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Abstract

In this first report I assess the feasibility of developing a high resolution swuirface
seusitive microscope which nuses helium atoms as 1t’s imaging medium. That 1t is possible
to build an 1maging atom micrescope 1s not in question. However. when oune asserts that
without a very high resolution (i.e. < 1000 .4) such a microscope would likely provide
no superior alternative to optical and electron microscopes presently in use. then the
task is rendered considerably more difficult. My aim has been to establish an optimum
development plan through the identification and clarification of problems which. to date.
have obstructed the realization of such a device. The perspective presented in this report
is the result of five months research in the Max Planck Institut fiir Stromungsforschung.

Gottingen.

I present in Chapter I a number of simple geometries which an atom microscope
could assume and discuss the limitations concomitant to each. It is concluded that a
configuration in which both the primary atom beam and atoms scattered from the target
undergo focussing provides the best opportunity to achieve both high count rate and high

resolution.

Rather than embarking upon a general review of atom detectors common to usual
atom scattering studies. I concentrate in C'hapter II upon the field ionization detector. a
detector possessing both a high spatial resolution and a high detection efficiency. I then
illustrate a scheme by which a resolution substantially smaller than the ionization area of
such a device might concievably be achieved. whereby significant gains in resolution are

wrought without concomitant reductions in collection efficiency.

Chapter III constitutes a critical appraisal of both the “atomic mirror” and the
Fresnel zone plate as possible atom focussing elements for eventual incorporation into a

rudimentary atom microscope. To start. I show the extreme sensitivity of the focussing



properties of the atomic mirror on both macroscopic and microscopic shape imperfections.
I do this through a calculation of the aberrations resulting from spherical and parabolic
approximations to the ideal elliptical form and by calculating the resolution degrading
effects of mosaic structure present on the mirror surface. A method of crystal bending.
based upon the electrostatic force between two metal plates. is presented as an alternative
to the usual mechanical methods with the promise of improved accuracy. Finally. it is
concluded that while the atomic mirror can play a significant role as a means to intensify
the primary beam in an atom microscope. it probably cannot be formed to sufficient
accuracy to image a surface with high resolution. The discussion then turns to the Fresuel
zone plate. After a short review of theory, it is concluded that with a commercially
available zone plate. resolutions of < 1000 4 could conceivably be achieved by using a
higher order diffraction image in conjunction with a “point like” field ionization detector.

if the illuminated target area can be made sufficiently small.

Irrespective of count rate or resolution level achieved. an image of a surface with
no contrast provides no information. In Chapter IV the concepts of iimage contrast are
developed through some simple examples. It is shown that “spatial filtering™ of diffracted
atoms. before processing by the imaging lens. may not be available as a means to improve
contrast due to finite source size and mosaic spread of the target surface. A realistic
estimate of the expected count rate from a microscope based around a Fresnel lens is made
and a technique by which significantly improved count rate. for the specific case of isolated
defects on an otherwise perfect crystal surface. is presented. It is concluded that for general
imaging of target surfaces. substantial focussing of the incident beam will be required to

bring count rate to an acceptable level.

Finally. Chapter V provides an assessment of the progress to date and proposes the

next development stage towards the realization of a helium atom microscope.



I. Fundamentals of Microscope Design

I wish to start with a very general discussion of possible microscope geometries em-
ploving atom focussing elements. Broadly speaking. the design would fall into either of
the following two categories (i) One in which an incident atom beam is focussed onto a
small spot on the target. the size of the spot determining the resolution of the microscope.
The target surface is scanned by either sweeping the incident beam across the sample or
by moving the target itself. (ii) One in which the target is illuminated by a broad incident
beam. Scattered particles leaving a small region of the target surface. the size of which
is determined by the imaging lens. being focussed onto a detector. An image over an ex-
tended area of surface is achieved by scanning the detector across the lens image plane or
again by moving the target in small steps. The two schemes are illustrated schematically
below and their relative merits assessed in turn.
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Figure 1.1

The ultimate resolution of the type A microscope is ultimately limited by the source

size 5. In the limit of an ideal beam focussing element. a spot size ¢ = s/k can be



achieved simply through demagnification of the source by a factor k. For atomic focussing
applicatious however. this avenue appears most difficult. due to the intrinsically long focal
length fof atoms mirrors or zone plates presently being considered as possible candidates
for microscope focussing elements. Very roughly. the required distance befween source
and target scales with the magnification A/ when 1/ is large. Furthermore. on the basis
of measurements by Doak [1] it is not clear whether the source size might not generally be
many times larger than the aperture dimension d for nozzle sources of the type generally
employed in helium scattering experiments. Doak points out that although. in theory. the
source size s at the * sudden freeze ~ surface scales with the nozzle diameter d by the
relation s = d — d'® (Excluding. of course. the effect of collimating apertures further
down stream. whose geometry will also influence the source size). the measured source
size for the 10 u nozzle used in his experiments was 500 ¢ ! Athough unable to give a
satisfactory explanation to this anomolous result, he points out that to date helium beam
sources have been optimised to minimize the velocity spread in the direction parallel to
the beam direction, essentially ignoring the spread in the perpendicular direction. He
suggests that the source size s could be reduced through tailoring the flow characteristics
of the nozzle. rather than by reducing the nozzle diameter d or source pressure. both
of which would have detrimental effects on count rate. It will be shown later (Section
IV) that a small source size and beam convergence angle can also be important for good
image contrast. depending upon the angular distribution of scattered atoms from the target

surface.

