy. In the popular model of
logarithmic nonlinearity41 the Schroedinger equation con-
tains the term

f=-Mn|vl2. (14)

The spreading of the wave packet in space is bounded by the
quantity

L = n/(2mb)in. (15)

The last relation is apparently quite universal and does
not depend strongly on the model, since it relates the linear
and energy constants of any quantum-mechanical problem.
The best experimental limit /><3.3-10~1 5eV has now been
obtained in an optical experiment on the observation of Fres-
nel diffraction of neutrons with wavelength 20 A by the edge
of a screen.42

Note that in an optical device an image is formed by
means of constructive interference. Thus it is also closely
related with the principle of superposition, i.e., with the
question of the linearity of the theory.19'31 This fact is direct-
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ly employed in optics for determining the limiting resolution
of an optical device. The standard diffraction relation, for
example, for the resolution of a microscope, is

B^. (16)

where 8 is the limiting resolution determined by the size of
the diffraction spot, A is the numerical aperture A = sin 6,
and 6 is the aperture angle. The meaning of this limit is asso-
ciated with the fact that the maximum size of a coherent
wavefront at the first lens (mirror) is

Z.coh = 2/tan ( (17)

In a linear theory, which the standard optics is, Lcoh is
simply identical with the diameter of the corresponding opti-
cal element (here/is the focal length). If the optical device is
imperfect and has aberrations, then the corresponding size
of the region of coherence, called the Fresnel zone and deter-
mined separately in each specific case, plays the role of the
diameter of the lens.

It is obvious that the inverse problem can be formulat-
ed. Once the resolution of the device has been determined
experimentally, the coherence length of the wave in the first
optical element can be determined. Although the problem
does not arise in standard optics, for a neutron-optic device
this question can be important. Using the data for Steyerl's
microscope,32 having a resolution oflO/um, and substituting
the corresponding quantities into the expressions (3) and
(24), we find that the coherence length19 is equal to
Lcoh ^0.2 cm.

This means that there are no fundamental limitations
on the coherence length of a neutron wave at the level indi-
cated. If an attempt is made to relate this quantity with an
energy constant, then from the expression (22) we obtain
the estimate &< 10 ~ n eV.

The question of image formation in the nonlinear theo-
ry thus requires a more complete analysis. Analogous calcu-
lations for the analysis of a diffraction experiment42 were
recently performed in Ref. 43.

Significant new possibilities for studying the wave prop-
erties of the neutron would open up with the construction of
a neutron interferometer for long-wavelength neutrons. The
first such suggestion was discussed back in 1979.44 Some
questions regarding the theory of an interferometer with
UCN in the earth's gravitational field were studied in Ref.
22. Today interferometers based on diffraction gratings
probably offer the most realistic prospects.45^7'38 Such an
interferometer could be used for a quite extensive program of
research. In particular, with its help it would be possible, as
suggested by Sears,13 to perform an experiment of the Fi-
zeau type,48 in which the dependence of the optical potential
on the wave number would be manifested. Progress in the
study of the linearity of quantum mechanics and much else
could be made.

The low energy of UCN presents a number of unique
possibilities for investigating a quite wide class of quantum
gravity-induced effects. Among the theoretically predicted
phenomena I should mention the quantization of the energy
of UCN in a gravitational field49'50 and the observation of
wave interference of the structure near the gravitational
caustic of a point source of UCN.51 It should also be noted
that the gravitational phase shift observed for thermal neu-

trons can be measured with the help of a UCN interferome-
ter.52'53 It is possible that by transferring to very slow neu-
trons can be used to establish, with high reliability, for the
neutron the equivalence of the inertial and gravtiational
masses.

In connection with the latter problem it is pertinent to
discuss another possibility, existing in the optics of very slow
neutrons. This is the possibility of investigating the interac-
tion of a neutron with matter and weak fields by observing
the precession of a neutron in a magnetic field.54

The Larmor precession of the neutron spin can be inter-
preted in terms of the interference of the two spin compo-
nents of the neutron wave function. The angle of precession
is identified with the phase difference between the compo-
nents:

1/2 1/2 T

•*¥) -(-¥)
(18)

where n + and « _ are the indices of refraction of each of the
spin components in the magnetic field.

