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A Scanniug IJItrasoft X-Ray Microscope with Large Apertute Reflection

Optics for Use with Synchrotron Radiation

R.-P, Haelbich, W. Staehr and C. Kunz

Deutsches Elektronen-Synchrotron DESV, 2ooo Hamburg 52, West Germaiiy

and II. Institut für Experimentalphysik der Universität Hamburg

Newly developed multilayer interference coaCings allow to use the

advantages of normal incidence optics also in the ultrasoft x-ray

region: amall abtrrations and large aperture. For example, a

Schwarzschild type objective with two spherical reflectors allows

under certain geometrical conditions to produce an aberration free,

highly demagnified image of a light source. This can be used äs a

probe for scaiining a sample while the transmitted light is recorded

tu form the image. Since the objective has an efficiency much smaller

than one, scanning is preferced to direct imaging to reduce radiation

damage in biological specimetis. Synchrotron radiation, especially

fron a storage ring ILke DORIS, is a bright tunable source uhich

can yield a« image below 1000 A in diameter with about 10 photoas/second

in a 5% band around \ 100 A. Demagnification ahould be achievable in

two steps: (l) High efficiency grazing incidence mirror and (2) Hulti-

layer coated Schwarzschild objective. A prototype has been optically

tested and is presently installed at the Synchrotron DESY.

will be published in the Annals of the New York Academy af Sciences.

Presented at the Conference on Ultrasnft X-ray Microscopy, N'ew York

Academy of Sciences, June 13-15, ]979-
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l. Introduction

Imaging with soit x-rays for roicroscopical purpos.es is in principle

possible by shadow casting (J, 2), Fresnel zone plates (3), a

pinhole in combination with a scanning drive (i), bolography (5)

and grazing incidence mirrors (6, 7, 8). Since the reflectivities

of mirror coating materials in the wavelength ränge below 100 S are

smaller than a tenth of a percent for normal-incidence, such mirrors

have not been considered so far, By use of multilayer interference

cuutings (9, !0) with enhanced, wavelength selective reflectivity, it

seems possible to extend the application of sucVi mirrors down to

A = 50 X and to prufit thereby from the advantages of normal incidence

mirrors: smaller aberrations and larger apertures, A Schwarzschild

type objective, for example, with two spherical concentric mirrors

under certain geometrical conditions is almost free from aberrations

and can be produced with good accuracy because of the spherical shape

of the mirrors. Since, however, two reflections are necessary, the

efficiency of such an objective will be small in any case. If used for

direct imaging, the specimen would be irradiated by a number of photons

two or three ordere of magnitude higher than that contributing to the

formation of the iraage. Therefore, we prefer a scanning version of such

a microscope and use the objective to form a highly demagnified image

uf the source. In the next section, the experimental eetup ia outlined,

in Sections 3 and 4 details about multilayer interference coatinga and

the Schwarzschild type objective are given and in Section 5 the proto-

type of a microscope, which is presently under construction at the DESY

Synchrotron, is described.
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2. Frinciplaof the Setup ot a Microscope at a Synchrotron

Radiation Source

Figure l shows the envisaged Setup of the mictoscope at the storage

ring DORIS. The elecfron beam at the tangential point has a cross-

2
section of l x 3 mm which defines the source duaensions. The

incident light first is reflected by a plane mirror. Uith the angle

of incidence properly adjusted the unused high energy part of the

spectrum which might damage the following expensive elliptical or

parabolic mirror is eliminated. This second mirror forms a roughly

hundred times reduced Image of the source. Since the mirror is ueed

at grazing incidence, the size öf the image is limited by imaging errors

The blurr of the Image is cut off by a pinhole wich a fev micrometers

in diameter. In addition, this aperture allows vaccum Separation of the

ultrahigh vacuum beamline fron the experimental chamber which is kept

at normal vacuum conditions. The second demagnification is achieved

by the Schwarzsctiild type objective. Under optimal conditions, the size

of the image is diffracLion liraited, At \ 100 8 with a munerical

aperture (N.A.) of .3 the diffraction disc has a radius of 200 A (the

radius of the first dark ring). The aberrations are negligible and the

modifications introduced by the central obstruction of the beam will be

discussed in Seetio» k,

Since the thus fonned light spöt cannot be easily moved across the

sample, a scanning motion of the whole sample must be appLied. The

scannirtg mechanism can be driven by precision screws, piezoelectrically

or electromagnetically. The most important feature is not linearity

but reproducibility , so that one line scan fits the adjacent one.