In the type B Microscope the target surface is quasi-uniformly illuminated over an
area A much larger than the sampled area é from which scattered particles are collected.
The imaging lens focusses particles from ¢ onto a point at the detector plane. The final
resolution is determined by both the resolution of the focussing element and that of the
detector. in contrast to the type A4 microscope. where the detector resolution plays no

role. The ultimate resolution is independent of the source size in this case. The greatest



drawback of this method is its intrinsic inefficiency (asswining one cannot put an extended
area position sensitive detector in the lens focal plane and simultaneously collect signal
from an extended area of surface whilst still maintaining good spatial resolution). Namely.
that the area ¢ from which scattered particles are collected is in general much smaller
than the total illuminated area A. Thus assuming uniform illumination of the surface.
contributions from only % x 100 % of the swface are being collected at any time - the
remaining (1 — g—) x 100 % only serving to increase the background gas pressure and
consequently background count rates. perhaps even to an extent where the true signal is
swamped by background signal. For example. with a resolution of spatial resolution of 0.1
and a incident beam spot size of 1 mm. scattered particles eminating from only 107° %,
of the illuminated surface area are being observed at any given time. The beam intensity
incident upon ¢ for a given nozzle pressure can be many orders of magnitude lower than in
the type A microscope. where the incident flux is concentrated through the agency of the
primary beam focussing element. On the other hand. the small range of angles incident
upon ¢ is conducive to image contrast enhancement techniques as shall be shown in Section

IV.
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Figure 1.2

The question then arises if one could not design a microscope where the incident

heam is focussed onto a small surface spot of area ¢ solely as a means to improve heam



mtensity, but the resolution constraint imposed by the finite source size s is removed by
nnaging the much smaller area ¢ area through a second focussing element. which itself
then determines the resolution of the microscope. This hybrid of types 4 and B will he

termed a type C' microscope in future discussions and is illustrated above.

In summary. the type 4 microscope is the most efficient design from the point of
view of high countrate and low background signal levels if one can develop an analvser to
detect atoms over a large scattering solid angle and with a reasonable detection efficiency.
It’s ultimate resolution. however, is restricted by the source size s although the spatial
resolution of the detector plays no role here. The ultimate resolution of types B and ¢
depends only upon the quality of the imaging lens and that of the detector employed.
Type B suffers in count rate due to a relatively low incident beam intensity. Microscope
C provides a partial solution to this problem. but perhaps at the expense of decreasing
image contrast through focussing of the incident beam. Which particular configuration
would prove most effective in any given application will be determined by the quality of

the available atom sources, lenses and detectors.
II. Atom Detectors

Microscopes B and C require a detector of good spatial resolution. For this purpose
the field ionization detector (FID) presents itself as an ideal candidate. It's characteristics
include a spatial resolution Ry of less than 1000 Angstroms determined by the tip radius r
and a detection efficiency of close to 1.0. A detailed description of it’s operating principles
can be found in reference [2]. I note in passing that it may be possible. through optimization
of the tip voltage. size. composition etc. to achieve a spatial resolution smaller than the
tip 1onization area for such a detector. thus achieving parallel detection to some limited
degree and hence improved collection efficiency. I have not vet had time to investigate this

possibility in detail but the idea is as follows (see diagram below).

(8]



If the multiple collisions an incoming helium atom makes with the surface hefore
jonization are localized to a small neighbourhood 6;mp of its initial nmpact coordinate,
then the arrival coordinate of the resultant ion on a distant position seusitive detector can
be used to deduce the initial impact coordinate of the aton to an accuracy of approximately

Opmp 1 smaller than the active ionization area of the tip itself.

Note that all trajectories of incoming atoms (each of which is specified by an impact
parameter b;) are essentially parallel to one another before they come under the influence
of the Ligh field strength near the tip. It follows that any small deviations in trajectory
they later experience.vb as they proceed closer to the tip surface, should not affect the
above arguments. as atoms of each impact parameter b; are mapped into a unique angular
coordinate 6; in the limit é;,,, — 0. the potential at the tip having approximately spherical

syminetry.

FosITICN
SEVSMIVE
DETELTERS

ﬂET‘Ed—TDA e _,"_w_w_

Figure II.1



III. Atom Beam Focussing
III.1  Introduction

Two possible means of atom focussing will be considered in this section. namely.
through their reflection from the surface of an atomic mirror or by their diffraction through
the agency of a transmission Fresnel zone plate. The relative merits of these two approaches
will be assessed in turn. I have not yet investigated the possibility of atom focussing by
the agency of strong electromagnetic fields and must therefore leave a relevant discussion
to a later date. First I consider the possibility of using an atomic mirror to focus atoms.
I show that the form of the focussing mirror must approximate it's ideal elliptical form to
an extreme degree of accuracy, on both microscopic and macroscopic scales. if a resolu-
tion < 1000 A is to be achieved. This is done by calculating the aberrations introduced
through approximating the ideal elliptical mirror by spherical and parabolic forms and by

calculating the adverse effect of surface mosaic spread on it's focussing ability.
III.2  Mirror Aberrations

Only the ellipsoidal focussing mirror achieves true point to point focussing hetween
object and lmage points lying on the optical axis. Off axis focussing. even for a perfect
ellipse. is not free from aberrations. However. scanning surface structure by moving the
target rather than the detector in an atom microscope incorporating a “point like” field
lonization detector avoids the introduction off-axis aberrations completely. This option
being available. it is sufficient to ask how good an approximation to the elliptical shape
1s a circle or parabola from the view point of on axis aberrations. Note that the ideally
required elliptical shape may not be accesible in any given type of mirror fabrication
technique i.e. bending of a crystal under the action of an applied force. For example.

calculations of the deflection undergone by a circular plate under the action of a uniform

gravitational field [9]. for the cases of both free and clamped edges, show the plate assumes

10



forms other than the elliptical forms considered above. Furthermore. it is not always made
clear in engineering handhbooks ete. whether or not the deformation formulae presentecl ave
exact or the result of approximations. Such a question is of little consequence for general
design considerations but critical to those for the production of an atomic mirror. due to

the stringent shape requirements imposed.

