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Abgtract

Following ashort survey on the early developments
in particle diffraction, interferometry and holography, the
constructional details and advantages of our novel
miniaturized low voltage biprism interferometer are
presented. As a unique electron optical component in an
interferometer, a crossed field analyzer (Wien-filter) is
included in the beam path. Inside the crossed field analyzer
the wave packets propagate on laterally separated paths of
different electric potential and in turn with different group
velocities provoking arelative longitudinal shift along the
beam path of the self interfering two wave packets at the
exit plane of the crossed field analyzer. The value of this
shift can be chosen to any extent desired by varying of its
excitation. Varying this longitudinal shift correspondsto a
variation in longitudinal coherence of the ensemble of
electrons.

The new interferometer enabled us to realize the
following experiments: proof of the rotationally induced
phase shift of electron waves (Sagnac-effect), study of
phase shifts of electron waves by electromagnetic fields
and longitudinal shifts of wave packets by electrostatic
fields, coherence length measurements, and visibility
spectroscopy (Fourier-spectroscopy) of electron waves.
After reporting extensively on these experiments our new
studies in progress are discussed: Development of an ion
biprism interferometer with a high brightness field ion
source, antibunching of electron waves and a high
brightness polarized field el ectron source with presumably
very attractive propertiesfor electron microscopy, electron
interferometry and scanning tunneling microscopy.
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Introduction

Early developmentsin particlediffraction,
interferometry and holography

Diffraction and interferometry of particles, especial-
ly of electrons, have been firmly established for the past
seventy years. Asearly as 1925, Elsasser [34] realized that
insingle crystals, nature provided us with almost perfectly
aligned interferometers for matter waves. Experimental
difficulties caused atwo year delay between hissuggestion
and realization in the experiment in 1927 by Davisson and
Germer [26]. For their diffraction experiment with electrons,
periodically arranged nickel atoms of asingle crystal were
used. It wasthefirst experimental proof of thewave particle
duality hypothesis established theoretically in duc de
Broglie'sthesisin 1924 [27, 28, 29] and of Schrodinger’s,
Heisenberg’'sand Dirac’ srevolutionary theoriesgoverning
the microscopic world: Quantum mechanics. As early as
1930, Estermann and Stern [35] reported diffraction of neutral
helium atoms by lithium fluoride crystals and in 1940 the
first diffraction experiment of electrons by macroscopic
obstacles has been successfully realized by Boersch [8, 9,
10] in an electron microscope. Unknowingly, Boersch's
diffraction patterns, produced simply by defocusing his
microscope under conditions of relatively high coherence
of the illuminating beam, were the first in-line holograms
taken. Between 1948 and 1951, Dennis Gabor introduced in
three fundamental papers [41, 42, 43] his “microscopy by
diffracted wavefronts’ or “diffraction microscopy” in order
to overcome the limitations of the electron microscope
caused by geometric aberrations of the electron lensesin a
roundabout way. The projection method of diffraction
microscopy asoriginally proposed by Gabor proved to have
the mgjor disadvantage of requiring very long exposure
times of the order of 30 minutes of the holograms. [Note:
However, thishas changed compl etely when field emission
guns became available with their up to 10* times more
brightness.] Gabor’s scheme has been shown to be viable
both for resolution enhancement [72] and for the study of
magnetic fields [75]. Even today’s state of the art micro-
scopes are not stable enough to allow such long exposure
times. It has been replaced by the “transmission method”
of Haine and Dyson [46] in 1950, which consists simply of
taking a defocused image of the microscopic object. The
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experimental realization of thistype of electron holography
was in the hands of M.E Haine and T. Mulvey extremely
successful: intheir ownwords[47]. In our experiments, by
paying careful attention to mechanical stage design and
general instrument stability both mechanical and electrical,
we have so far been able to obtain aresolution of 5-6 A in
the diffraction image. And V.E. Cosdlett commented at the
same conference on Haineand Mulvey’sexperiments“Itis
claimed that aresolution of about 10 A has been obtained
already, the limitation at the moment being as much in the
reconstruction procedure as in the actual electron
microscopy” and “It is encouraging that this new method
has already reached the same level of resolution as straight
electron microscopy, but it appears that it is liable to be
limited in the end by much the samefactors: Theinstabilities
of the instrument, rather than the aberrations of the lenses.
But if these mechanical and electrical problems can be
solved, it holds out a clear prospect of circumventing
spherical aberration and so alowing aresolution of atomic
order to beachieved” [19]. It isworth mentioning here that
this remarkable success has been reached nearly ten years
before the invention of the laser. The holograms had to be
reconstructed using light from an arc lamp monochromeatized
by interferencefilters.

At the sametimework wasin progressin the United
States and Germany to build an electron interferometer in
closeanaogy to theinterferometersof light optics. To make
a long story short, the group around L. Marton tried to
realize abeam splitter by theuse of diffraction onthin crystal
lamellae [75, 76, 77, 117, 118] (amplitude splitting) and
Mollenstedt and Diker succeeded in 1954 in the
development of the biprism for electrons [36, 83, 84]
(wavefront splitting). The latter became the standard
versatile beam splitter of variable strength in electron
interferometersand el ectron hol ography microscopeswhile
Marton’s amplitude splitting device has turned out to be
the best choice for neutron interferometers[99].

This developmental phase of electron interferome-
try/holography was followed by one concerned with its
application for measurement purposes and questions of
purely fundamental interest: Fresnel diffraction by circular
diaphragms by Faget and Fert [36], determination of mean
inner potentials [85] in solids by interference microscopy
[14, 36] or the phase shifts of el ectron wavesby amagnetic
flux [1, 33, 39, 40, 93] enclosed between the coherent beams
weretypical applications[5, 12, 16, 82, 122] inthese early
days. The Brno-group, J. Komrska, V. Drahosand A. Delong
[32, 68, 69, 70] contributed a consistent theoretical
interpretation of the electron interference phenomena
produced by an electrostatic biprism and demonstrated the
validity of their model by impressive experimental and
calculated interference patterns.

At the end of the sixties, the efforts of Mdllenstedt
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and Wahl, Tonomura and Tomita et al. to realize off-axis
holography were successful [86, 119, 120]. At about the
same time high brightness, highly coherent field emission
cathodeswereintroduced into el ectron microscopy by A.V.
Crewe [23, 24]. Simultaneously, the first electron
interferometer with such a field emitter was built by W.
Bringer [13] in Tubingen. This new, by many orders of
magnitude, brighter and coherent electron source opened
the gateway to the development of a new generation of
electron microscopes, triggered electron holography and
experiments which were absol utely inconceivable with the
old thermionic cathodes. In atom interferometry L eavitt and
Bills succeeded in seeing single-dlit diffraction patterns of
athermal atomic potassium beam in 1969 [71]. | want to
conclude this short and by no means compl ete survey. The
developmentsin the field with the new type of microscopes
may befound, e.g., inreview papersof Missiroli et al. [81],
Olariu and Popescu [91], Tonomura[121, 123] and are one
subject of thisconference. Thelatest resultsand references
may be found in other contributions to this volume.

