
In principle, a nanometer light source can 
be as small as a single molecule or atom. A t  
the same time, its position and scanning 
have to be defined in space as well as those 
of an STM tip (a randomly flying atom 
does not qualify). Existing designs for opti- 
cal supertips (5) are based on the same 
principle as the green plant photosynthetic 
system. A submicrometer antenna collects 
the photons by absorption and transfers the 
excitation energy to a single active center. 
From there, the energy is either (i) radiated 
as a photon or (ii) transferred to the sample 
in an energy transfer process (Foerster-Dex- 
ter) (5). In either case, the result is gener- 
ally affected by the nearby sample mole- 
cule: (i) the radiated excitation may be af- 
fected, for instance, by intermolecular spin- 
orbit coupling (Kasha effect) (5, 18); (ii) 
the energv transfer results in a fluorescence 

u ,  

or phosphorescence typical of the sample 
molecule. In the latter case. onlv virtual , , 
photons are produced by the supertip; this 
gives an excitation transfer tip ("exciton 
tip"), and only sample luminescence is de- 
tected. The world's largest ordered mol- 
ecules, "dendrimers" (19), have been used 
or synthesized for this purpos5 Such a 
single molecule exhibits a 122 A antenna 
with an active center of 10 A or less. So 
far, only tips with aggregates of sample mol- 
ecules have been used [Tan et al. (1 )]. 

Manv technical ~roblems still have to 
be solved, from understanding the contrast 
mechanism to the control of ohotobleach- 
ing (a  standard problem in fluorescence mi- 
croscopy). However, the future looks bright. 
Reversible bleaching (5) could be the basis 
for the highest density optical memories 
(with the "bit" occupying only a single 
molecule). More realistic in the nea; term 
would be pixels on the order of 100 A.  The 
necessary high scanning speeds are pres- 
ently limited by the probe intensity, but we 
expect much higher photon outputs to be- 
come possible. Indeed, subwavelength probes 
have already been turned into high-flux la- 
sers, as just reported by Betzig et al. (1). 
Analvtical chemistrv is being driven to the 
extreme of imaging single >ye molecules 
and reaching absolute ion detection limits 
of zeptomoles or less. Complex polymeric 
samples may finally be characterized on the 
molecular level by nanospectroscopy. May- 
be most importantly, biosamples, including 
living cells, could be imaged down to the 
molecular level and analyzed spectroscopi- 
callv or bv chemical sensors. The intracel- 
lular molecular dynamics of organogenesis, 
metabolism, splitting, and chemical dam- 
age could be followed in vivo and in real 
time. A t  the same time. DNA could be se- 
quenced in situ (18) or even manipulated 
by the right probe at the right location. Al- 
though much of this might sound like sci- 
ence fiction, some of the above-mentioned 
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Neutron Interferometry 
Helmut Rauch 

A s  quantum objects with both wave and 
particle properties, neutrons can exhibit fa- 
miliar optical effects such as diffraction and 
interference. In the two decades since the 
first perfect-crystal neutron interferometer 
was tested by an  Austrian-German group at 
our 250-kw TRIGA (Training Reactor, Iso- 
topes General Atomic) reactor in Vienna 
( I ) ,  neutron interferometry has become a 
laboratory for fundamental tests of quan- 
tum mechanics. Neutrons are fermions of 
well-defined mass and are-'subject to strong 
electromagnetic and gravitational interac- 
tions, all of which cause measurable inter- 
ference effects. When placed in a magnetic 
field, neutrons occupy two energy levels be- 
tween which transitions can be induced by 
proper oscillating magnetic resonance 
fields; the existence of these energy levels 
increases the variety of quantum mechani- 
cal tests that can be performed. 

T o  perform interferometry, separate but 
phase-coherent neutron beams are needed. 
Such beams can be produced by dynamical 
Laue-reflection of thermal neutrons in an 
appropriately shaped perfect silicon crystal. 
This is analogous to the Mach-Zehnder 

type of interferometer used in light optics 
and to the Bonse-Hart interferometers (2) 
developed for x-rays; electron interferom- 
etry (3) and the recently developed atom 
interferometery ( 4 , 5 )  use somewhat similar 
schemes. According to the complemen- 
tarity principle of quantum mechanics, the 
neutron behaves purely as a wave inside the 
interferometer. 

Symmetry dictates that the wavefunc- 
tions originating from beam paths I and I1 
and composing the forward beam (0) be- 
hind the interferometer are equal in ampli- 
tude and phase because they are trans- 
mitted-reflected-reflected (TRR) and reflec- 
ted-reflected-transmitted (RRT), respective- 
ly. Therefore, complete beam modulation is 
expected as a function of the phase shift 
between the beams: 

Different kinds of interactions can cause 
phase shifts between the coherent beams, 
which can be calculated as the path inte- 
gral of the canonical momentum kc along 
the interferometer loop, x = $k,ds. 