Let us begin with some fundamentals. A circle is the limiting case of an ellipse
when the two focii are infinitely close together. The parabola. on the other hand. is the
limiting case when one focus is at infinity. The relative focussing performance of the ideal
elliptical mirror with it’s corresponding circular and parabolic approximations will now be

compared. Consider the diagram below.
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Figure I11.1
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The target (object) is at a distance Dy; and the image (detector) at a distance Dy,
from the surface of a focussing mirror. The following parameters: Dg; = .3 m and Dy =

6 m have been chosen as realistic length scales on two grounds. The first. due to the
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expected worsening defect structure of a crystal mirror as the mirror radius of curvature 1s
reduced. The second. to allow sufficient distance between the two focii in order to reduce
the size of “shadow™ cast on the mirror surface by an object placed at the first focus as seen
at the second. The magnification M = %}f = %2 in this case. The reader 1s referred to
Appendix 1 for the derivation of the relevant aberration formulae. the values of which. for
the present parameters. are displayed in the table below. Included for interest is a compai-
ison with the diffraction limited resolution égqyicign corresponding to mirrors of different
sizes. The Rayleigh criterion [5] states that the minimum spatial resolution égayteign in
the target which can be resolved with a wavelength A due to diffraction limitation is given

by the formula:

i 0.61 A . : 0.61 A D
8Rayleigh = ——— = (in this example) e (II1I.13)
‘ sina Yy
a being the semi-angle subtended by the object at the focussing element as shown in Figure

III.1. \ was chosen to be 1.0 A for the sake of illustration.

The symbol definitions are as follows. y represents the lateral distance across the
mirror surface. &, the hieight of the ellipse at any arbitrary point y. r. and x,, respectively
the difference in height between the circle and the parabola from the ideal elliptical form.
6y. and &y, are the respective errors (abberations) in arrival position of reflected atoms at
the focal plane S of the ellipse. drayieign 15 the diffraction limited resolution for a mirror
of radius y. The values ¢y, and &y, as recorded in the table below have been corrected
(division by 3) to allow for the opportunity of positioning a detector at the " plane of
least confusion © Tpc [7]. whereby the adverse effects of aberration can be reduced to
some extent. In the diagram below this correction procedure is illustrated in a little more
detail for a circular mirror of radius .2 m (not .4 as in the present example) and for a

magnification again of 2.0.
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Table III.1 Mirror aberrations

Y Le Tee Lpe éyr (corr.) 69;) (corr.) bRayle igh

mm 1T A 4 A A A

2 5.0 .035 -.28 14 111 92
3 11.3 176 -1.4 47 376 61
4 20 556 -4.4 111 900 46
5 31 1.36 -10.9 216 1733 37

10 125 21.7 174 1733 1.4 4 18
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Note from the above results how the small. smoothly mereasing height differences
between the ideal ellipsoidal and the circular and parabolic mirrors which approximate it
(vee and y,e respectively). project into large aberrations at the detector plane Ty due to
the macroscopically large distance Dy, separating mirror and focal plane e.g. the results
show that a height difference of only 10.9 4 between the parabolic and the ellipsoical
mirror at a distance of 5 mm across the mirror surface translates into an aberration in the
arrival position of a reflected atom of 0.17 j1 at the plane of the detector Sy ¢ ! This simple
illustrations shows how extreme is the required degree of perfection in the macroscopic

mirror form if high resolution is demanded.

The physical size of a focussing mirror is thus chosen by balancing the conflicting
requirements of high collection capability and diffraction limited resolution with the in-
creasing difficulty of producing an accurate form over large macroscopic areas. Having
decided upon mirror dimensions. an appropriate production technique must be chosen.
Two possible methods will be considered in this report. The first, to take a cystal whose
surface exhibits a high degree of perfection on the microscopic scale and attempt to bend it
into the correct macroscopic form. The second. to utilize a commercially available ground
glass substrate. whose macroscopic ellipsoidal form is highly accurate when observed with
a lateral resolution > 1y and through the deposition of surface layvers. hope to smooth out
atomic scale irregularities. The quality of mirror achieved by either method will depend
critically upon the extent to which the surface is free from mosaic spread as will now be

demonstrated.
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I1L.3

A mosaic crvstal is one in which the ideal lattice regularity is restricted to very small
regions of the surface. the boundaries of which are fixed by distortions and displacements.
From thie perspective of a mirror surface. a problem arises because each of the small facets
has a slightly different angle of orientation with respect to its neighbour. each differing
in orientation by an amount ¢ from the perfect elliptical surface to which they should
confirm. If the facets are many angstroms across. each can be considered as a small
mirror to an incoming helium atom. Consider the simple one dimensional model drawn
below where. for the sake of argument. the facets have been given an average spread in
orientation of 2 x 10~ radians (10~* °). Inter-facet interference effects will be ignored in

this simple model. but their inclusion should not affect the picture greatly if each facet is

Defects on the Microscopic Scale

many thousand angstroms in extent.
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In such a case. any deviation in facit orientation 66 from that ideally required trans-
lates directly into a resolution degrading uncertainty 2,4, at the image plane a distance R
away. where .. = Ré¢f. For example. for R = .5 m. a realistic focal length for an atom
focussing element. and 66 = 2x 1079 radians (1071 °). then 2,50 = 1p. More dramatically
for the case of mica. where 66 is quoted at 107! ° [1]. A 5= 1 mm !!! Other measurements
from gold grown epitaxially on mica [3] show the mosaic spread of the resultant crystallites

to be of considerably larger value than the mica substrate itself !

Tliere is even a more disturbing ramification of the mosaic effect which can be seen
from the above diagram. namely. that tiny changes in orientation 66 across the crystal
surface may well be undetectable by standard surface analysis techniques. Cousider the
facet of length 5000 4 bounded by the points A and B. Due to the 2x 107 radian deviation
in normal direction. the point B is a height Ay = 5000 x 107° = 5 x 10?4 too high from
the ideal elliptical surface to which it should conform. Even an STM would not be able to
detect such a height difference ! - and remembering. it was shown above that an average
spread 86 of 2 x 107% corresponds to an ultimate resolution of 1p. much worse than we
would ultimately hope to achieve in a microscope. For a possible resolution of 500 |

the average height variation tolerable across similarly dimensioned facets would be only

2.5 x 10~* 4.