M otivation for developinganew typeof eectron
interferometer

As already mentioned in the introduction, field
emission and highly stable power supplies, which became
available owing to advances in microel ectronics, caused a
jump intheresolution of electron microscopes. A.V. Crewe's
scanning transmission microscope (STEM) as well as
conventional transmission electron microscopes (TEMS)
resolved atomsroutinely inthe mid-seventies[2]. However,
somedeficienciesremained largely unsolved: Thesensitivity
to mechanical vibrations, the mechanical and electrical long
term stability and sensitivity to alternating electromagnetic
fields. Even today, these deficienciesexist evenin the most
advanced electron microscopes. Due to instabilities,
exposuretimes of atomic resolution micrographs exceeding
minutes are not possible. Switching off fluorescent lights
and avoiding any mechanical disturbances even by
speaking during exposure are amust. Surprisingly, thewell
established constructional principles have not been called
into question, the constructional deficienciesjust mentioned
aredtill present.

When entering into thefield of electroninterferome-
try in the mid-seventies one of the goals was to construct
an electron interferometer, with which the rotationally
induced phase shift (Sagnac effect) of electron wavescould
be measured. An electroninterferometer, whichisinherently
far more insensitive to the disturbances mentioned, i.e.,
which can be operated in virtually every environment and
whichissmall enoughto be easily mobile, isindispensable,
sincefor thisexperiment the wholeinterferometer hasto be
rotated on a turntable. This was the starting point for
constructing anew interferometer totally differentin design
from the conventional ones which are usually modified
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Figurel. Left: Outsideview of theinterferometer. Top right: At very low emission of the cathodethe arrival of singleelectrons
becomes visible on the fluorescent screen of theimage intensifier. The bright spots demonstrate the particle properties of the
electrons, their arrangement in fringestheir simultaneously present wave properties. Bottom right: High emission. Interference

fringesareclearly visible.

€lectron microscopes.

Congtructional Detailsand Advantagesof theNew
I nterferometer

The first interferometer of the new type went into
operation in 1979 [53], and showed that the design goals
had been reached. A detailed publication of the state of the
artin 1980 was only published in 1988 [54], shortly before
the successful completion of our Sagnac experiment with
electron waves[57], whichisthemost crucia demonstration
of its exceptional new qualities compared to conventional
instruments. An outside view of theinterferometer isgiven
in Figure 1. On the right-hand side the build-up of an
interference pattern out of single eventsis demonstrated.

The mechanical and electron optical set-up of the
new type of interferometer are given in Figures 2a and b;
the beam path for athree-bi prism arrangement with coherent
beams separated by about 100 umisshownin Figure 2c (a
separation, i.e., an enclosed area between the coherent
beams is necessary, e.g., when an Aharonov-Bohm or a
Sagnac-experiment is planned). Low-energy electrons
(150 eV to 3keV) emitted from afield-emission diodedectron
gun are used. The electrostatic deflection systems are used
for fine alignment of the electron beam onto the axis of the
electron optical components. The coherent wavefronts are
made to diverge by anegatively charged filament [5], then
to converge by a second positively charged one. Thethird,
negatively charged biprism reduces the angle of superpo-
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sition of the coherent wavefrontsleading to alarger spacing
of the fringes in the primary interference plane. The wave
fronts leaving the first and second biprism may be slightly
rotated by weak longitudinal homogeneous magnetic fields
(produced by the alignment coils) in order to align them
with thedirection of thefollowing biprism filament.

Insummary:

The electron source is afield emission gun; itisa
simple diode system without any additional acceleration
voltage.

Very low electron energiesin therange of 150 eV to
3keV areused.

Only electrostatic lensesand deflection elementsare
used with one exception: for aligning the direction of the
wavefrontsin multiple biprism arrangements homogeneous
magneticfieldsare utilized.

The optical elements are very small and fabricated
toahigh degree of precision: outer diameter 28 mm+ 10 um.

A very rigid optical bench consisting of two ceramic
rods of excellent straightness and constancy in diameter
(% 10 um) isused onto which the optical elementsaretightly
fixed by a brace construction. The possibility of vibration
of the elementsrel ative to each other isthus minimized.

Themechanical eigenfrequency of theinterferometer
is so high that it cannot be excited by low frequency
vibrations coming along the floor of the building.
Furthermore, this construction principle ensuresan excellent
prealignment. Therefore, no mechanical alignment facilities
are necessary.
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Figure2. Miniaturized biprisminterferometer. Top: View of electron optical components (diameter 28 mm) tightly fixed ona
miniaturized optical bench (total length 30 cm) consisting of two precision ceramic rods. Theimageintensifier isabout 20 cm
away from the second magnifying quadrupolelens. Center: Schematical set-up. Bottom: Beam path (by three biprismsalarger
enclosed area between the coherent beamsisrealized, e.g., for the Sagnac experiment).

Only electric and magnetic fine alignment are needed
and provided. Therefore, no mechanical feedthroughswith
their detrimental effect on the magnetic shielding are
necessary.

A nearly complete, very effective magnetic shielding
by a high permeability cylinder without lateral bores is
possible (shielding factors = 10* with a single walled
cylinder).

Materials used:

For the electron optical components: Titanium
(completely unmagnetic), machinable glass
ceramicsasaninsulator. Both materials have very
similar expansion coefficients which is essential
for baking. Electrical shields: Copper.

A single optical element (crossed beam analyzer,
Wienfilter) allowsoneto shift charged particle wave packets
longitudinally.

The new electron optical bench system has been
successfully used by other colleagues [6] in the institute
and worked well up to voltages of 20 keV.

The primary interference fringes are magnified by

quadrupolelenses, intensified by adual-stage channel plate
imageintensifier and transferred to acharge-coupled device
(CCD)-camera by fiber optics and evaluated by an image
processing system. The entire interferometer may be
powered by batteries. It can sit up on aturntable (including
all power supplies and batteries) in order to measure the
influence of inertial potentials and fields on the phase of
the electron waves. Theinterferencefringesaretransmitted
by adipring to the laboratory frame.