Neutron interference experiments be- 
long to the domain of self-interference 
where, in nearly all cases, only one neutron 

The author IS at the Atominstitut der Osterreichischen 
Universit~ten, Schirttelstrasse 11 5, A-1 020 ~ i e n ,  is inside the interferometer, while the next 
t ra. one has yet to be born and is still contained 
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in the fuel of the nuclear reactor. Although shift is driven by the magnetic potential pears (19). This arises from a superposition 
of two macroscopically distinguishable 
states (in essence, stationary Schrodinger 
cat-like states), separated in ordinary space 
but oscillatory in momentum space and ap- 
parently extremely fragile and sensitive to 
any kind of dephasing effects. Such experi- 

- 
there is no  interaction between different 
neutrons, thev have a certain common his- 
tory within &e limits defined by, among 
other things, the neutron moderation pro- 
cess, their movement along neutron guide 
tubes, the monochromator crystal, and the 
particular interferometer setup. Any real 
interference pattern therefore contains 
single particle as well as ensemble proper- 
ties and, hence, deviates slightly from the 
ideal interference oattern. 

In a superconducting tunnel junction, 
by contrast, the phase shift is driven by the 
electric potential 

ments are closely connected to the recent 
progress in quantum measurement theory 
(20). These states exhibit, for certain pa- 
rameters, squeezing phenomena which can 
be further enhanced by multiplate systems. 

Exueriments in neutron interferometrv 

The observed ueriod of the beam modu- 
lation and the energy sensitivity are con- 
nected by the quantum mechanical uncer- 
tainty relation. The whole theoretical 
treatment is closely connected to the Berry 
phase formalism (13) and to the scalar 
Aharonov-Bohm effect (14), which has 
been observed in neutron interference ex- 
periments recently (15). In all these cases, 
the canonical momentum-not the kinetic 

Soon after the successful operation of 
oerfect-crvstal interferometers. researchers have shown not only that expectation val- 

ues are measurable quantities but that sev- 
eral properties of single-particle wavefunc- 
tions can be measured too. A detailed an- 
alysis also shows that the entire history of 

;ere abl; to verify the 4n-symmetry of 
soinor wavefunctions, a feat achieved inde- 
pkndently in Europe and the United States 
(6,  7). When a neutron travels through a 
magnetic field, its wavefunction is modified 
by the coupling between the field and the 
neutron's magnetic moment. This wave- 
function has a period of 4.n (and not 2n), 
which shows up in the interference pattern, 
in excellent agreement with the experi- 
mental observation. The 4n periodicity ef- 
fect has been observed for unpolarized and 
polarized neutrons as well, which demon- 
strates the self-interference properties of 
this kind of experiment-the intrinsic fea- 
ture of this phemenon-and that single- 
particle properties and not only ensemble 
ones are described by the wave function (8). 

In an extension of this kind of investiea- 

one (hk = mu)-changes, and therefore, no  
classical force acts on the particle. 

The coupling of the neutron to the 
gravitational field has also attracted inter- 
est as it offers a way of testing some of the 
connections between gravity and quantum 
fields. The effect of the Earth's gravitation- 
al field manifests itself when the interfer- 

each particle is stored in its wavefunction 
and becomes measurable if exoeiiments with 
sufficiently high resolution are feasible. 
Neutron interferometrv has contributed 
substantially to the understanding of the 
wave-particle duality of various topological 
phenomena and has pushed the sensitivity 
of such experiments to the quantum limit. 
The experimental tests have shown that 
quantum theory is still a lively theory, and 

ometer crystal is rotated around a horizon- 
tal axis in such a wav that one beam oath 
experiences a higher gravitational potektial 
than the other (16). The induced ohase 

one may better appreciate the pioneering 
work of the founders who created it with so . . 

shift therefore contains terms of both gravi- 
tational and quantum mechanical origin. 
Neutron interferometry also permitted the 
observation of the Sagnac effect, which is 
the ohase shift between two oaths oriented 

little experimental evidence. Although this 
work provides much more direct evidence, 
even on macroscopic scales, the interpreta- 
tion of quantum mechanics in many cases 
still goes beyond human intuition. 

- 
tion, the quantum mechanical law of spin- 
suueruosition has been verified on a macro- 

A A 

scopic scale by means of a polarized beam 
of incident neutrons s ~ l i t  coherentlv into 

in opposite directions about the Earth's ro- 
tation axis (1 7). In this case, the interfer- References and Notes 
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