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Use of Synchrotron Radj.atign in X-ray Interferometry

G. MATERLIK

Deutsches Elektronen-Synchrotron DES\

Notkes t r . 85, D-2000 Hamburg 52, Germany

A h s t r a c t

Recently devfcloped techmques Co profitably utilize the special Lharacter-

istics of Synchrotron radiation in x~ray interferotnetry are dcscribed. The

advantages of Synchrotron x-ray when compared to interferometry with con-

ventional and rotary anöde x-r.-iy tubes are discussed and outlined in two

cases, naraely x-ray dispersion spectrcscopy and three-beam case interfero-

metrv.

I. In tröd u c t: ion

During the past five years the outstanding characteristics of Synchrotron

radiation found rapidly increasing application to problems in X-ray spectroscopy

and X-ray diffraction. Among those were the first tests with X-ray interfero-

meters by Banse & Haterlik (1975 a,b) who used DESY in Haaiburg äs radiation source

and showed that the very high spectral and angular luminosity of this source,

conibined with the small emitted divergence, its wavelength tunability and the

well defined polarization state harmonizes ideally with ehe small intrinaic

angular acccptance of single crystals.

This experience led to the first continuous measurement of the anomalous dispersion

correctlon on either side of an X-ray absorption edge (Matetlik (1975), Banse &

Materlik (1976)) and to the first successful Operation of a dispersive three-

beam case X~ray interferometer (Graeff (1976), Graeff 6 Bonse (1977)).

The profitable utilization of Synchrotron X-rays was in either case realized by

specially adapting the interferometric setup to the properties of the Synchrotron

source which are quite different to those of conventionally used X-ray tubes.

This difference made substantial changes of the goniometer arrangement necessary,

like the use of a vertical reflection plane for the dispersion correction

measurement. Besides this, new concepts had to be used to overcome problems just
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caused by the nature of this radiation. For example, the elimination of higher

Bragg reflected Orders became essential . These appear because of the continuous

wavelengch dis t r ibut ion from the visible down to 0.! A y~rays. Of course the high

mtensity also is responsible for a dras t ic increase in scattered radiation

background and for a strong heat load on the f i r s t d i f f r a c t i o n element which can

2
exceed several Wat t s per cm .

The solution uf these problcrns not only ir.ade i t possible to carry out the above

mentioned inti?rf erometer Experiments , but also opens the way for several ot.ier

studies of interferometer devices and in te r fe rometer applications. The e.asy

accessibility of the short wavelength regiori helow 0.5 A allows to s tudy, äs in

the case of neu t rons , d i f f r ac t ion moires from "thin" i n t e r f e r o m e t e r s for which

absorption is small and Pendel lüsungeffec ts becume dominant . D i f f r a c t i o n focuss ing

(Indenbom, Slobodetskü & Truni (1975» can be investigated sinilar to the neutron

case, furtherniore, a well defined photon polarization state can. be applied to

reduce the nutnber of excited wavefields and tu study the polarizat ion dependence

of Pendellösungeffects for "thin" interferometers. The problen of X~ray resonators

(Deslattes (1968)J and X~ray Fourier spectroscopy (Hart ( 1 9 7 5 ) ) may then also be

experimentally attacked by making use of the high intensity and a suitable

wavelength fit best for highly dispersive interferoraeter designs. This last

property might also be a benefi t for certain applications of interferometric

phase contrast micrpscopy. The nunber of dispersive electruns can then be

chaBged by tuniug into an absorption edge-

It is therefore useful to describe the interferometer setup which was adapted

to Synchrotron X-rays and to discuss in detail in which way special source

prcperties effected the arrangement and which methods were used to make füll

use of the wavelength tunabil l ty and of the angular collimation.