Influenceof I nertial Potentialsand For ceson thePhase
of Electron Waves(Sagnac Experiment)

The Sagnac experiment for el ectron waves, together
with the Sagnac experimentsfor neutronsand neutral atoms,
demonstrates that the coupling of inertial potentials and
forces(fields) isindependent of the charge. We do not want
to go into details of these questions here; they may be
found in special publications [57, 62, 90, 94, 100, 125].
However, a short explanation of the Sagnac-effect for
massive particleswhichisnot aswell known asthe Sagnac-
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Figure 3. Principle of the Sagnac interferometer. Coherent light waves start at point Swhich ismarked inthe laboratory frame
by atriangle and in therotating frame by aquadrangle. They go around the same closed circular path with radius R in opposite
directions, enclose an area A and interfere when they meet again. When the interferometer is not rotating, they arein phase.
If it isrotating, the co-rotating detector has moved a short distance to the right on arrival of the counter-clockwise (CCW)
wave, i.e., the path length for the CCW waveto the detector is shorter, that of the clockwise (CW) wavelonger. Thistransates
into the rotationally induced Sagnac phase shift of the waves in the detector plane.

effect for photons may be appropriate here. In a Sagnac
interferometer radiation from a source is split into two
coherent beams, encircles an enclosed area and interferes
thereafter. The phase shift A@ caused by rotation of the
interferometer isproportional to the enclosed oriented area

A, therotation rate Q and the total energy E (kinetic energy
+ rest mass) of the quanta of radiation A@= (87hc?) EAQ.
The optical effect is easily understood: The speed
of light cisindependent of the speed of the emitting source
and equals ¢ in both directions. In order to be specific, let
us assume that the turntable with our interferometer is
rotating clockwise (CW). Duetotherotation, thepath length
for the photons to the detector emitted in CW direction is
longer than that for the counter-clockwise (CCW) shorter.
It differs by 2As = 4RQ(TRR/V). This path length difference
divided by the wavelength of the photons is the Sagnac
phase shift.
@

2As mR_, 81

4
Ao AR =0

o 811 o o
AQ=(—)EAQ=—mAQ
JAQ=({ )EAGS]

By substituting A = h/p = h/mv and E=mc? one getstheright
hand side term in Equation (1) which is the Sagnac phase
shift for matter waves.

Massive particles leave the source with velocity
v+Qr (CW) and v-Qr wherev isthevel ocity of their emission
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for zero rotation rate. By applying aGalilel transformation
we can calculate the arrival times of, e.g., electrons at the
detector intherotating frame and thelaboratory frame. Due
to the assumption of an absolute time in classical physics,
the calculated arrival times in both frames are identical.
Conseguently, thereisno Sagnac effect in classical physics.
As a prerequisite to explain the Sagnac effect additional
nonclassical ingredients are needed: Relativity of timeand
the wave nature of particles, more specifically phase
differencesof particlewaves. Thefirstisgiventoushby the
theory of relativity and the second by quantum mechanics.
Oneof anumber of possibilitiesto explain the Sagnac effect
isasfollows: Itiswell known (and experimentally provenin
TImeson experiments) that ageing islessin high speed travel
because of the relativistic time dilatation phenomenon. A
consequence of this phenomenon is, in every day life, the
strange clock paradoxon, i.e., apair of clocks (corresponding
to wave packets) travelling clock- and counterclockwise
around the rotating disk show different times on arrival at
the detector. Their time difference corresponds to a phase
difference, the Sagnac phase shift. This explanation of the
Sagnac effect for massive particles demonstrates that the
originof theeffectispurely relativistic. It isremarkable that
the Sagnac phase difference isindependent of the speed of
the signals (nondispersive) and depends on the angular
vel ocity and the enclosed areaonly. From the point of view
of rotation sensing it is the physical effect predestined for
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that purpose. While al variables return to their original
values after encircling the area, the phase does not (phase
anholonomy) and instead gives rise to a shift of the
interference fringes. In the parlance of geometrical and
topological anholonomies (Berry phases) the Sagnac effect
for massive particles is due to an age anholonomy (twin
paradoxon) which corresponds a phase anholonomy when
the twins are replaced by interfering particles [17]. It is
remarkabl e that nonrel ativistic quantum mechanics predicts
the Sagnac phase difference correctly, which demonstrates
that nonrel ativistic quantum mechanicsisnot in al respects
aGalileaninvariant theory [30, 31].

To perform the Sagnac experiment the whole
interferometer wasfixed on aturntable and put into CW and
CCW rotation threetimesin each experiment at frequencies
of upto 1 Hz. [Note: The beam path in the present Sagnac
experiment is given in Figure 2, bottom. It differs from
“conventional” Sagnac interferometers (see, e.g., Fig. 3)
wheregtarting and interference plane coincide, i.e., thebeams
travel a full closed loop: In the present experiment the
coherent beams travel semicircular paths only before they
interfere. Consequently the values of the phase shifts are
50% of those givenin Equation (1). Sagnac phase shiftsare
found in rotating interferometers when an effective area A
is enclosed by the coherent beams.] The experiment is
performed on the seventh floor of the building. No vibration
damping was provided. The wavelength of the electronsin
our Sagnac experiment was about 0.1 A. The duration of
one experiment wastypically about 20 minutes. The phase
shift caused by the CW and CCW rotations was < 6% of a
fringewidth. Inorder to limit theerror barsin the experiment
to less than 15%, the sum of al errors (mechanica and
electrical instabilities, drift) must not exceed 1% of afringe
width during the total duration of an experiment of 20
minutes. It turned out that the limiting factor of the present
interferometer was not the mechanical and electrical stability
but theinstabilities of thefield emission. Nevertheless, the
stability achieved with the new design of electron optical
instruments exceeds that of conventional microscopes by
at least one order of magnitude (A new high resolution field
emission scanning electron microscope on the same floor
achievesitsresolution limit only during the night when the
disturbances are low).

From the point of view of electron microscopy the
extraordinary stability of the new design of an electron
interferometer is of interest. The fact that its design can
easily be adapted to solve other problemsisthe reason for
presenting itsfeatures as exemplified by the crucial Sagnac
experiment.
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Influenceof Electromagnetic Potentialsand Fieldson

Trajectoriesand Phaseof Electron Wave Packets- the

Crossed Field Analyzer (Wien Filter): A Wave Packet
Shifting Devicefor Charged Particles

In 1979, Mdllenstedt and Wohland discovered a
wave-packet-shifting device in the form of a Wien filter
(crossed electric and magnetic fields, “crossed field
analyzer") and measured the coherence length of electron
waves[87, 126].

A brief outline of the action of the Wien filter on
electron wave packets is given in Figure 4. A Wien filter
consists of crossed electric and magnetic fields, both
perpendicular to the beam path. The Wienfilterissaid to be
in its compensated state when the electric and magnetic
forces on the charged particles just cancel each other, i.e.,
the trgjectories of the particles are not affected by the
electromagnetic fieldsinthe Wienfilter. For the case of the
compensated Wien filter it can be shown easily (seg, e.g.,
[55, 89]) that the phase shifts exerted by the electric and
magnetic potential s are opposite to each other and of exactly
thesame magnitude. [Note: Electric and magnetic Aharonov-
Bohm phase shifts[1, 93]. The magnetic flux enclosed by
the coherent beams creates a certain phase shift which is
exactly compensated by the phase shift which arisesdueto
the fact that the coherent wave packets travel inside the
Wienfilter on pathsof different electric potential. In essence,
by taking into account the well known experiments which
prove the magnetic Aharonov-Bohm effect, we have here
anindirect proof of the existence of the electric Aharonov-
Bohm effect.] In other words: The electron optical index of
refraction equals 1 (to first order) inside and outside of the
Wienfilter. Therefore, in Figure 4 the planes of equal phase
(e.g., crests) of the electron waves, represented by the
horizontal lines, and the phase velocity are not affected at
all by the electromagnetic fields in the compensated Wien
filter, irrespective of its excitation. [Note: The lines of
constant phase in all schematic diagrams do not represent
reality but only one of an infinite number of possible
equivalent descriptions. Quantum-mechanically, phase
differences and the corresponding fringe spacingsonly are
elementsof reality [97, 98] .]