Whether mosaic spread. as I have interpreted it. is present to some degree in all
crystal surfaces or not. I do not know. Doak [1] attributed his lack of success at obtaining
a focus of better than a factor of four to the 0.1° mosaic structure of his mica sample. finally
ruling out mica as a candidate for a high resolution atom focussing mirror. Furthermore.
I have not vet researched the effect of bending on mosaic surface structure. which indeed
might worsen the situation ! Therefore. of fundankn’(al inportance to the development
of a high precision atomic mirror is to first establish the constraints which exist. be they

determined on theoretical or technological grounds. which in any way lumit the degree to
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which a surface can be free of mosaic spread. Such an investigation probably presents the
fastest route to developing a high quality mirror suwiface. as crystal bending techuigues can
forever he refined. Such an investigation may indeed show that a surface of the required

perfection is ruled out on purely theoretical grounds.

Consider now a few other surface imperfections which might. through their presence.
degrade the performance of an atomic mirror. Step edges. contaminant atoms and other
localized imperfections. if in low concentration. will not affect mirror performance to any
significant degree. serving only to remove atom current from the diffracted beams through
diffuse scattering. The presence of islands on the crystal surface also can be neglected if
their concentration is low and the incident wavelength matched so that an integer munber
of wavelengths is equal to the height of a mono-atomic step. If the wavelength is not
matched to the step height, then each island acts as an incoherent emitter with respect
to all others and the effective diffraction limited resolution ig determined by the average

1sland size.



[I1.4 Crystal Bending Techniques

To form an elliptical mirror from a crystal. one needs to develop a highly accurate
bending method. NMechanical methods for crystal bending have heen well developed for X-
ray and neutron beam focussing applications. however in these cases. the required bending
accuracy is orders of magnitude less than is required to produ‘ce a high resolution micro-
scope lens. As a possible alternative to the use of mechanical force with the possibility of
improved accuracy. I shall consider here a method based upon the electrostatic attraction

between two metal plates. each of different potential.

The idea is to use a commercially produced elliptical glass mirror. whose shape ac-
curacy is extreme when observed with a spatial resolution of > 100 4, as a substrate into
which a thin crystal sheet can be accurately pressed using electrostatic force. This would
be achieved in the following fashion. Firstly. one would coat the mirror surface with a few
layers of metal to form a conducting surface layer. The selected cystal sheet, if insulating
(e.g. mica). would have its front face also coated with a few metal layers in order to form a
second conducting surface. An applied potential difference between the two surfaces then
provides the necessary force. Such a technique has a number of advantages over the me-
chanical bending techniques. where the applied force is concentrated around the periphery
of the crystal plate. Firstly. the electrostatic force is completely uniform and its direction
always at a normal to the elliptical surface as is ideally required. Secondly. the edges of the
arvstal are free. in contrast to the case with mechanical bending devices. allowing a hetter
opportunity to relieve bending induced internal stress. Fially. the crystal is supported at

all points over it’s surface. greatly reducing sensitivity to vibration.

Consider the case of a 1 cm? circular piece of mica. thickness 0.1 mm (admittedly,

mica has a remarkably high 150 L v/mm breakdown potential and is. to this extent. a

18



rathier exceptional case). The force F between two plates of cross-sectional area 4. sepa-
rated by a medium of dielectric constant . a distance d apart and possessing a difference

in potential of 17 volts is given by the following:

2

F=05(=) Adre

.
d
= .5(1.5x10%)2 (1 x107%) x 5.4 x 8.85 x 10712

=53 Nt ~ 5.4 kg maximum (II11.14)

Other insulating materials do not have anywhere near so high a breakdown potential.
however this example illustrates that reasonable pressures can concievably be achieved
with this method. In the case where a semi-conducting or conducting crystal surface is
to be employed. a thin sheet of mica could be inserted as an i‘usulating layer between
the cystal and the mirror substrate (in the case of a semiconductor. coating its backside
with a fine metal layer). again utilizing the extreme capacitive force available with mica
and the fact that it cleaves along crystal planes to form a sheet of remarkably constant
thickness. Perhaps a few mono-lavers of oil introduced between the layers might also assist
the technique. Although I believe that these methods should work well. T doubt whether

sub-micron resolutions could he achieved in this fashion.

A second possibility to produce a high quality atom mirror is take one of the com-
mercially available elliptical mirrors. referred to above and deposit upon it’s surface metal
lavers. in an attempt to smooth out roughness on the atomic scale. Through various Lieat-
ing cycles. it would be hoped to form a surface comprising of small atomically smooth
regions. wlhose orientations conform accurately to those ideally required. How feasible this
method would be must be determined experimentally. although on the basis of what I have
read so far. the chances of forming an atomically smooth surface in this way of quality

sufficient for a microscope imaging lens. seem remote. For example. considerable work has
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heen cone on the growth of gold on a mica. Iu the compreliensive work of Clidley et al [3]
they found that under hest experimental conditions they were able to form islands of 4000
A4 diameter. however the deposited gold swrface possessed a mosaic spread of 0.4° 1.e. four
times worse than the mica substrate itself | Even if a surface of well orientated crystalites
could be formed. whether the individual crystalite surfaces themselves would assume the
correct elliptical curvature or in fact be planar is indeed not clear. As pointed vut by Doak
[1]. a piecewise approximation to the focussing surface will only be able to focus down to

a spot size comperable to the “piece size™ itself.
II1.5 Techniques for Beam Enhancement

The development of atomic mirrors for use as beam focussing elements is in itself an
extemely important goal. irrespestive of whether the requisite precision for a microscope
lens can be reached. For such applications. the required mirror accuracy is many orders
of magnitude less than would be required for a microscope lens i.e. a mirror focussing
capability of a millimeter over a half meter focal length might. in a given application. be
entirely sufficient. Doak [1] points out that a possible > 10° increase in incident beam
current could concievably be obtained through purely steric effects using an atom mirror

to concentrate the flux from a nozzle source.
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The simple beam enhancing configuration of figure (a) above, may not however ve
generally applicable to angularly resolved helium atom scattering experimeunts cdue to tle
degredation to momentum resolution resulting from the large transverse momentwmn spreacd
in the focussed heam. If. however. it is possible to produce an atomic mirror of small
racdius of curvature i.e. if it is possible to form a reasonable quality reflecting metal surface
on glass. (of no better quality than those produced presently by gold ou 1mica). then
a double reflection configuration as shown in figure () could concievably produce very
intense parallel heliwm beams. the intensity improvement dependent upon the smallest

radius of curvature possible for the convex focussing mirror.