2. Inter/erometric aetup for use with^Synchrotron_X-radiation

The d i f f rac tomete r is shown schematically in Fig. l for two d i f f e r e n c angles of

incidence 0 and 6 . Also inse r ted are the respec.tive beam paths , The s tat ionary

entrance sl i t is located abouc 30 m away f r o m the tangent. point of the electron

orbit. The radiation is monochromatized by a grooved monochromster (or "channel

cut") which f u l f i l l s several t asks . In the f i r s t place it cuts a very small

wave leng th regier, out of the white incident spectruir which is given by

L\l\ A G COL 0. A9 is determined by the divergcnce coming f rom the source and is

— L — T
usually ahout 10 to 10 für each reflected order. The once diffracted beam

therefore already has the monochromacy of a characteristic X-ray l ine or even better.

Secondly, by closely shielding the crystal, äs shown in the photograph Fig. 2, the

radiation hackground can be suppressed because from the direction of the twofold

reflected beam one can no more lock dircctly on the spot wbere the primary beani is

Stopped by the first mirror. Thirdly, i£ the first Bragg tnirror is heated by the

intensive radiation, one can design the groove in such a wayf that the relative

angle betwccn the Bragg mirror« can be changed by elastical deformation of a

weak link cut in the base of the groove (Materlik S Kostroun (1978)). Since

different <i spacings for the first and second reflection shift the 6 position

of the. respective single crystal reflectiun. ranges, this is then corrected by

adjusting the Eragg angle for the second reflection, so Lhat- the overlap is

again maxitnized.

The two interference beams, being generated by the LLL interferometer,respond

quite different to a change of the Bragg angle 0. As illustrated in Fig. l, the

rotation of the spectrometer by AG results in a sweep of the H-beam across the

stationary film while the 0-beatn, being redirected parallel to the primary beam,

virtually stays at the same spatial position. In the case shown, fis = 0.5 mm for

AB = 3° and > = 1.54 8. This beam is therefore very well suited for use with

detectors while the H-direction produces a wavelength scale on a film or on another
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position sensitive device like a TV camera or position sensitive detector.

The fringe moire of a wedge placed into one of the interference bearos is displayed

on the inset of Fig. 1. *t the position A a section pat tern has been recorded.

The wavelength resolution is then determined by the source divergence and the

distance of the groove to the tangent point. In the region f rom A to X the

diffractoroeter has been driven continuously and the resolution i s thus also

depending on thP dis tance et" the f i l m to the interferometer and can be varied

by this means.

The LLL interferometer is renmely adjustable parallel and perpendicular to the

Laue mirrors and so are the three independent rotations 66, Ap and A K , where fiö

determines the relative alignment of groove and interferometer in the ref lect ion

plane. The remote control of all important parameters of the d i f f rac tomete r is

necessary because the «hole experiment is interlocked while the Synchrotron

radiation beam is turned on.

As will be discussed in chapter 3 the polarization state and the higher collimation

perpendicular to the orbital plane, which is not effected by the curvature of the

orbit, require in many applications a vert ical reflection plane. This means that

all X-ray optical components have to be rigidly mounted without inducing any

strains. The interferometer designed for this purpose is shown in Fig. 3. The

deep groove in the base serves äs an obstacle for lattice deformations f rom the

glue which connects the interferometer base wi th a L-shaped silicon bloc. This

bloc bu f f e r s the d i f fe ren t thermal expansions of the silicon and the steel plate.

Also shown in Fig. 3 is the built-in moire. The visible lattice dilatation with a

fringe distance A ^ l mm is produced by a lattice constant Variation

Äd/d - d/A^ % 2 • 10 . Presently it has not been investigated, whether this
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dilatation is produced by different heating of the interferometer mirrors when

they are hit by the intensive Synchrotron radiation beam.