This means that when we increase the excitation of
the Wien filter while always maintaining the compensated
state, we observein the observation plane astationary field
of interferencefringes, but, with increasing excitation of the
Wien filter, the fringe contrast decreases continuously due
to thefact that the el ectron wave packetstravel on paths of
different electric potential with different group velocities
inside the Wien filter. This leads to alongitudinal shift of
the wave packets at the exit plane and consequently to a
reduced contrast of the interference fringes. [Note: The
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electric potential difference onthetwo pathsincreaseswith
increasing excitation of theWienfilter. The acceleration and
deceleration of the wave packets to the value inside the
Wienfilter occursin theelectric fringing fields of theWien
filter condenser.] For longitudinal shifts larger than the
coherencelength, the fringe contrast vanishes. The contrast
or, intheterminology of A.A. Michelson, thevisibility V of
thefringesasafunction of thelongitudinal shift x isdefined

by

X X (2)
Vo= L@ lmn @) _

I max (¥)+ | min (X)

and equalsthe product of the spatial (G,) and temporal (G,)
coherence functions [61]. For coherence length
measurements the fringe spacings are chosen so large that
G,=1 by applying asuitable voltageto the biprism filament

It is important to emphasize the fact that the Wien
filter in its compensated state is not a phase shifter. The
wave packets are shifted longitudinally in a stationary
“phase wave sea’. The phase of the wave packets is not
affected at all when traveling through the electromagnetic
fieldsin acompensated Wien filter.

Refinement of aWien filter toahigh precision retarding
devicefor wavepackets

The delay or longitudinal shift caused by a Wien
filter can be adjusted with aprecision of asmall fraction of
awavelength provided that first, the Wien filter construction
allows oneto adjust the electromagnetic fieldsin very fine
steps and second, that it is aligned to its compensated state
inatwo-step process[25, 55, 58] (Fig. 5): At first, themagnetic
and electric fields are zero. The full overlap of the wave
packets corresponds to maximum fringe contrast. Now we
increasein afirst step the electric field only (left hand side
inFig. 5). TheWien condenser worksas adeflection el ement.
It produces afringe displacement, say, totheleft by 6 fringe
widths, which exactly keeps pace with the deflection of the
beams by the field, so that the fringe system appears to
remain undisplaced relative to the envel ope of the pattern
(Fig. 5 bottom). The phase shift caused by path length
difference A, from the two virtual electron sources to the
zero-order fringein the center of deflected the pattern must
be exactly compensated by different indices of refraction
(different phase velocities of the coherent waves on their
path to the zero-order fringe) or in another terminol ogy, by
different Aharonov-Bohm phase shifts. Otherwise the
fringesin the deflected pattern would be shifted relative to
the undeflected one. On the other hand, group and phase
velocity in the el ectrostatic deflector obey therelation A
=c2 Thatis, ahigher phasevelocity inthe Wienfilter corre
sponds to a lower group velocity and vice versa. For the
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Figure 4. Theinfluence of aWienfilter in its compensated
state on two spatially separated electron wave packets. The
|eft-hand side wave packet travel sinside the Wien filter on
amore negative potential than theright-hand sideone, i.e.,
with alower group velocity.

zero-order fringein the deflected pattern thewavetrainsare
in phase, but the geometrical longitudina shift of thewave
packetsis made up by the path length difference A, and the
difference caused by thedelay duetothelower group vel ocity
which equals A,. Consequently, the overlap of the wave
packets at the zero-order fringe in the electrostatically
deflected pattern is reduced by 12 wavelengths with the
corresponding effect on the con-trast of the pattern (Fig. 5,
bottom left). In the second step, the magnetic field of the
Wienfilter isincreased until the deflection dueto the el ectric
field is just compensated. The electrostatic and magnetic
Aharonov-Bohm phase shifts now exactly compensate each
other.

However, thelongitudinal shift of 6 fringewidthsor
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Figure5. Phase- and group- velocitiesin electromagnetic fields. The two-step process to reach the compensated state of the
Wien filter. In the compensated state (middle of Fig. 5) no deflection occurs and consequently path length differences are
zero. Thelongitudinal shift of thewave packetsisdueto different group velocitiesin thelaterally separated pathsin the Wien

filter.
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Figure6. Set-up for measuring of the coherence length asafunction of the energy width of the electron beam. Thefirst Wien
filter acts as a monochromator, the second one as a wave packet shifting device.

Table 1. Coherencelength measurements of field emitted electrons.

author accelerating contrast
voltage ca
Daberkow et al. [25] 4000V le
Schéfer [58, 106] 2000V 20%
Wachendorfer [125] 2400V 20%
Bauer [3,4] 1700V 10%
Bauer [3,4] 1700V 10%

fringes coherencelengthL, ~ AE_,,..,

fringes Lc = Nfrings')\deBroglie (m) measured

(c) calculated

21800 420nm 0.43eV (m)
11180 300nm 0.61eV (m)
12320 310nm 0.59eV (m)
21300 640nm 0.29¢V (c)
39620 1189nm 0.16€eV ()

6 wavelengths of the wave packets due to the different
group velocities survives. Consequently the contrast of
the fringe pattern after this two step process corresponds
to areduced overlap of the wave packets by 6 wavel engths.

L et me mention here that this measurement method
worksirrespective of any knowledge of the size of thefield
strengths and (in-)homogenities of the electromagnetic
fieldsin the Wien filter, not to mention that of the fringing
fields. It therefore is intrinsically extremely precise and
enables us to measure the longitudinal shift exerted by the
Wienfilter withaprecision of theorder of 1% of awavelength
or less. This high precision is a prerequisite to realize
Michelson’svisibility technique and Fourier spectroscopy
for matter waves.

Applicationsof theWien Filter
M easur ement of coher encelengthsof electr on waves
The coherence length measurements of our group
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aresummarizedin Table 1.

In order to measure coherence lengths [7, 18, 67],
the wave packets and their identical replicas are super-
imposed with different longitudinal shiftsuntil the contrast
C of theinterferencefringesisreduced to, e.g., 1/e, 20% or
10% of its maximum value. In thefirst column the authors
are given. The second contains the accel eration voltage of
the electronsfollowed by the contrast limit C. Fringeswith
contrast lower than C were neglected. The coherencelengths
given in Table 1 are the products of the total humber of
fringes with C 2 this contrast limit times the wavelength.
The full width at half maximum (FWHM) of the spectral
distribution given in Table 1 has been measured (m) by
visibility spectroscopy or calculated (c) from the measured
coherence lengths assuming symmetrical Gaussian
distributions of the spectral lines.

Only recently has the increase in coherence length
by monochromatization of an electron beam been
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demonstrated experimentally [3, 4] (see last two lines of
Table 1). The experimental set-up (Fig. 6) consists of an
interferometer equipped with a first Wien filter for
monochromatization and a second one working as awave
packet shifter.