All that needs to be attempted is to test a piece of highly polished glass coated
with a metal overlaver in a helium scattering rig of good angular resolution to see if the
elastic peak is noticably broadened by the presence of surface imperfections. If not, orders
of magnitude gains in intensity would seem realistic expectations. How much one could
increase the pressure in a He beam through such arrangements before intra-beam scattering

becomes a problem. I have not vet researched in detail.
III.6  Testing of Mirror Accuracy

STM (or AFMN) can be used to test the mirror surface (perhaps only in a limited
way as indicated in section I11.3) over small regions (~ 1 yx?). For testing the mirror form
over large macroscopic areas, the laser interferometer presents itself as an ideal candidate.
For example. the commercially available model MP2000 by Polytech is able to perform
measurements over an area of 10 x 10 cm with a horizontal resolution of 1 y and a vertical

resolution of 1.0 A.



III.7  The Fresnel Zone Plate

For a number of reasons. the Fresnel zone plate apears presently as an excellent
candidate for the focussing element of an imaging atom microscope. if the concomitant
low count rate and resolution constraints imposed prove not too restrictive. The low count
rate results from 1t’s small acceptane solid angle. itself a consequence of a small physical size
and macroscopically long focal length. The resolution constraint is imposed by the limits
of modern ‘technolog}' to produce zone plates with finer free standing physical structures.

Most attractive is the fact that high resolution micro zone plates already exists. whilst it

is yet to be shown whether an atomic mirror capable of high resolution imaging is feasible
on technological or even theoretical groundé. Pioneering work in the developmeut of zone
plates and their application to X-ray microscopy was made by the group of Schmalil at the
University of Gottingen [6]. Recently. Carnal et al [4] used a high resolution micro zone
plate (=~ .4u) to image single and double slit structures with helium atoms as the imaging
medium. Their results did not come close to realizing the theoretically predicted resolution
limit of the zone plate itself. but this is explained by other resolution degrading factors
inherent in their measurements. The characteristic form of the zone plate is illustrated in

figure IIL.5 bhelow.

The zone plate consists of alternating transmitting and opaque concentric rings with
diameters increasing with the square root of the ring order n, the transmission function
t(p) being given by the expression:

0. for rop < p < rau41 (absorbing zone):
tp) = (II1.15)
1. for rong1 < p < ropyg (transmitting zone)
where pis radial distance measured from the centre of the zone plate. n = 0. 1. 2 ... nn,p0y —
1 with 2n,,,, being the number of zones. r; the iunermost zone radius and the radii »,

related to r; through the expression:

SV]
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Figure IIL.5

The zone plate acts as a lens which images an object at a distance 4 onto images at

distances B,, where 4 and B,, obey the lens equation:

= (III.17)

. 1
.fm (ry )2

L.
| B m

Here m (integer) represents the order of diffraction. The relative flux ¢,, into the various

orcders m is given by the expression:

Om =1/m2 for m#0 : OQ’—‘(T(’/Q)Z. (II11.18)

Using the result that

> 1/n? = (7)/6. (II1.19)
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it is seenu that the percentage of transmitted fux into the undiffiacted zeroth order m = 0

component is GO . the percentage into the first order 24 . into the second 6 /i etc.

C'ompare the above formula with the mirror formula (II1.7):

where Dy; and Di, are the object and image distances respectively. f is the focal length
and R is the mirror radius. In contrast to the zone plate. no wavelength dependence of
focal length is present. as Snell's law (8, cidence = Breflected) is wavelength independent.
The zone plate diffraction limited resolution ¢, is given approximately by the equation

[4]:

1 r1 (’mar

.‘2\/'277,,”,1 . ;1. - \/5 m

O (I11.20)
where d,, ., is the thickness of the outermost ring. Note that the zone plate resolution
shows no explicit wavelength dependence. At first sight this appears in conflict with the

Rayleigh criterion (III.13). The apparent parodox is however explained by rearranging

equation (II71.20) in the following way: Mo =05 ¥
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Except for a scaling factor. the result is identical to equation (I11.13). The wavelength
dependence of focal length for the zone plate means that any reduction in wavelength
by a factor k is accompanied by a factor k increase in focal lengtli. Thus. although the
scattering angle for a given target spatial frequency has been reduced by a factor 1/k
through reduction in wavelength. the acceptance cone of the zone plate has been decreased
by a corresponding amount. thus the collected information and hence the diffraction limited
resolution remains the same. Unlike the case of a focussing mirror where a wavelength
dependence of resolution exists. we can here talk about the resolution of a given zone plate

as an intrinsic property it possesses.

From equation (III.20) it is evident that resolution can be improved through the
manufacture of a larger area zone plate by increasing nmmar. through the production of
a plate of smaller radius ;. or by the selection of a higher order m image for imaging
purposes. Let us first consider the relative merits of going along the first two paths.