If in the region of propagation of the wave there exists,
in addition to the magnetic field, a potential V of some na-
ture, then the character of the refraction of the two compo-
nents of the wave will be determined by the combined effect
of both fields and the angle of precession will be expressed as
follows:

i) = k
1/2 1/2

H (19)

Thus if the processing neutron traverses a path d in a
region where the potential K operates, then the action of this
potential results in the appearance of an additional angle of
precession. For(j,B/E<£ 1 and V/E< 1 this additional angle
is determined by the relation

B ,V (20)

Recalling that the index of refraction of a neutron in a
potential is determined in the same approximation by the
expression «=; 1 — ( V/IE), we write Eq. (27) in the form

?-« L £( l -n) , (21)

where v is the velocity of the neutron and a>L = 2fj,B /h is the
Larmor precession frequency. The expression (21) was de-
rived in Ref. 55 for the case of the refraction of long-wave-
length neutrons in ordinary matter. In this case the addi-
tional precession can be termed optical rotation of spin.

We note the angle of the additional spin rotation is pro-
portional to the quantity l/v3 and is small for thermal neu-
trons, but in the case of long-wavelength neutrons it can be
significant even for small thicknesses d.

In order to prepare a state with a precessing spin, the
spin must be turned by an angle IT/I even before the neutron
enters the range of the potential V. It is for this reason that
we speak about not one neutron wave, but rather two neu-
tron waves corresponding to the two spin components. Thus
the procedure of rotation by the angle tr/2 is similar to the
coherent separation of the wave into two spatial components
in the standard interferometer. After the region of the poten-
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tial, which by virtue of the dispersion acts on the two compo-
nents differently, has been traversed and after a reverse ir/2
rotation, playing a role similar to that of a combiner in stan-
dard optics, the polarization of the beam is analyzed. The
relation between the intensity and the angle of rotation is
described by the same cosine law as in the standard interfer-
ometer. For this reason, in Ref. 54 the additional spin preces-
sion in a potential of any nature was regarded as the basis of
the experimental method of neutron spin interferometer
(NSI). The effect in which we are interested—the additional
spin rotation—can be separated against the background of a
large angle of Larmor precession with the help of a differ-
ence method, similar to the neutron-spin-echo technique.56

The quantity d(n — 1) appearing in the expression
(21) is the difference between the geometric and optical
thicknesses of the refracting specimen (or the range of the
potential). For this reason, neutron spin interferometry can
serve as a foundation for the development of an observation
method analogous to the phase-contrast method in standard
optics. It could also be applicable in neutron micro-
scopy. 19-24'57

The method of NSI makes it possible, for example, to
perform an experiment on the observation of the gravitation-
al phase shift and the phase shift in a noninertial coordinate
system.58

The magnitude of the gravitational phase shift in the
same approximations as the formula (28) is determined by
the expression

that such an objective be used in a neutron microscope for UCN.
3> See also the lecture by A. Steyerl in Proceedings of the 6th School on

Neutron Physics (in press).

2ir>'
(22)

while the phase shift in a device moving with acceleration a is
given by the expression

Vta-"^' (23)

where mg and mm are the gravitational and inertial masses
of the neutron. It has not been excluded that the NSI meth-
ods can also be used to perform a Fizeau experiment.

There is one other feature in the physics of long-wave-
length neutrons. This feature is associated with the small-
ness of the characteristic quantum time for UCN

= »/£«5-10~9c. (24)

This suggests that it could be possible to observe non-
stationary quantum processes. This possibility was dis-
cussed theoretically in Refs. 59-62. One effect of this type is
studied in Ref. 63.

In conclusion I wish to emphasize once again that many
of the ideas put forth by I. M. Frank in his first works on the
optics of ultra-cold-neutrons have turned out to be very
fruitful and are still important today.

On the other hand, as often happens, in reality this field
of science has turned out to be much richer than could have
been imagined in that distant past and Il'ya Mikhaflovich
was sincerely pleased with this development.
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