I nterfer ometric measur ement of charged particle
spectra (Fourier-spectr oscopy)

Classical charged particle spectrometers exploit on
thefact that particleswith different energiesfollow different
individual trajectories. Different arrival sitesin the plane of
observation correspond to different energies of the particles.
The quantum mechanical counterpart of such a classical
measurement is to extract the particle spectrum from the
corresponding spread of the de Broglie wavelengths of the
ensemble of particles that make up the wave packet. By
wavefront or amplitude division, two coherent wave packets
aregenerated. Then, agradual ateration inthedifferencein
path is introduced between the two interfering streams of
electron wave packets. Theflux of radiation asafunction of
the path difference between the beams arriving at the
detector contains a constant term and an oscillating one,
theinterferogram. The interferogram, i.e., the contrast and
the spacings of the interference fringes as afunction of the
path-length difference between the beams characterizesthe
incident spectrum that producesit, and isanalyzed to yield
the unique spectral distribution of the radiation reaching
the detector. The salient point of this type of spectroscopy
compared to trajectory based spectrometers is that
imperfections of the optical components do not diminish
the clearness of the interferogram if the fringe spacing is
chosen sufficiently large. Consequently, their aberrations
do not affect and limit the attainable resolution of this new
type of charged particle spectrometer. The advantages of
this technique cannot be summarized better than A.A.
Michelson did in his seminal papers [78, 79, 80] on this
subject in 1892, at that time for photons: “The principal
object of the foregoing work isto illustrate the advantages
which may be expected from a study of the variations of
clearnessof interferencefringeswithincreasein difference
of path. Thefundamental principle by which the*structure’
of alineor agroup of linesis determined by this method is
not essentially different from that of spectrum analysis by
the grating, both depending, in fact, on interference
phenomena; but in consequence of the almost complete
freedom from errors arising from defects in optical or
mechanical parts, the method has extraordinary advantages
for thisspecial work.”

In hisexperiments A.A. Michel son took into account
only thevisihility of theinterferencefringesV (x) asafunction
of the path length difference x and neglected the slight
variations of their spacings. Spectral linesthat appeared as
singletsin ordinary spectrometersarereveaedinfact to be
doublets or multiplets. However, neglect of the slight
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variations of the average fringe distances as a function of
the longitudinal shift in the interferogram restricted
Michelson’svisibility technique to spectrasymmetric about
the center frequency. The completeinformation encoded in
an interferogram was used for thefirst time by Rubensand
Wood for spectral analysisinthefar infrared region[104] of
the electromagnetic spectrum.

Theinterfer ogram. Features of the spectrum of the
radiation (thefull width at half maximum, the symmetry of
the spectral line) are encoded in the interferogram in a
characteristic way. This is demonstrated in the following
computer simulation of aninterferogram (Fig. 7a). In Figure
7b an experimental electron interferogram corresponding to
the simulated one of Figure 7aisgiven. Theinterferograms
shown in Figures 7a and b correspond to a spectrum
consisting of two lines of equal intensity. The envelope of
the contrast of the fringes is determined by the widths of
thelines, whiledistance of the contrast minimain thefringe
pattern is determined by the difference in frequency A of
thetwolines. Sincethetwo linesare of equal intensity, this
spectrum can be regarded as a symmetric spectrum. It can
be shown that, for symmetric spectra, the fringewidthsare
constant over the whole interferogram. However, for
asymmetric spectra, the fringe width in the interferogram
variesdightly for increasing longitudinal shiftsof thewave
packets. By Fourier analysis of such an interferogram the
spectrum can be recovered in a unique way.

“Visibility-spectroscopy” of electron waves. Inthe
following model experiment, the spectrum of afield emission
electron gun has been measured. The contrast of the
interference fringes was recorded quantitatively as a
function of the longitudinal shift in the whole interference
field consisting of about 15 000 fringesfor the experimental
parameters used in our low voltage interferometer (a few
keV of total energy of thefield emitted electronsat an energy
spread of about 0.4 €V). This has been done by recording
the whole interference field in sets of, e.g., 10 fringes
successively with our CCD-camera densitometer. The
digitized data sets were corrected for the (small) cylinder-
lens action of the Wien filter, put together with matched
phasesin apersona computer and subsequently transferred
toaVAX computer for Fourier analysis. Inthefirst experi-
ment [58, 59] aresolution of about 0.6 eV wasobtained. The
state of theart isnow about 80 meV [60]. Asan example, the
energy spectrum of field emitted electrons measured by this
method isgivenin Figure8.

This result was obtained by taking into account
12 300interferencefringeswith acontrast of = 10%. About
2 000 low contrast fringeswere neglected, which resultsin
anerror of lessthan 40 meV of thefull width at half maximum
of the spectrum givenin Figure 7. Thetotal error of 80 meV
contains 40 meV of error dueto sampling of data(which can
be largely avoided in future experiments). It is caused by
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Figure7. (a) Computer simulation of aninterferogram of aspectrum consisting of two Gaussian shaped spectral linesof equal
intensity separated by an energy A (seeinset). (b) Electron interferogram corresponding to the central part of the simulated
interferogramin (). Theenergy of theelectron“lines’ was 1700 eV and 1722 eV (AE = 22 eV). Two regionsof vanishing fringe

contrast areclearly visible.

computer. Thisresolving power of 80 meV surpassesby far,
that of electron spectrometers which are used in today’s

thefact that from the recorded 128 sample points per fringe
analytical electron microscopes. Their resolutionislimited

only 16 sample points per fringe could be used for Fourier
transformation dueto thelimited main memory of the VAX
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by the source energy width to about 0.5 eV. Therefore, the
high resolution that can be achieved by this method seems
to make no sense on a first glance. With future
monochromatized field emission el ectron sourcesor sources
with intrinsic smaller energy width, as described in the
section on Fermion anticorrel ations (below), this situation
will change. In the moment magnetic spectrometers are
definitely superior to Fourier spectroscopy since data
acquisitiontimefor one spectrumistypically 30 minutesfor
the present state. Thistime can be reduced to afew minutes
by further automation in future. Another dramatic reduction
can be achieved by measuring contrast for each 20th fringe
only and approximating the exact contrast function by this
coarse grained one. A further step of data reduction is
possible if some information on the spectrum that is to be
measured is available a priori. For example, when the
spectrum consists of two lines only. Then the energetic
separation of the two lines can be calculated just by
evaluating the distance of the contrast maxima in the
interference pattern.

The Fourier transform spectrometer presented here
is the first spectrometer for particles that relies fully on
guantum mechanics, i.e., the wave properties of matter. It
seems remarkable that this experiment proves that the
gquantum mechanical probability waves exhibit the same
features as the “real” waves, e.g., of an electromagnetic
field. All conventional spectrometersfor charged particles
are based on the dispersion of particle trajectories in
electromagneticfields.