The effect of doubling ny,q, is to produce a % reduction in ultimate resolution.
The outermost zone element is at a radius v/2 larger than before. it’s thickness reduced
by a factor of V2 and it's length V2 times longer. The focal length remains unchanged.
Alternatively. scaling down the size of the plate by a factor V2 will also produce a 2
reduction in resolution. with all absorbing rings decreasing by a corresponding V2 factor
in both thickness and circumference. The focal length is halved in this case. In hoth cases.
the solid angle subtended at the target is doubled and the resolution determined by the
thickness of the outermost ring (equation (II1.20)). Therefore. from the perspective of

improvement to resolution. the two approaches are of equal merit. The attractive aspect
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of the latter is that the required apparatus size [ > focal length) scales down 1 proportion
with the square of resolution and the mechanical stability is not degraded to the extent
of the first method. Its relative disadvantage is the increased difficulty in handling and
aligning a smaller focussing element. The production of a zone plate of finer structure is
dependent upon the limits of teclinology and the intrinsic weakness of fine. self supporting

structures.

The third avenue to improved spatial resolution is to select a higher diffraction order
m for imaging. the resolution improving in direct proportion to m. Consider, for example.
the feasibility of using the m = 10 focus with a zone plate such as that used by Carnal et
al [4] to image the surface of a target (i.e. one with a central disc radius r; = 9.38 p and
comprising of 64 rings). A field ionization detector will be used to detect the image. In
this case. the theoretical resolution (as is the focal length) is ten times smaller than for the
m = 1 orderi.e. 400 1!! However. there are significant problems to be surmounted. Firstly,
the flux ¢,, directed into this order is 100 times smaller than for m = 1 and constitues only
2% of the total transmitted flux through the plate (eqns. (IIL.18). (II1.19)). Thus count
rate will be at a premium (see section I'V). Secondly. the required beam monochromaticity.,
whose value is given approximately by the product ~ n-m [G]. is now increased to 640.
Finally and most seriously, it is a challenging task indeed to inhibit contributions from
the other in # 10 diffraction orders from reaching the detector and thereby seriously
degrading image contrast. Consider the figure below showing an ideal zone plate imaging
a point source of atoms. Ounly rays corresponding to the m = 8. 10. 12 th orders are

shown for clarity and an object magnification of =~ 1.0 has been chosen.

Remembering that we can scan by movinug the target rather than the detector. careful
ingpection of the above diagram reveals the existance of a disc of radius >~ % around the

m = 10 focal point which is free of contributions from all other m # 10 orders. Therefore,

if it were possible to focus the incident atom beam onto a circular area of the target swiface
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of radius < 1% le. < 1 in the present example. then coutributions from the m = 10
order could be cleanly selected by a field ionization detector. Obviously. the stringeucy
of the requirement imposed on the size of illuminated target area is somewhat relaxed if
a lower m < 10 order is chosen for imaging purposes e.g. focussing to a spot of radius

[}

< Lt (< 5y) is required if the m = 1 order is to be cleanly selected for imaging.

- FOCAL
AT E CENTARAL FOHE PRINTS

Figure III1.G

This technique. of course. relies upon the highly stable alignment of all microscope
components and a zone plate manufactured to considerable precision. Nevertheless. my
aim has been to simply show that the use of a higher order image could be quite feasible if
a “point like” field ionization detector is used. Note that because of the inverse dependance
of focal length on diffraction order m. we could use a room temperature source to obtain
the required high level of beam monochromaticity without fear that the apparatus length
will prove too large. i.e. Use of the m = 10 order with a magnification of one and a room
temperature atom source would result in a target to detector distance of 1.0 metre in the

present example. not 10 metres as would be the case if the m = 1 order were used.
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I'V. Iimage Contrast
N1 Introduction

The very properties of chemical inertness and non-destructive interaction with sur-
faces. which so handsomely present helium as a candidate for a surface imaging medium,
themselves greatly reduce the number of avenues available to obtain image contrast. In-
deed. in the abscence of condensation. all areas of a surface will reflect atoms with 100
7 probability. variations in scattered intensity through a given solid angle of observation
(i.e. variatious in the differential scattering cross section) providing the only means for
image contrast. For this specific case of “diffraction contrast™. it is interesting to note that
the degree of contrast obtained is intimately related to the diffraction limited resolution of
the imaging element itself. Imagine. for a moment. the effect of increasing the acceptane
solid angle of the atom imaging element in a simple type B microscope (Figure 1). As the
solid angle Q tends towards 27 steradians. the diffraction limited resolution tends towards
the limiting value of 0.61 A [II1.13]. but the measured variations in scattered atom flux
between points on the surface tend towards zero. In other words. a perfect aberration free
focussing element. collecting all scattered atoms from the surface under observation. would
vield an image with no contrast at all !' It is only through imperfections in the lmaging
system. be they intrinsic or introduced. that information on surface structure 1s provided.
Note that with other contrast methods (i.e. absorption contrast in a transmission electron
microscope). resolution and contrast are not in any way in conflict with one another. This

peculiar phenomenon only applies to diffraction contrast.

Before embarking upon upon a detailed discussion on contrast. I wish to consider first
a few simple examples from optics which bring out clearly a number of pertinent concepts.

It can be shown [7] that the far field diffraction pattern of a monochromatic wave passing

through an aperture is simply the Fourier transform of the “aperture function”. a function

2
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which describes the field distribution across the aperture i.e. point to point variations in
pliage and amplitude. In the case of an incident plane wave. the aperture function is simply
1.0 i.e. constant in phase and amplitude over the eutire aperture and zero outside. In this
case the diffrtaction pattern is soley determined by the geometry of the aperture itself. For
example. the intensity pattern I(6) produced by a plane wave (wavevector k) ou a screen
a distance D away after diffraction through a circular aperture of radius a is given by the

well known result [7] :

Ji(ka sin®)

ka sin@

I(6) x2 (I17.1)

the symmetry axis for 8 being parallel to the direction of the incident wavevector. The

smaller is the diffracting aperture. the larger the angular spread of the diffracted heam.

