LONG WAVELENGTH NEUTRON INTERFEROMETRY

Anton Zeilinger
Atominstitut der Osterreichischen Universitdten
Schiittelstrage 115, A-1020 Wien
Austria
and
Department of Physics
Massachusetts Institute of Technology

Cambridge, MA 02139

U.S.A.

Neutrons in the wavelength range around 20 ® nave
been used for various optical and interferometric ex-
periments. Some of these experiments concerned preci-
sion measurements of the diffraction of neutrons at an
abscrbing edge and at single and double slit assem-
blies. The results are in perfect agreement with stan-
dard linear wave mechanics and place stringent limits
on alternative nonlinear variants of the theory.
Another experiment concerned the neutron Fizeau effect
wvhich demonstrates the relativistic transformation
laws for Schrddinger wave functions. Future experi-
ments with 80 - 100 & wavelength neutrons will lead
to an improvement over the precision of existing
experiments. Also, neutron analogs to the Aharonov-
Bohm effects and various time-dependent experiments
will become realizable with a very long wavelength
neutron interferometer using phase gratings as optical
elements. Such gratings are based on the earlier
successful tests of Fresnel lenses for very cold
neutrons.

The successful development of perfect crystal neutron interfero-
meters has led to various most elegant experiments /1,2/. The
use of interferometers of this type implies Bragg diffraction
and therefore is limited to neutrons in the thermal ‘energy range.
An extension to lower energies facilitateées the use of time-
switched devices and of large-area interferometers.

Concerning the terminology, we note, that cold neutrons are
usually understood as those of a few &ngstrom wavelength, while
ultracold neutrons are of energy low enough to be totally re-
Flected at all angles of incidence. It is therefore useful, to
denominate neutrons in between these two as very cold neutrons.
Thig would then describe neutrons with tempgratures between
10"‘K and 10K or wavelengths between ca. 10 § and 300 A /3/,
obviously with some overlap. It is interesting to note, that
presently only very little experimentation exists in that energy
range. Yet, the advantages of that energy range for neutron
optical and interfemmetric experiments are clear: the refractive
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index can already differ from unity enough to facilitate the
operation of more conventional optical elements, and lenses etc.
can still be penetrated by the neutrons. In the following I will
firstly hriefly review some of the experiments already performed
with 20 neutrons and I will discuss some future possibilities.

The experiments performed hitherto utilized a beam from the cold
source of the ILL High Flux Reactor monochromatized by quartz
prism refraction /4/. With a wavelength of 20 A detailed
diffraction patterns at macroscopic objects may already be ob-
served. For example, diffraction at a double slit assembly of
100 um separation between the slits results in a 100 mm spatial
separation between the peaks after a flight path of S m length.
Interestingly, at that distance the width of the first Fresnel
zone happens to be of the same magnitude.

Besides its demonstrational value, the study of diffraction at
simple cbjects also serves as a tool for precision tests of
standard quantum mechanics. For example, it has been conjectured
by various authors, that the linear Schrddinger equation could
be the limit of a higher nonlinear one /5/. In view of the
epistemological relevance of the linearity, experimental tests
are most useful despite the fact, that any possible nonlinear
deviation has to be exceedingly small.

The most basic consequence of the linearity of quantum mechanics
is the unrestricted validity of the superposition principle /6/.
The most direct experimental test of linear quantum superposit-
ion is provided by the double-slit diffraction experiment /7/
(Figure 1). In particular, the experiment tests against any un-
known non-unitary evolution of the two spatially separated
states representing the two partial beams. Such a non-unitary
evolution would result in a reduction of interference contrast
as a function of evolution time. Parametrizing this reduction by
an exponential law exp(-t/7) the excellent agreement between

DOUBLE SLIT DIFFRACTION OF NEUTRONS

Figure 1: Diffraction of neutrons

with a wavelength of 18.5 at a
22-104-23 um absorbing double slit
assembly. Experimental points shown
with the prediction from standard
linear quantum mechanics. The abscissa
runs from O to 100 um and the ordinate
- axis from O to 5000 counts.
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linear quantum mechanical prediction and experiment (Fig.1)
results in a lower 1limit of ¢ = 8sec. Future experiments with
very cold neutrons will improve this limit by at least one
order of magnitude. p

Using the same experimental arrangement, diffraction at single
slit assemblies was also studied. Figure 2 shows a typical

SINGLE SLIT DIFFRACTION OF NEUTRONS

CounTs

e e .
96 nY SLIT WIDTH ny)

Figure 2: Diffraction pattern of very cold neutrons at a 96 um
wide absorbing slit. The abscissa is the scanning slit position
and it runs from -500 to +500 um, the ordinate runs from O to

500 counts. The data collecting time was 192 minutes per point.

experimental result. In order to demonstrate in detail the
agreement with theory (solid line), only the wings of the
diffraction pattern amplirfied by a factor of ten are shown.
The solid line was fitted to the central maximum.

A specific class of possible experiments results, whenever an
alternative nonlinear theory is developed far enough to result
in detailed experimental predictions. This holds rfor example
For the nonlinear Schrddinger equation proposed by Bialynicki-
Birula and Mycielski who added a term b.lnlyﬁ to the linear
schrddinger equation /5/. Study of the Fresnel diffraction gt
an absorbing edge /8/ did provide an upper limit b=3.3x10-1 ev.
Due to the 1/E aependence or the erffect, future experiments with
1008 neutrons should result in an improvement of about two
orders of magnitude.