The transmitted light or the emitted photoelectrons can be recorded with

a detector which Controls the brightness of a cathode ray tube

while the b^ais tief lec-.L i on is coupled to the scan generator.

. . k
A source of l mm size has to be demagnified by a factor of 2.5 x 10

to form an image ul 400 X in diumeLer, Since the pruduct of spot s ixe

and ajjtirture are not affe^ted by imaging, this implies that the

microsropt! can accept ünly an angle of .2 mrad of the incident

r;icii;itio!i which is less than one fifth of the natural vertical

dJvergem:t' of the Synchrotron radiation from a storage ring like

DORIS at >= 100 A. It appears possible to reduce the vertical height

üf the DORIS electron beam further hy a factor of 3 which will reduce

the necessary deaagiü fication and thereby increase the acceptable angle

by the samt: factor. In the future, storage ring beam sizes below

loo V.E will become av.ii ] .-ib le. This small acceptance angle of a scanning

microscopt: is the reason why the brightness of the source rather than

the overall intensity is the relevant parameter. Synchrotron radiation

sources are ideal in this respect.

21 2
With DORIS äs a source we obtain a brightness o£ \ pliotons/sec x cm

x sterad x eV at ?. = 100 S. A microscope uith .3 N.A. and a light spot

of 400 8 in diameter which works with roughly monochroroatized light of

5% bandwidth cün acfie.pt about 4 x 10 photons/sec. If we further assume

that the grazing inc'-idenci? reflections reduce the intensity by a factor

u.5 each and the objective has an efficiency of 0,12, we obtain 10

photons/sec. focussed in the scanning spot on the sample. This would

allow a scanning speed of more than 1000 points/sec. with reasonable

statistics.
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In addition to the reduction of radiation damage äs menCioned above,

scanning was chosen because of the following advantages:

(1) The detectou has not to he position sensitive, but may be

optimized for maximum efficiency.

(2) The Information is at once availahle and makes real time

microscopy easy.

(3) With on-axis imaging only spherical aberrations come into play,

(4) Signal processing is easy to accomplish.

(5) Interesting parts ot the image can selectively be scanned with

higher speed or better quality of the image if the operator

wants to du so,

3. Hultilayer Interference Coatings

In. x-ray physics crystals are good reflectors when all lattice planes

add in phase tu the reflected wave. In order tQ be more flexible in

the choice of lattice constants, it is possible to evaporate alternating

layers of highly (in ciur case ReW) and weakly (in our case C) absorbing

materials (12). As with natural crystals, the superpositiori of the

incident and the reflected beam produces a standing wavefield with the

highly absürbing layers in the nodes, thus the penetration depth is

considerably enlarged and a great number of layers contributes to the

reflected beam.
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Fig. 2 shows the uear-normal-incidence reflectivity ot a multilayer

interference coating with 3, 5 and 7 layecs of ReW and of C in comparison

to a. single thick film ot EeW (II), The peak reflectivity is increasing

with the number of periods, but the width of the peaks is decreasing

and therefore the integral under the reflectivity curve is growing more

slowly Chan the peak reflectivity. Thus, the reflector additionally

acts aa a eoarsc moiiiitihrumator, its baudwidth depending on the nutnber of

perLods. In order Lo get good contrast in soft x-ray microecopy, this

coarse monocliromacy is necessary and the multilayer coatings on the

objective micrors taake extra monochromatization untiecessary. A filter

(for example Carbon) is needed to suppress long wavelength radiation.

In order to change the wavelength , however, one has to take another

objcccivc uptimized for a different wavelength.

Examination of scattered light from these coatinga has shown that the

surface roughntaB induced by these films is so small that normal incidence

reflüction down to * = 50 A appears to be feasible (11). For the

fabrication of ciultilayer films optimized for such short wavelengths

a good method of thickness control during evaporation is ot utmost im-

portance (see Ref. 13).