The situation changes entirely if the incident wavefront is not constant in phase or
amplitude across the aperture. By choice of a suitable phase distribution. for example. one
can arbtrarily rotate the symmetry axis of the diffraction pattern to any chosen direction
(1-D example in ref. [T}._pg. 335) or broaden it arbitrarily. Through such manipulation.
a small aperture could be made to generate a narrower diffraction pattern than a larger
aperture ! (Of course the minimum angular width in all cases is determined by the Rayleigh
diffraction limit (II1.13)). Thus diffraction through (or alternatively reflection from) large
scale structures does not necessarily give rise to diffracted intensity into a small solid angle
or directed along a fixed symmetry direction with respect to the incident beam. For this
reason. when one considers the more complicated case of the scattering of a particle wave
from a potential surface. caution must be applied when invoking the argument that “small
scale structure diffract atoms through large angles whilst large scale structures leads to
small angle scattering” due to the three dimensional nature of the scattering potential and

the concomitant path length dependent phase variations it induces across the swface.
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V.2 Image Contrast Enhancement

[ now wish to introduce the concept of contrast enhancement through filtering of the
far field atom diffraction pattern bhefore it's processing by an imaging lens. For illustra-
tion purposes. I consider the case of helium atom microscopy with a type B microscope
configuration of a simple (rather unrealistic) surface consisting of small circular “atomic
mirrors” (i.e crystallites). each of a different size and all perfectly orieuted with respect
to one another. superimposed upon an atomically rough background. Our interest will
lie in resolving these small structures. Consider first the case of orientating the focussing
element in the symmetry direction for elastic scattering from the tiny mirror surfaces as

shown in the diagram.

Because the crystallite surfaces are flat. their aperture functions are constant and
thus the argument that small crystallites (high spatial frequencies) leads to diffraction
through large angles whilst large crystallites (low spatial frequencies) generate small angle
diffraction patterns holds. the symmetry axis being the spe’cular direction. Equation (IV.1)
1s applicable in this case. To illustrate the concepts of diffraction contrast, I have drawn
a zone plate of 200 ¢ dimensions at a distance of .5 metres from the target surface under
observation (the .4 p resolution zone plate considered earlier). The angular distributions
of diffracted atoms arising from “mirrors™ of 4000 4. 8000 A and 10y in are ustrated.
For structure of a given size to be resolved. the imaging lens must intercept at least half of
the first order diffraction maxima [6]. To enhance image contrast. “spatial filtering” of the
atom diffraction pattern can be performed i.e. one selectively prevents atoms scattered
through a specific range of solid angles from ever reaching the detector. thereby giving

contrast to certain length scales in the target.

Note that this filtering can be equally well performed at the entrance to the focussing

element rather than at its back focal plane (the Fourier transform plane) where it strictly
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should be performed. as the imaged target area is so small and the target to defector
distance so large that the scattered atoms. hefore being processed by the lens. have alreadly

decomposed into the far field diffraction pattern of the swface.
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Figure IV.1

For an example. suppose one blocks out the central cone of atoms incident upon the
zone plate corresponding in width to tlie principle maximum for crystallites of 8000 A size.
as indicated in the diagram. In this case. crystallites of between 4000 and §000 A in size
are imaged with great contrast. whilst information concerning dimensions of greater than
8000 1 dimensions does not reach the detector. The diagram also shows how the effect of
finite source size can completely disrupt this procedure of modifying the image coutrast
and/or countrate. by smearing out the diffraction patterns. if the size range of interest
on the target surface is rather large (diffraction through small angles) or the focussing
element subtends a small solid angle with respect to the target i.e. has poor diffraction
limited resolution. For the particular imaging element considered in the diagram (a 200
;1 zone plate). it is evident that an effective source size of the order of 50y is required to

obtain good control over diffraction contrast through filtering and to maintain countrate
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by intercepting a large proportion of the diffracted current ! Countrate and control over
contrast are equally sensitive to any spread in oricutation between the crystallites (mosaic

structure) which max be present.
V.3 Contrast fom Elastic Scattering

I wish now to consider the specific case of scattering from a crystal surface. where
one is primarily interested in the defects i.e. step edges. adatoms. mosaic structure etc.
rather than the intervening ordered regions of surface. It is then important to have some
idea of the angular distribution of scattered particles from the particular defect species of
interest in order to be able to estimate how much of the scattered signal will be intercepted
by the finite sized imaging element employed. More specifically. if all angular distributions
of interest turn out to to be diffuse, then the zone plate might be ruled out as an imaging
element purely upon count rate (sensitivity) considerations. For example. with an atom
source of intensity 10%2° counts/steradian/sec at a distance of .25 metres from the target and
a 4000 4 resolution zone plate as previously considered (" = 1 focus and magnification
1.0). an isotropic distribution of scattered atoms from a 4000 4 defect would result in a
count rate of only 0.15 Hz. the zone plate subtending only 3.9 x 107% sr at the target !
Of course. no scattering is truly isotropic. but remembering that the zone plate considered
in this example subtends an angle of only .01 degrees at the target. then any scattering
falling outside of the collection cone could well be defined as diffuse. For example. in the
calculations by Drolshagen and Vollmer [10]. scattered intensity from the isolated atomic
defects considered was largely concentrated into a 4° cone i.e. into 1.6 x 10* times the solid
angle subtended by the zone plate itself. In such a case. an alternative contast technicque

to be decribed may provide the solution to low count rate.

uppose. for the sake of argument. we are observing with a zone plate a surface under
Supy for tl ke of arg t. we 1 g witl plate a swif 1

plane wave illumination. Consider scattering from a weak isotropic scatterer. dimensioned
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as the size of the instrumental resolution ¢. on an otherwize perfect cystal substrate (figure
below). I define the reflected intensity from an observed region far from the defect as I, gy,

Higher order m # 0 elastic scattering and inelastic scattering processes are disregarded in
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The atom diffraction pattern consists of the weak isotropic compounent from the
defect and the intense directed signal resulting from the flat crystal substrate. Let us first

consider the situation when the detector is oriented in an arbitrary direction other than in

33



the direction of the elastically scattered specular beam. (e.g. position 4 i diagam). As tlie
defect is scanned over. the countrate rises from zero to a maximum value of 6.2>107" I, fl
at position g s and then back again to zero. Now consider the complementary approach,
What happens to the elastic countrate as we scan over the defect 7 The count rate falls
from a value of I,y to 6.4x107% 1, at x4,y and then rises back again to its original value,
the count rate (sensitivity to the defect) has been increased by a factor of 1.6 x 10% !
The improvement in sensitivity has heen achieved through measuring the loss of elastic
signal through diffuse scattering. regardless of into which solid angle the diffusely scattered

particles are directed i.e. in this mode we integrate over all directions for the diffusely

scattered particles.