The low speed of very cold neutrons is of distina advantage for
experiments studying the effects of time-varying fields or of
moving matter. In the neutron Fizeau experiment, being of the
latter type, a phase shifter plate is moved in the interfero-
meter. It is found, that whenever the neutron optical potential
is wavelength independent, the Fizeau effect depends only on the
motion of the phase shifter surfaces /9/. This result is a con-
sequence of the relativistic transrformation properties of the
wavefunction. A most interesting consequence of these conside-
rations is, that the neutron inside a moving plate has a
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frequency differing by Aw = -(V/4)(v/v,_ ) from that in the
vacuum. Here, V is the neutron optical Potential and v is the
phase shifter's speed parallel to the neutron speed v_. The
resulting phase shift w,, = -kD(V/2E)(v/v_) for a phaBe shifter
with thickness D is proportional to 1/E and was first measured
with 20A neutrons /10/. The prediction of zero phase shift for
matter moving parallel to its boundaries, which has also found
experimental verification /11/, has recently been shown to be
an approximation /12/. Particularly, due to mutiple scattering
the neutron optical potential could still be slightly velocity
dependent even with a constant scattering length. The predicted
effect is largest in the very cold neutron region.

A related experimental situation arises, if some interaction is
switched on and off over a larger region of space, such that the
neutron does not experience any spatial potential boundaries,
i.e. no forces. For the electron, this is the case ror the
electric Aharonov-Bohm effect /13/ which, due to experimental
difficulties has not yet been verified. Specirfically, if the
potential is V, the Aharonov-Bohm phase shif't is Yaa= -g V(t)-dt
which is non-dispersive. Thus, no measurement performed on the
individual beams cou.ld reveal whica of the beams was subject to
the time-dependent potential.

e note two connections of tuis to the neutron case. Firstly,
that part of the Pizeau phase shift which is due to the
‘requency change is also dispersion free. Secondly, by using
properly switched time-dependent magnetic fields, a neutron
analog could be perforrmed /14/. In order to render not even the
torque on the neutron cetectable either unpolarized neutrons or
neutrons polarized in an eigenstate of the magnetic field should
be used. A possible experimental setup for very cold neutrons is
shown in Figure 3 where the time-dependent magnetic field is

Figure 3: A possible

l l B /S | neutron analog to the
-T—=::Z::::::EEEEé:::==7—‘ electric Aharonov-

Bohm efrect.

Ergronce Double Siit &

generatec by a time-dependent current through a current sheet
arranged between the beams of a double slit experiment. Such an
experiment is clearly reasible since ror very cold neutrons and
a current sheet of some 10 cm length, magnetic fields in the
range of a few GauB switched with Kilohertz frequencies suffice.
It will be interesting to demonstrate the property, that in such
an experiment the phase shift is nondispersive. This can be done
by contrasting it with a static experiment using the same rfield
strength and demonstrating, that for large enough fields the
interference contrast vanishes in the static case only.
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Interestingly, there exist also analogs to the static Aharonov-
Bohm case. One possible case arises in experiments searching for
unknown gauge-type interactions of the neutron. Specific
experiments were first proposed by Wu and Yang /15/ in order to
search for a possible long-range non-Abelian interaction tied

to the conservation of isospin. In analogy to the electron case
where an electron current is setup between the arms of an
electron interferometer, in the neutron case an isospin current
has to be set up inside the neutron interferometer (Figure 4).

(A Neutron

S Figure 4: Principle of a

neutron Aharonov-Bohm experi-
r’ ment searching for an unknown
gauge interaction of the

L o neutron (right) and an electron
Aharonov-Bohm setup (left).

This is most easily done by inserting a Uranium rod which has a
high net isospin into a neutron interferometer and spinning it
rapidly. An experimental search /16/ based on that proposal with
a perfect crystal interferometer gave a null result which implies
that any non-Abelian gauge }gteraction connected to isospin is
certainly smaller than 5x10 ° of the electromagnetic one for
ranges of millimeters and more. It ha2as been proposed by Shapiro
/17/ that this limit could be improved by using a very cold
neutron interferometer mzinly due to the larger area available
then between the beams.

It was pointed out above, that a significant feature of the
Aharonov-Bohm effects is the dispersion-free phase shift. We note
therefore that the neutron spin-orbit interaction is due to a
Hamiltonian.,ﬁ-(kxE) which is inversly proportional to the neut-
ron wavelength. This implies again a dispersion-free phase shift
for a neutron passing the electric field of a charged wire
arranged in the topology of Figure 4. It has been poited out by
Aharonov and Casher /18/ that this analogy to the Aharonov-Bohm
effect is not coincidental, since a lLagrangian can be constructed
which has both effects as its consequence. Due to the non-
dispersiveness of this erffect the advantage of very cold neutrons
does not stem from their speed but from the possibility of having
larger area interferometers permitting higher electric charge to
be arranged between the interferometer beams.

So far I have not discussed the possible technological develop-
ments for very cold neutrons. As an example I point out that a
most promising avenue ror very cold neutron interferometry is to
use sinusoidal phase gratings as the coherent beam splitters.
Such gratings would be based on the successrul tests ol Fresnel
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lenses for very cold neutrons /19/. Their usefulness for inter-
ferometry was demonstrated by the development of a Billet-type
split-lens interferometer /20/. Most recently, in a remarkable
achievement, Ioffe, Zabiyakin and Drabkin /21/ could construct
an interferometer for 3.15 % neutrons based on diffraction
gratings operating in the reflection mode.

I acknowledge useful discussions and a most exiting cooperation
with R.Gidhler (Munich), D.Greenberger (New York), M.A.Horne
(M.I.T.), 2A.G.Klein (Melbourne), G.I.Opat (Melbourne), H.Rauch
(Vvienna), C.G.Shull (M.I.T.) and W.Treimer (Berlin).
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