4. TheSchyarzSchild Type Objectiye

Schwarzschild type objectives (14) have been used for 40 years in

microscopy, especially for infrared or ultraviolet light (15). Fig. 3

shows an objective witti two concentric spherical mirrors. The smaller

convex mirror forms a strongly demagnified virtual intermediate image,
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the larger cuncave nirror forms a weakly enlarged real Image of this

virtual Image. The aberrations of the concave and convex mirror have

opposite signs and compensate each othec. In a concentric mounting

where the radii of the convex r. and the concave i* mirror obey the

following relation with the distance s of the object to the convex

niirror surface

rl J rl
+ 1 l.25

r, - s | r,

the objective is free from third order spherical aberrations, coma

and astigmatism (16). This georactrical condition implies, however,

that about 21% of the centraL area of the objective is obstructed, This

influences the intensity distribution in the diffraction pattern of the

objective. In Fig. 4 the change of intensity distribution from an

unobstructed clrcular aperture to an annular aperture with 212 areal

obstruction is shown (i''). For the latter, the diamter of the Airy

disk is even sm.il ler, but part of the intensity froni the central maximura

is shifted to the rings, For objects with sufficient contrast point

resalution is therefore improved. This has been demonstrated in an

optical scanning microscope by Brakenhoff et al, (17).

The most critical points in fabrication of such an objective are optical

figure and surface roughness. When reflection occurs at a mirror element

which is displaced hy an amount £ from the ideal surface, the optical path

length is changed by 2äsinO where 6 is the grazing angle of incideace.

Since we use the objective at normal incidence, the quality of the image

is strongly depending on these deviations i , This retardation error

should be less than A/4 in order to have a diffraction limited image.

Then f, should be smaller than X/SffT for each mirror. For visible radiation

normall.y Lakifn for Liistiug the optical figure, this means at least

•V60t). 'Ihis i^ an extreme requirement and the only chance to obtain

co^ponents with this accuracy will be with spherical mirrors whose

sh.ipe ii sali günerating. This is the main reason why we prefer an

ob jecL i ve witli t wo re: lections uvur a single ellipsoidaL mirror.

Surface roughness protluces scactered light which reduccs reflectivity

and cuntrüst. Even an extremcly well pulished surface with 10 A rms

surface roughueas wLlL produce niore than 80% scaLtered light at

n

A = 100 A at normal iiicidence (18) . Plane and spherical surfaces are

generally produced with the largest possible smoothness.

An additional advantage of the Schwarzschild type objective is its great

working distance, since its principal planes coincide in the common

ccnter of the mi r ro r s wh ich lies outsidc the objective on the s ide where

L he spiii: imün is p l aced . Typical paramet er s of a Schwär z ach i Ld type

object ive art? g iven in Table 1.

5. The Prototyps

In order to learn more about the technical problems involved, the

prototype of such a micrcscope has been constructed. In a first stcp

this Instrument was tested with visible light. The pinhole between

the grazing incidence mirror and the objective is illuminated with a

He - Ne Laser. The objective is a commercial one (Ealing) designed for

applications in the infrared and ultraviolet. It has a numerical

aperture u t" .28 and the radii of curvature of the mirrors are 17 mm and

45 mm. The fulfilment of the condition for disappearing aberrations,

äs tnentioned above, is unimportant for this objective since the

resolution in the visible is already restricted by diffraction and in
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the soft x-ray rt'gicn by the poor optical tigure "f ehe mirrors.

Scanning of the saraple is uchieved in twu ways. First, there is a

mechanical stage driven by micrometer screws with a DC motor and the

Position is measured by carbon film Potentiometers or inductive dis-

placement transducurs. The potentiometers have a resolution oi about

.5 'jm, the inductive transducers have a resolution better than 1000 X.

Altcruatively, the sample c;in be directly attactied Lo Lwo piezoelectric

transducers which consist of Stacks cf piezoelectric disks. They have

a maximum ränge ai displaceaent of 'tO um and their resettability is

better than 1000 A. but they show an unusual time characteristic with

a very long time constant for the läse part oE their motiön, this lies

in tht order of minutes. Therefore, control of the displacement without

transducers only by the applied voltage is d i i f i c u l t .

Compared to nurinal ubj t:c tives for optical microscopy the Schwär z schild

lype objective used has a very low numerical aperture and therefore

tlie firat dark ring has a radius u) 1.2 vm at i = 632.8 ntn when tiit central

obstruction is considercd. This value is usually taken äs resolution

limit.

