


1 Introduction

The problem of non-stationary quantum effects in neutron optics has
lately been the subject of extensive 'discussions’in the literature. Moshin-
sky was, apparently, one of the first persons to approach this problem
in 1952 [1] He considered the evolution of a neutron wave upon instan-
taneous extraction of a perfect absorber from ‘a beam of monochromatlc
neutrons. Ya.B. Zel’dovich analyzed the general problem of peI‘lOdlC pro-
cesses in 1966 and introduced the concept of quasi-energy [2] . The
more this issue is dealt with, the more it becomes evident that precisely
that publication points to the most effective strategy of experimental
1nvest1gat1on of non-stationary processes in neutron optics.[3].

In 1976 A.S.Gerasimov and M.V. Kazarnovsky [4] analyzed a series
of non-statlonary quantum phenomena, which, in prlnCIple can be ob-
served in experiments with ultracold neutrons (UCN). Among the prob—
lems considered was the problem of UCN'reflection from a weakly os-
cillating potential.  The present article is.directly related:to:this work.
Below, we present a simple solution of the problem indicated and discuss
a qulte realistic experlment for observing a novel quantum phenomenon
Our aim was not to present, here, a detailed review of available theoreti-
cal results, especially that, to a certain extent, this has been done in [5].
Nevertheless, we shall draw attention to an' experiment [6], performed:
not long ago, in which quantum effects occurring, when neutrons are

reflected from a vibrating surface, were observed. This problem was also

dealt with in [4]. Fxg 1 illustrates the difference in formulation between
the problems of neutron scattering from a vibrating surface and from an
osc1llatmg potentlal

2 Exert1on of a per1od1c 1nﬁuence on'a: neutron
~wave’ ' ' S

In [2] a new physical characteristic, quasi-energy, is shown to arise and
permit quite a clear formulation, when the Hamiltonian exhibits an ex-
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Fvigu.re 1: Reflection from a vibrafing mirror and a mirror with an oscillating potential

plicit periodic time dependenoe. ; ) A
‘By definition quasi-energy is ambiguous. It may be supplemented
w1th any mteger multiple of the quantity

‘ _27r'h
AE== (1)

where T is the period.” A concrete case of such a phenomenon ha.s been
considered in [3],[7]. The problem considered therein is related to the
perlodlc mﬂuence of a perfect chopper Wthh after a time of T'/2 instan-
taneously. cuts off and then opens, an initially monochromatic neutron
beam. On the basis of the Moshinsky solution [1] and the principle of
superposition, the followmg wave functlon is found in [3] for a peI‘IOdIC

'chopp er:’
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Thus, the state in the semi-space to the right represents a non-
stationary superposition of waves, each of which has an energy hwy and
a corresponding wave number k,. These equidistant satellites are re-
lated correspond, together with the non-shifted line w, to a sole particle
quasi-energy. It is to be noted that the amplitudes of the satellites are
Fourier coefficients of a rectangular function cha.racterlzlng the influence
of the chopper.
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The relationship with the Fourier transform becomes even more evi-
dent, when the problem is being solved of the diffraction of monochro-
matic neutrons on a moving grating [8],[5]. Solution of the problem
of neutrorn diffraction in a moving reference system connected with the -
grating reduces to Fourier transformation of the.coordinate part of the
wave function. The wave function in the laboratory reference system is
found by subsequent application of the Galilean transformation. In the
limit, when the grating has a high velocity V and-its period:is 2a, the
value of T = 2a/V remaining constant, one readily arrives at the formula
(2),(3), given above. In the same way was a solutlon found, also, for.the
phase grating. o SRS

It has been shown in [9],[5] that a solutlon can be found Wlthout
invoking the precise solution of the Schrodinger equation with the cor-
responding time-dependent potential, in the case of a monochromatic

- neutron beam under periodic influence. Consider the action:-of some

device located at the origin of the reference system being a periodic
variation of the amplitude or phase of the initial plane wave. Then, at
small distances from this device the wave function will ha.ve the form:

Pa,t) 2 f(R)eit, <z ol 4)

where f(t); generally, is a'complex function of period T, and ¥ is the
neutron velocity. Representlng f(t) in the form of a Fourier expansion
over the frequencies nf),

fHy= 3 Coe™, Q=27 B
we obta.ln for z > 0:
(:I: t) — E C, e:(kz—wt)ez(k,. E)zo—inQit 2 Ch ez(k,.z—u,.t) o (6)
where .
‘ wn = w+nfd, =k(l+ny)Y?, 1=Qu<l.. ~ (7)
We shall:term the function. f(¢):the modulation function. It is readily
seen: that in-the-case of an absorbing.chopper a.nd a rectangular modu-

-lation function we arrive at expression: (2):