This was. of course. an extreme example chosen explicitly to illustrate that poten-
tially large gains in count rate are available through such a procedure. Furthermore. the
enhancement technique is clearly not applicable to the imaging of any arbitrary target sur-
face. but only to those possessing large areas of well ordered crystal. Note that although
in this count rate enhancing technique. information concerning the exact form of defect
scattering potentials is lost in the act of integrating over all scattering directions. contrast
between different defect types is still present through their differences in scattering cross
sections resulting from differences in physical size. In any practical application however.
the degree of dip in elastic intensity observed as defect structure is scanned would de-
pend upon a number of factors. These include the imaging resolution & relative to the
size of defect structures being observed. the percentage of the elastic intensity going into
higher diffraction orders and of course. most importantly. the exact form of the angular
distribution for elastic scattering from each particular defect species observed. Finally. the
technique is extremely sensitive to the effects of finite source size. focussing of the incident
beam and mosaic spread in the target (section IV.3), which all conspire to smear out the

diffraction pattern of diffracted atoms.
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V. Conclusion

My goal over the past five months has heen to gain an overview of the field of
atom optics and to establish. where possible. optimum design parameters for an atom
microscope. As the design of an atom microscope requires knowledge in such a hroad
and diverse range of specialist areas. I have only had time to téuch upon the surface of
many crucial to the realization of a working instrument. Nevertheless, from the present

perspective. the following does appear true:

(a) That the best chance of developing a helium atom microscope of resolution < 1000 4
lies in selecting a higher order image produced by a Fresnel zone plate with “point like™
field ionization detector. Significant enhancement of incident beam intensity. best rendered
through the agency of an atomic mirror. a second zone plate or a combination of zone plate
and mirror is required to increase countrate levels. Furthermore. the primary beam must
be focussed to a spot size of >~ 1 — 5 u to eliminate the effect of overlapping images at

the detector plane.

(h) Although of use as a means to enhance incident beam intensity. the resolution degrading
effects of mosaic structure and the extreme accuracy of form required on the macroscopic
scale dismiss the atomic mirror as a candidate for a < 1000 A microscope imaging element.
Nevertheless. the development of the “best atomic mirrors in the world™ is an attractive
goal in itself. given the wide application in beam experiments high quality atomic mirrors

would undoubtedly receive.

In the light of these conclusions. the following course of action presents itself:

(i) To establish with certainty. through discussions with people at the forefront of zone
plate research. what are the highest resolution zone plates which can be presently produced
and the prognosis for their future improvement (e.g. Find out what are the technological

limits to producing zone plates of finer structure. Does the decreased structural integrity of
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ever flier free standing structures already limit further improvemeuts 7). The procureinent
of such a device for mcorporation into a prototype microscope. Investigation into the
possibility of constructing a reflecting zone plate. promising perhaps improved resolution

and count rate due to a finer achievable ring structure.

(i7) To test. in a helium scattering apparatus. the quality of various metal surfaces cle-
posited on a highly polished glass substrates. with the view of developing high quality

atom nurrors for primary beam intensification purposes.

In summary. from the perspective of resolution. count rate and contrast. a < 1000 4
atom microscope appears already feasible with present levels of technology. A possible con-
figuration is shown in the diagram below. Clearly. much detailed planning and laboratory

based investigations will be required to achieve it’s realization.
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VI. Appendix I

Consider first the equation of the ideal elliptical focussing mirror. Taking the origin

at (0.0) as incicated in figure 3.1. the ellipse is described by the following formula:

( Ve — U )2 0 y2
" =1 - ® (I[II.1)
where
D D;. .
o= 2022 d @ = DpDn 8] (II1.2)
After some rearrangement. (3.1) becomes:
Dyy + D12 y? y* »
Ta = ( + + ) (II1.3
2 2Dg; D12 8(Dy1 D12)? }
using the expansion
AT X \1'2

- the expression:

® (II1.5)
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If the circle radius is chosen such that :

The mirror formula (III.7)

then the equations for the ellipse and circle are equal to first order. Substituting equation
(II1.7) into (II1.3) we can rewrite the equation of the ellipse in terms of the radius R of

the circle which best approximates it's shape in the following way.

v v 4. (II1.8)
Ty = — _ e .
2 S8(Do1D12)R

The parabolic approximation to the ellipse is simply the first term in the above series:

L)

N

Ty = ﬁ (II1.9)
In summary. we have:
2 4
R Y o
T == °R - N8 + ... . circle
2 1
y y .
re = — + + .. © ellipse
2R ' SRDy D2 d
By = 7y_R : parabola

The error (aberration) in arrival position ¢, of a ray (particle) on the distant focal

plane g perpendicular to and passing through Dys. is given by the product of the miuror
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to screen distance Dy and the difference in slope of the circular and parabolic swifaces

respectively from the ideal elliptical form :

by = diy dre
& dy dy
: dx dx
by, = (=L — ==
4 ( dy dy

93 (DJQ L)

2R R? Dy
y3

2RDy,

(I1I.10)

(II1.11)

The difference in height between the circular and parabolic surfaces respectively and the

ellipse which they approximate is given by the following two equations:

=
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