Fig. 5 dernonstrates the edge resolut ion of the microscope. For th is lint;

ycan of a cazor blade edge the scanning Etage was d r iven hy precision

screws and the position oionitored by inductive transducers. The flatter

parts of the curve surnmnding the central steep part correspond to the f i rs t

dark d i f f r a c t i o n r ing of the objective and show that the radius is l . 2 Um

äs expectüd.

l r. j rcer to kee^ l .ie e x p f n s j o :"i>r d a i a h jndl iog äs sE-,all äs p o s s i b l e , we

a b ü t a i i i ü d fror, dispiayin, ' . t h e t r ü n s T i i i s s i o n s ignal on a TV screei i . The

i m a g y i s rec . - rd ud l i i roug l i l iiid scans un ar. x-y rcc order . By scanning

r.ar.v l i n t i s u q u i v d l u n L l y siii l ' teü on the sample and un Lhe x-y recordcr a

du i -d 11 ed. y-:.'.odulat ion Image i s obt a i nüd . Such an inage of a suppor t grid

of a U 'dnsmiss icn gratin;.', w i t h . i h u u t 30 .-m pe r iod i c i t y is shown in t'ig. b

and Joniimst r ; iu>« i:.t± u ü u i n l n t a;, oi this procedure. The t ransroi y.s ton

gratii'.j; J t M t i l f hjs l |.tu per icdi-; i ty , therefore its s t r u c t u r « is not resolved

At t h e s y n c h r o t r o u we use a g r a z i n g incidence monuchromaio r ( 1 9 ) in zero

o r d t - r w'.iich f j cusses the beam with a p a r a b o l u i d ar,io the p inhole which is

uxchanged -or the exit slit et t hü nninochrui iu L o r . A second Schwär z schild

t y p e o b j e c t i v e wi th b e t t t - r r.p; i r a l l i ^ u r e t l ian tha t used for the optical

t e s t s is ava i i ab le . It w i l l bi; ro.-if.ed w i L h a au l t i l ayer coating op t imized

lor f - l / ( ) X.

A p i u j in: L Lor bui Ld ing aa u l t r a s o f t x-ray nicroscope was introduced. The

outs tanding f e a t u r e s are ( I ) normal incidence o b j e c t i v e cuated u i t h m u l t i -

layer i i 1ms, (2) r e l a t i v c l y h i g h aperlure, and (3) scanuing pr ine i p l e . Tlu-

pn-senL ü L u d i e s w i L h a p r o t o L y p e aerve to evaluate the technical and

p l i y a i c a l f e a s i b i l i t y and should a l lcw comparison w i t h n t h e r approaches

towards soft x-ray mic roscopy .

Wo t har.k E. ü p i i k ' r lor s e v ^ r a l d i scussions and exchange of ideas.
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Figure Captions

Fig. I: PrincLple of scanning ultrasoft x-ray microscope.

Light from a Synchrotron radiation source SR is

reflected by premirror.PH and grazing incidence

focussing mirror FM onto the pinhole P. The Schwarz-

schild type objective SO forms a reduced Image of the

pinhole on Ehe sample. This is fixed an sample holder

SH wliich is attached to an x-y scanning stage con-

trollüd by scan-generator SG. The transmitted light

is recorded by detector D, this signal controls the

brightness of Ehe cathode-ray tube CR.T by amplifier A.

Fig. 2: Misasured reflectivity of a single 400-A-thick ReW

film and of a three-, fivc- and seven layer coating

of EteW and C for an angle of incidence a - 15 . The

three and five layer coatings were obtained by

shadowing part of the wafer by a shuCter during the

evaporation. After Ref. 11.

Fig. 3: Diagram of a Schwarzschild type objective with two

spherical mirrors which have a common center C. The

convex mircor forms a strongly deniagnified virtual

intermcdiate image I of the object 0. The concave

mirror forms a weakly enlarged tmage I* of I.

F: Image side focal point.

Fig. 4: Intensity distribution of the diffraction pattern of a

non-obstructed ciruular aperture and an aperturc with

21% area obstruction in the center. The central maximum

is smaller in diameter in case of central obstruction

but part of the intensity is shifted to the rings. The

intensity is normalized to l at the center of both curves

respectively. The coordinate K in the focal plane is

measured in wavelength per unit numerical aperture.

Fig. 5: Line scan of a razor blade edge, The acanning table

has been moved by precision screws and its position

munitored by iiiductive transducers. The flatter parts

of thü curve surrounding the central steep part

cücrespond to the first dark diffraction ring of the

objective, its radius being 1.2 gm äs expected.

Fig. 6: Y-modulation image of a support grid of a tranamiasion

gratmg with about 30 um periodicity. The transmission

grating itself has l u^ periodicity; therefore its

structure is not resolved.
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