Statusof New Experiments, Per spectives
loninterferometry

Theremarkableinsensitivity of the new interferome-
ter to vibrationsmakesit seem likely that an interferometer
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forionswith their even shorter wavelengths can berealized.
A biprism interferometer for ions, which are of course
charged particles, is a welcome supplement to the rapidly
developing field of interferometry with neutral atoms[15,
64, 65, 101, 110]. Itsexperimental potential may proveto be
as valuable, or even more valuable than that of atom
interferometers. For ions, powerful optical elements need
not be developed. High brightnessfield ion sources, liquid
metal sourcesand ion sourceswith singleatomtips[37, 38,
95, 96, 106] areaready available. Thekey elements, such as
lenses, deflectors, mirrors, and beam splitters, are available
(based on 50 years of experiencein charged particle optics).

The most attractive feature of ion interferometer is
the enormous phase sensitivity caused by the high rest
masses of these particles. In addition to the high phase
sensitivity and the inner degrees of freedom, features that
ions have in common with atoms, these composite charged
particlesinteract with electromagnetic potentials. Therefore,
for the first time, aspects of the interaction of scalar- and
vector-potentials (Aharonov-Bohm effects) in relation to
the inner structure of the particles, fundamental for the
understanding of gauge invariance, can be tested. The
electric Aharonov-Bohm effect [1, 92], which has not yet
been experimentally confirmed even for electrons due to
the extremely fast switching of potentials necessary for
these light particles, could be realized with protons and
composite ions. The high phase sensitivity will allow the
realization of inertial and gravitational sensors of
unprecedented precision and in turn novel experiments to
test relativity. Additionally, their inner degrees of freedom
render possibleanew class of interferometric experiments.

The aim of our present experiments is to demon-
strate diffraction at an edge and biprism interferences of
protons, H,*-, D,*- and “He" ions as first steps towardsion
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Figure 10. Electric field in front of a conventional field
emitter (a) and one with a“supertip” (b). The emissionis
confined by the supertip geometry to asubstantially smaller
angle compared to a conventional tip.

interferometry. In an ion interferometer disturbances have
to be very carefully avoided, since the wavelength and
therefore the spacings between theinterferencefringeseven
for protons are expected to be about 45 times smaller than
for electrons of the samekinetic energy. The salient point of
theion biprism interferometer under development isthat it
can be switched from electron interferometry to positively
charged ioninterferometry, simply by reversing thevoltages
of all the optical components and running the field emitter
as a gaseous field-ion source. All optical components are
electrostatic, apart from some coils which generate
homogeneous fields for alignment purposes, e.g., for
rotating the wavefront direction slightly. The electrostatic
principle guaranteesthat the alignment for ions can be done
very efficiently with ahigh intensity field electron beam.
As a highly coherent field emission source of
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electrons, protons, H,*- and He™-ions we use a single,
specially treated “ supertip”, cooled down during operation
to 77 K or even to 10K in order to achieve sufficient
brightness. The “supertip” (Fig. 10b), a protrusion
consisting of asmall number of tungsten atomsonan <111>-
oriented tungsten field emission tip with arelatively large
radius of curvature of the apex, is prepared in situ in the
interferometer. It is prepared by modifying the procedure
first described by Hanson and Schwoebel [51, 52, 108, 109].
The preparation process of the * supertip” involves heating
toabout 1000 K and cooling of thetipto about 77 K [56, 63].
A coolableimaging gasinlet ismandatory in order to pursue
the“ supertip” formation processfield-ion-microscopically
and to enhance the brightness of the field-ion source. The
emission pattern isobserved on the screen of achannelplate
image intensifier viaamirror (not drawn in Fig. 9), which
can beinserted between theion gun and the interferometer.
The present source emits ions and electrons into single
spotsof an angular diameter of about 1°, (Fig. 11) compared
to about 20° for very sharp single- or few-atom “nanotips’
(Fig. 104). The confinement of the ions into the small
emission angle leads to the desired higher angular current.

Fortunately, the typical onset voltage is rather low
for thiskind of tip: about 350 V for electron- and 2-4 kV for
ion-emission. Thefirst deflector behind the field emitter is
used to align the beam to the direction of the optic axis of
the interferometer. After preparation of the supertip, the
image intensifier is removed from the beam path and the
ions (or electrons) are injected through a shielding tube
into theinterferometer. The second (double) deflector isfor
aligning the beam on to the optic axis of the biprism
interferometer.

Again, by appropriate excitation of the electric and
magnetic fields of the Wien filter, longitudinal shifts of the
wave packets, which inevitably occur when the latter
transverse electrostatic fields spatially separated, e.g., in
the deflectors, are compensated. Thus, longitudinal
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Figure 11: Emission pattern of a“supertip”. The confinement of the emission into angles of the order of afew resp. about 1
degree is demonstrated for electron emission (top) and ion emission (bottom).

coherenceisoptimized in the plane of interference or even
restored, if it waslost totally dueto different group velocities
intheelectricfield of the deflectors[89].

The fringe spacings in the primary interference
pattern behind the biprism are expected to be 2 to 20 nm.
Therefore, in order to adapt the spacings to the resolution
of the channel plate detector, the pattern hasto be magnified
about 10000 times. For this purpose we use electrostatic
quadrupole lenses, since they provide strong line focusing
with different, very short focal lengths in two orthogonal
planes. Thisis very advantageous for the magnification of
interferencefringes, sincethisfeature allowsoneto magnify
thefringe distance and simultaneously compressthefringes
in perpendicular direction, i.e., along the fringe direction.
This leads to a substantial gain in current density in the
detection plane.

Sate of theart of ion interferometry. The actual
set-up workswell as an electron interferometer, but fails at
present to detect ion interferences. The main reasonfor this
failureisthelow emitted ion current, which, combined with
very high magnification, leads to poor current density in
thedetection plane. Whilethe dual-stage channel plateimage
intensifier with aP20-phosphorus allows oneto detect single
electron and ion impacts without adding substantial noise,
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the previously used (TV-frequency) CCD camera-system
created a substantial amount of noiseinternally, if on-chip
exposure exceeded afew minutes. Recently, wewere ableto
overcome these problems by using a cooled “state of the
art” slow-scan CCD camera-system, which acceptsexposure
timesup to 1 hour. Combining the new camera system with
our interferometer will, we hope, bethe only additional step
necessary towards the realization of ion interferometry.
[Note: Inthe meantimewe observed diffraction at both edges
of thebiprism filament and biprism interferenceswith helium
ions. It is planned to publish these results in Phys Rev
Lett].

In addition to on-chip integration in the camera,
image processing of the fringe pattern is provided by a
personal computer in order to improve the signal to noise
ratio: Withtheimagerotation coil thefringe patternisexactly
aligned parallel to onedirection of the array of pixelsof the
CCD-sensor. The events stored in a pixel column (or row)
areintegrated inthe PC to give animproved signal to noise
ratio in the resulting densitometer traces.