3 Neutron reflection from an oscillating potential

The above arguments make it easy to obtain a solution of the problem for
neutrons reflected from an oscillating potential barrier. In the stationary
case; the amplitude r of the wave reflected from a potential U is given
" by the usual solution of the stationary Schrédinger equation. In the
case of a time-dependent potential the amplitude r(¢) is also readily
found by formal substitution of the quantity U(t) into the corresponding
expression for the amplitude. The state characterizing the reﬂected wave
is asuperposition of coherent waves, the amplitudes of wh1ch are the
Fourier coefficients of the function- r(t) R
Now consider the most simple, although important from a practlcal
p01nt of view, example of the reflection of neutrons from a mirror char-

acterized by a varlable potentlal Its' constant part is Just the optical

potentlal
. zﬂ-fﬂ : L . .
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where N is the nuclear density, b is the coherent scattering length and m
is the neutron mass. It is natural to assume the time-dependent part of
the potential u(t) to be determined by the interaction related to the spin
orientation. In the simplest case this is just the magnetic interaction. [4]:

wW=h@EBL, O

where 7 is the neutron gyromagnetic ratio, & is the spin operator, ﬁ
is the magnetic induction of the material of ‘which the mirror is made.
The time dependence may be either related to rapid changes of .spin
orientation or, in the case of a ferro-magnetic mirror, to remagnetization
of the material of the mirror. We have:
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where E is the neutron energy. ‘Hence; the wave function:of the state
corresponding to reflected waves is

(1‘ t) = E C et(k z—w,,,) }. N (11)
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“Hitherto'we implicitly assumed the neutrons to be n01mallv incident -
upon the medium. In this case, noticeable ncutron reflection occurs, if
the neutron’ energy E is at least not too higli, as compared with the
optlcal potential, i.e. in the case of UCN. The above calculations and
argumcnts are, naturally, also valid in the case of thermal or cold neu-
trons exhibiting grazing incidence on the mirror. In’ thls case the normal
component k L and the quantity ' '

must be substituted for the wave number k and the energy E, respec-

tively, in all the above expressions. Thus, in accordance with (6),(7) the
reflection results in a set of reflected waves with differing normal wave

numbel components Lo P o
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e where J» I corresponds to the wave.number of the- 1nc1dent wave.

Invariance with respect to translation along the surface of the mirror
obviously results in the >long1tud1nal component of the wave vector not,
changing, when reflection occurs. Consequently, reflected waves corre-
sponding to various satellites will exhibit different reflection angles and
energics. The picture that arises can be illustrated by Fig.2. -

A F‘ignre 2 Quant.nrn rcﬂectioll .

It seems extremely similar to diffraction on a plane grating. This
similarity, however, is purely-superficial. Ordinary spatial diffraction is



determined by inutual Fourier transformations of coordinates and wave
numbers, which is reflected in the terminology, where the concepts of
quasi-momentum and inverse lattice vector are usual. Correspondingly,
the difference between the wave vectors of any adJacent diffractive ar-
rangements represents the inverse lattlce vector. In the case c0n51dered
the ad301ned variables of the Fourier transformatlon are time and fre—
quency (and consequently, energy, also). All'the components of the
wave pattern of a state resulting from reﬂectlon pertain.to a sole quasi-
energy The energy of adjacent satellites differs by the quantity <2, while
the difference between their wave numbers is essentially dependent upon
the order n. We shall term this phenomenon ”quantum reflection”.

4 The poss1b111ty of exper1mental observat1on

The concrete form of the dependence u(t) and, consequently, of r(t) 1s
determined by the experimental conditions. For definiteness and for sim-
plifying the calculations we shall deal with the case of a ferromagnetic
mirror magnetized up to saturation and assume the orientation of mag--

netization to change after a time T'/2 and the remagnetization time to be

significantly shorter; than 7. Then the quantity r(t) is constant durmg
a seml-perlod and is determlned by the express1on '

,/ ,/E,, U.,,,t T uB R
T:t t = (14)
where p is the magnetlc moment of the neutron. In this case, the calcula-

tion of the Fourier coefficients in (12) becomes trivial, and the intensities
of the respective partial waves are given by the relations:

Ir+ —T—l2 (15)
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The intensities of reﬂected waves of the zero h- (specular reflection)
and first orders are plotted in Fig.3 versus the normal component of the
incident neutron velocity. The latter is represented in arbitrary units

vy /vy, where :
U= VZUDpt/m. .
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’ A typical value of U,,=150neViis assumed- for the 0ptical=potential.’i o
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Figure 3:-The intensities of reéflécted ‘wavés

As one can see from (15), the intensities of waves of higher orders just
decrease as the squares of odd numbers ) they are not presented in the,
plot. We note that the region, where the intensity of first-order waves
rises, corresponds to neutron energies lower than the potentlal barrier.
In this case, total external reflection occurs, |ry[? =r_[2 =1, “and the
quantum eﬁ'ects are only related to phase modulatlon of the reﬂected-