Fermion anticorreations

IN1956 R. Hanbury Brown and R.Q.Twiss[48, 49, 50,
73] reported their, at the time, spectacular finding of
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Table 2. Beam degeneracies and brightness of electron guns.

standard field emission diode
microscope electron gun
degeneracy 10° 5.10°
energy 10°eV 10°eV
AE 0.3eV 0.3eV
Brightness B 108Acm?srt 108Acm?srt

correlationsin thefluctuations of two photoel ectric currents
provoked by coherent beams of light. The mean square
fluctuation in these photoelectric currents was twice that
predicted for classical (Boltzmann-) particles and may be
explained by interference between the two wave trains: In
an intense photon beam there exists a certain probability
that two photons arrive simultaneously at the photocathode,
i.e., the photon wave packets overlap. The probability p for
the generation of a photoelectron is proportional to the
square of the amplitude: p o0 A2 for constructive
interference 4 photoel ectrons are generated, for destructive
their number is 0. Evidently, the resulting fluctuationsin a
coherent field of bosonsaretwice aslarge asfor the arrival
of classical particles. If we replace the photon beamsin an
experiment by coherent beams of electrons, the Pauli
principle does not allow two electrons to be in the same
gquantum mechanical state (a single phase space cell); in
other words, accidentally overlapping wave trains are not
allowed (wave function antisymmetrization). In acoherent
field of electrons, within the coherence time T_no second
electronisallowed to arrive (antibunching). Consequently,
the fluctuationsin a coherent field of electrons are smaller
thanfor classical particles. Therefore, theillumination of an
area by fermionsis, in principle, more uniform [107] and
sincethearrival timeintervalsbetween single electronsis=
1_there exists alower limit of lateral distance between the
electrons. The interaction between the electrons and
consequently the anomalous energy broadening [11] in a
coherent polarized beam of electronsisreduced drastically.
Roseand Spehr [102, 103] calculated that by using atotally
polarized el ectron beam, whichisrequiredin order to enforce
theexistence of thelower lateral distancelimit betweenthe
electrons, the anomalous broadening in a typical electron
optical set-up is reduced to about 4% compared to an
unpolarized beam (for electronsin different spin statesthere
exists no lower limit for the impact parameter). The
interaction between the particlesin an unpolarized intense
beam produces the well known anomalous energy widths
[112].

An electron antibunching experiment. The only
candidatefor testing fermion antibunchingiselectrons[111-
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116, 128] because for heavier particles the beam degen-
eracies of the available sources are hopelessly small. The
beam degeneracy & meanstheratio of the actual brightness
of the emitter (occupation number per cell in phase space)
to the theoretical maximum brightness B (by Pauli’s
exclusion principle the maximum occupation per cell istwo
for fermionswith opposite spindirections) [44, 45, 129, 130].

©)

ame
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h

=52 10°E(eV) 3 E(eV)(Acmisr ™)
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The beam degeneracy 6 of the electron beam in a standard
field emission electron microscope is given according to
Silverman[114] in Table 2.

With our low-aberration diodefield-emission gun, a
brightness of the same order as for the microscope given
above at 1 keV seems redlistic. [Note: Eventualy, if the
brightness of our gun turns out to be much smaller than
given in the table, it could be enhanced by using a
“supertip” as described in the chapter on ion interferom-
etry and/or using a EuS-coated tip (see the section on
“Polarized electron source”)]. Consequently, the beam
degeneracy of about 5.10°% isnearly two orders of magnitude
larger and compares quite favorably with that of 103, which
was available in the classical Hanbury Brown and Twiss
experiment.

In our experiment, two electron detectors in the
interference plane of the interferometer measure coinci-
dencesof thearrival timesof electrons. Thetimeresolution
of the fast coincidence will be of the order of 10*° seconds
[20, 21, 22, 127], whichis4 orders of magnitudelessthan the
theoretically required resolution given by the coherence
timeT_ inorder to seethat no two electronsarrivewithinthe
coherence time. Having aresolution of 10° seconds only,
we expect to measure a random coincidence rate reduced
by afactor of 1.10sincewithin thefirst 10 seconds after
the arrival of an electron no second one arrives due to the
Pauli principle. This causes the reduction of random
coincidences in a coherent electron beam. In conclusion,
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antibunching of electrons should be observable with our
electron interferometer and presently available technology
of fast coincidence counting.

Polarized electron source

Ferromagnetic EuS-coated tungsten field emitter tips
emit below the Curie temperature of about 16.5 K of EuS
and, after avery special annealing, a90% polarized electron
beam with an energy spread of 80 meV only [66]. Onereason
for thisexceptionally small energy width may bethereduced
interaction due to antibunching of electrons at the cathode.
Their brightness has not yet been measured but, at low
temperatures according to the data given by Kisker et al.
[66], it seems to exceed that of atungsten field emitter by
oneor two ordersof magnitude. Thissource, first devel oped
by Mdller and coworkers [88] and applied to problemsin
atomic physics [66], is most promising for electron
interferometry, electron anticorrelation measurements,
electron microscopy and even more for spin-resolved
scanning tunnelling microscopy (highly resolved imaging
of ferromagnetic domains) and spectroscopy.
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Discussion with Reviewers

J. Spence: The observation of Fresnel fringes using ions
seem very difficult since the coherence width X_=A/6 is
also 45 timeslessthan for electrons of the same energy and
source size (6 = d/2z is the semi-angle subtended by the
source at a diffracting edge distance z from the source).
Thus, 45 times fewer fringes will be seen for the same
conditionsof source size and beam energy, anditisdifficult
enough to obtain 45 electron fringes. To observe even one
fringe, X _must exceed the size of thefirst fringe (2A2)"?, so
that we require d_ < (2\z)"2. Isit possible to obtain such a
small ion source with brightness to satisfy this condition?
Author: Onecrucial point in our estimation of thefeasibility
of an ion interferometer is the assumption that the lateral
dimensionsof thevirtual source of afieldion emitter can be
made of the order of a few nanometers down to atomic
dimensions. For protonsof 10 keV of energy thewavelength
A =3.10*nm; zisabout 0.1 m; d_isassumedtobe 1 nm; X
=0/A=(A\22/d)=6.10°=60 umandd_= (2A2)**=(2.3.10*
nm. 10° nm)*2 = 2.5 10> nm = 0.25 um. Hence, X_2d_is
required. lon optically, such small virtual source sizes seem
possiblesincethefield ion microscoperesolvesatomseasily
whilethefield electron microscope’sintrinsic resolutionis
worseby at least afactor of 10 duetothelarge Fermi energy
in metals and the corresponding energy spread [131]. If
longitudinal coherence should be reduced or even lost due
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to shifts of the wave packets by electrostatic optics, then
we can restoreit by applying the coherencereviving action
of a crossed field analyzer. You are right concerning the
remark on the brightness. Our experimental brightnessin
the moment of the order of 10* A/cm? which is much less
than required and the published [63, 109] values of supertip
sources. However, we have not yet varied all parametersto
improveit and hope to overcome the brightness problemin
the near future.

P.W. Hawkes: | do not understand the remark concerning
the electric and magnetic Aharonov-Bohm phase shifts. The
electron beam passing though the Wien filter is
“continuous’, the space is not multiply connected. The
phase changes thus seem to be classical and the comment
on the electric Aharonov-Bohm effect does not seem
justified.

Author: The electron beam is divided by the biprism into
two laterally separated wavepackets and travels through
the Wien filter with some lateral separation. The coherent
electron beams, which form the interference fringesin the
primary interference plane enclose an areawhichislimited
by the closed polygon connecting cathode, |eft edge of the
biprism filament, point of superposition in the plane of
interference, right edge of the biprism filament, cathode (if
only one biprism filament isused). The magnetic flux of the
Wien filter penetrating parts of this enclosed area causes
an Aharonov-Bohm phase shift.

J.M. Cowley: Inthespectrum of Figure 8, arethe oscillatory
sidebands significant, or are these the result of termination
of theinput datafrom theinterference fringe measurements?
The spectrum appearsto be plotted ininterval s of about 0.2
€V, which does not appear to be consistent with the accuracy
of 40 meV of thewidth determination.

Author: Theanswer to thefirst question isyes. We did not
use a Hanning window but a reactangular one (top hat).
The spectrumin Figure 8 has been eval uated with a Fourier
field size of 2'8, The best accuracy of about 40 meV requires
afield size of 22 which was used in our last experiments.
The symmetrical form of the curve remainsbut |looks smooth
then.

J.M. Cowley: Do you have plans to apply your interfer-
ometer to the measurement of phase changes of electron
wavesin solids or measurements of theloss of longitudinal
coherence associated with the energy spread accom-
panying inelastic scattering processes in solids? Your
instrument would seem to be ideal for these purposes.

Author: Phase changes of electron waves in solids have
been measured, e.g., by Mdllenstedt and Keller [85]
(measurement of inner potentials in solids). Since our
interferometer has no specimen stage, measurements of the
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loss of longitudinal coherence due to inelastic scattering
processes in solids are not possible at the moment. One
disadvantage of our interferometer for these measurements
isthat it works with very low energies (150 eV to 5 keV).
Extremely thin specimens will be necessary. The most
precise coherence length measurements avail able have been
performed with this instrument. Contrast differences and
changes of the fringe location of the order of aper cent are
accessi blewith the computer controlled CCD-densitometer.
Wewill bear in mind theinteresting proposal sincluding the
problemsraised in your paper on “chromatic coherence and
inelastic scattering in electron holography” [132].

G. Pozzi: | greatly appreciated your outline of the action of
the Wien filter; however, recalling the subtleties regarding
the effects of electromagnetic fields on wavefunctions and
wavepackets, | would liketo know if thereisafull quantum
mechanical analysisof the problem.

Author: To my knowledge, no full quantum mechanical
analysis exists. We are just beginning to carry it through.

T. Mulvey: You have succeeded in making acolumnthatis
remarkably resistant to the effects of external vibration and
stray fields. Do you have any suggestions for the
improvement of the design of electron optical columns,
bearing in mind that most commercial electron microscopes
cannot reach their guaranteed resolution during normal
working hours?

Author: | appreciatethisquestion very much sinceit gives
me the possibility to accentuate the essentials of the new
column design. Relative displacements of the components
of high resolution columns are excited by vibrations coming
from thefloor of the building. These are accentuated when
the mechanical eigenfrequency of the column approaches
the frequency of these vibrations. Two counteractive cures
exist: (i) Firstly, to keep the instrument clear of these
vibrations. In state of the art microscopes this is done by
passive systemswith rather limited success, asiswell known.
An active approach seemsto me much more promising: The
X-, Y-, and z-signals of avelocity sensing seismometer are
digitized, filtered, integrated and retransformed into analog
signalswhich actuate, e.g., piezotrand ators and exactly com-
pensate the deflections of the platform of the microscope,
(i) The second approach to the problem is to avoid
vibrationally induced relative displacements of the electron
optical components by suitable constructional measures.
The displacements and in turn the disturbances decrease
rapidly with increasing difference in the frequency of
excitation, which is very low usualy, and the mechanical
eigenfrequency of the column. The solution of the problem
isto trim the eigenfrequency to values as high as possible.
This approach has been realized in our interferometer to
such a degree that no vibration damping or isolation as
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described under (i) was necessary at all. Constructive
essentid sare: small lightwel ght components, stiff materials,
no mechanical alignment facilities. These constructional
principles are applicable for al instruments working up to
about 30 kV, i.e., most scanning electron microscopes. |
expect that therewill be some problemsto redlizethese princi-
plesin magnetic microscopesof 100 or morekV accelerating
voltage, which require bulky lenses. Nevertheless, the
electron source and the condenser lenses can be
constructed much lighter than usual and the last projector
lens can be omitted in favor of avery small single crystal,
high DQE, miniature fluorescent screen coupled fiber
optically to a2x2 k-pixel CCD-sensor. These modifications
will reducethetotal massof such amicroscope substantially
and increase in the mechanical eigenfrequency
correspondingly.

The sensitivity of conventional columnsto magnetic
aternating current (AC)-fieldsisdueto arather inefficient
shielding. Each electron optical component is shielded
separately by ashield with alow diameter to length ratio.
Stray fields penetrate between these separate shields into
the column. Lateral bores for alignment of diaphragms or
insertion of the specimen have an additional detrimental
effect on the shielding factor. An effective shield consists
of along high permeability metal cylinder with a large
diameter to length ratio, without any lateral bores, whichis
put on the entire column after insertion of the specimen and
alignment. L eakage magnetic fields of the magnetic lenses
of a column have to be carefully shielded from this high
permeability shield in order not to drive it into saturation
(this would cause a strongly reduced shielding factor of
thisouter shield). Our interferometer isshielded by asingle
high permeability cylinder. The contrast of theinterference
fringes is not affected when we switch on the fluorescent
lamps in the lab, despite the fact that the interferometer is
working with low energy electronsintherangeof 150 eV to
2.5keV. By combining effective shielding with approach (i)
and (ii) substantial progress will be possible also in high
voltage TEMs. Infield emission el ectron microscopes, asin
our Sagnac-interferometer, when all vibrational and phase
shifting disturbances caused by variation of enclosed fluxes
areeliminated, thetemporal instabilities of theemission sites
inthe end limit the quality of theinstrument.

Reviewer VI: Could aninterferometer of thistypebeapplied
to the study of material properties? If so, what advantages
would such an instrument have over conventional analytical
instruments?

Author: The answer to thefirst part of the question isyes.
However, some modifications are recommended/necessary:
1. A specimen stage. 2. If microscopic observation is
necessary, the quadrupole lenses could be easily replaced
by rotationally symmetric electrostatic lenses. Energy loss
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spectroscopy of selected small areas of the specimen would
be possible then by Fourier-spectroscopy as well as low
energy in-line and off-axis holography and interference
microscopy for solving materia scienceproblems(e.g., study
of electromagnetic field distributionsin specimensand near
surfaces, convergent beam interferometry [133]. Very thin
specimens are indispensable due to the low energy of the
electrons.
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