' wave

" As it was “to be expected the 1nten51ty of satelhtes depends on the
magnetlc mductlon l.e. on the depth of modulatlon The 1nten51ty of the;
closest satellites amounts to ten- twenty percent in the case of a relatlvely
low (2- 3Kgauss) magnetlc 1nductlon of the medlum so observatlon of the
phenomenon will present no dlfﬁculty, if the usual technlque of neutronf
reflectometry is applied. Of course, it 1s then necessary to provide the



conditions for separation in space of the specular component (zeroth
order) from the satellites. The angular dlStI’lbuthIl of reflected waves is
given by the relation :

| 2mQ'1/2 | .
aztga_k"[u Ge) . mek a9

" In neutron reflectometry the results are conventionally presented-.in'\
the form of the dependence of the reflected wave intensity on the mo-’"
mentum transfer @) ~ 2k, . Consequently, for estimating to what extent -

the experiment is realistic, one can take advantage of the resolution ex-
pressed in terms of @), instead of the angular resolution. Then,

hQ 2%

g kL”Ea B o= _orp, (1)
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n/heref, is the frequen,cy. Since the maximum effect occurs in the
~ vicinity of Ej ~ Uop =~ 150neV, the following resolution is required at a
remagnetization (or polarization reversal) frequency 5MHz, as one can -

see from (17):
6Q/Q ~0.07,

~which is quite within the range of resolutlons ethblted by ordma.ry re-

ﬂectorrneters
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5. ;Discﬂssion '

Ekperimental observation of a new quantlil’m effect' such as, for ins‘taneei

the quantum reflection of neutrons considered above, is evidently of great
interest in its own vrrtue One may, however try to foresee the, poss1ble

a.pphcatlons of the said effect Flrst of all, we note that quantum reﬂec-v
tlon resilts i in coherent separatron of the beams. In essence, thls glvesv

rise to the possrblhty of creatlng a neutron 1nterferometer ba.sed on anew
prmcrple The arrangement of this dev1ce may be qu1te 81m11ar to that

-of an interferometer based on diffraction gratings [10]. Such a proposal

has already been discussed in connection with the observed division of a
wave undergoing reflection from a vibrating surface [11]. We note that -
the authors of the latter reference claim that such interferometers, being
based on non-stationary quantum phenomena, may, in principle, provide
an experimental answer to the question, whether a neutron wave packet
is a superposition of states or only their non-coherent mixture. It has
been shown, previously, that conventional interferometers are essentlally
not capable of distinguishing between these two possibilities [12].
Quantum reflection may turn out to be useful for the development
of new techniques for magnetic. studies in neutron reflectometry. . We
note that in such studies it has recently become traditional to measure
the spin dependence of the reflection curve, or of the so-called polar-
ization ratio. However, quite often the difference between the reflection
coefficients of two spin components is insignificant, so a comparatively
small effect has to be measured. Dealing only with satellites, the origin
of which is itself related to the difference between the reflection ampli-
tudes of spin components, may lead to an essentlal 1mprovement of the

srtuatlon
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®panx A.H., AMaugxososa [.B. E3-93-418
KBanToBOE OTpaXeHue HEHTPOHOB

Paccmorpena 3amaua oTpaxkeHns HEMTPOHOB OT BEMIECTBA C OCIIJLIHPYIO-
muM noteHnnaaoM. CocTosSHHE OTPAaXEHHOM BOJHHL NIPEACTaBser coboi cy-
TIEePHO3NLUI0 KOTEPEHTHHIX BOJIH € Pa3IMYaloMMMHCS HOPMAJIbHEIMH KOMIIO-
HEHTaMM BOJHOBHIX uMcesi M SHeprusMu. [Ipn oTpakeHuH TEIUIOBLIX U XOJION-
HHX HEATPOHOB 3TH BOJHH Pasfeysiorcs B npocrpaHcrBe. OOcyxpaercs
BO3MOXHOCTh SKCIIEPUMEHTA M0 HAOMIONECHMIO 3TOTO SBJIEHHS M BO3MOXHHE
TIPUMEHEHMS B HEHTPOHHOM pedhnexToMeTpnn 1 nHTEpdhEepoMeTpHH.

Pa6ora sunonxena B JJabopaTopnu HeiiTpoHHo# ¢pusukn M. .M. Opanka
OUAN.
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Frank A.L, Amandzholova D.B. E3-93-418
Neutron Quantum Reflection

The problem of neutron reflection from a medium with an oscillating
potential is considered. The reflected wave state represents a superposition of
coherent waves of various normal wave number components and energies. When
thermal and cold neutrons are reflected, these waves are separated in space.
Possible experimental observation of this phenomenon and, also, possible
applications in reflectometry and interferometry are discussed.

The investigation has been performed at the Frank Laboratory of Neutron
Physics, JINR.
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