3. Folarization and angular collimation

One peculiarity of Synchrotron X-rays is their polarization state. The normalized

intensities of the radiation cumponents with the electrical vector parallel (P(|)

and perpendicular (PA ) to the electron orbit are plotted in Fig. i a äs a function

of the angle T to the horizontal plane. The width at half-maximum of P|r is about

0.16 mrad and reflects also the high colHraation of the relativistically compressed

radiation cone emitted by one electron, Pi exhibits two maxiina with a Separation

of 0.14 mrad. Both are rouch smaller in height than the maximum of P,,. A very high

degree of linear polarization is reached close to the orbital plane, while the

polarization is elliptical if the accepting slit moves out of the plane. 1t

becomes more and more circular for increasing V (Kunz (1976)), because the phase

difference between P„ and P, is ± u/2 and the amplitudes are then almost equal.

The ideal case that all electrons are travelling along a central orbit is never

fulfilled in an actual Synchrotron or storage ring. There the electrons oscillate

about a central orbit (betatron oscillations) in such a way, that for each cross-

section of the beam the distance of an electron to the center of the bunch and the

corresponding angular divergence are connected by an elliptical relation (Green

(1975)). For the storage ring DORIS in Hamburg such phase space ellipse for an

electron energy 3 GeV is shown in Fig. 4 b for the vertical beam distribution in

direction z (E perpendicular to the orbit) and the divergence z' = dz/ds where s

is the unit vector parallel to the tangent and perpendicular to z. The shape of the
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ellipse varies aloag the orbit and depends on the actual accelerator beam optic.

However, if the particle is only radially accelerating, the area of the ellipse

iß a constant of rootion and the vertical and horizontal betatron oscillations

can usually be treated independent]y .

Shown in Fig, 4 b is the curve representing the w id t h at half-maximum of a normal

density distribution for the electron beam. In this case the maximum divergence

of the betatron oscillations is 0.38 mrad which is about twice the natural

divergence of the Synchrotron radiation at 1.5 A photon wavelength. Of course th i s

also changes the total degree of polarization reached within a receiving slit and

a polarizer^as discussed at the end of this c.hapter,might becorae necessary.

The phase ellipse for the horizontal plane is usually larger than for the vertical

and the smearing by the curvature of the ring has to be included also. Either

fact Supports a vertical reflection plane if the highest possible wävelength

resolution for one single crystal diffraction shall be reached. The machine

Parameters which determine the phase ellipses can fortunately be specified for eaci

beam optic and one can thus successfully treat the influence of the phase ellipse

and of all slits placed into the beam to define the source portion used and the

corresponding divergence (Green (1975) , Hastings ( 1 9 7 6 ) j Pianetta & Lindau ( 1 9 7 7 ) ) ,

The proof of the high polarization and collimation of DESY and their dependence

on the beam optic is given in Fig. 5. A wedge fringe System has been recorded

using a horizontal reflection plane with the arrangement shown in Fig. I. The

diagrams are densitometer profiles along the traces indicated by the arrows. The

intensity distribution of the perpendicularly polarized component P, (Fig. 4 a)

is visible and the comparison of part a and b gives a contrast change which

follows fron an increase in source height. The Separation of the two maxima in

Fig. 5 a is abouc O.Umrad. This shows, that the divergence of the vertical

- 7 -

betatron oscillations is very small at that particular sectioti of the orbit.

The use of the Laue mirror äs a Borrmann polarizer (Cole, Chanfcers S Wood (1961))

makes this Illustration possible. As is well-known the Borrmann effect strongly

iavours the waveflelds with an electrical vector perpendicular to the reflection

plane. The anomalcms small absorption coefficient for an energy flow parallel to

the net planes is in the two-beam case given by (Borrmann (1955))

_ c
(O

where p is the normal photoelectric absorption coefficient and v. , v. are
o r Aio' Äih

imaginary parts o£ the 0, H-Fourier components of the electrical susceptibility.

The polarization state (C = l for perpendicular and C = cos 2e| for parallel

polarization to the reflection plane) introduces the strong difference in

absorption. This difference in the Laue case can be used to construct a simple

polarizer. Only by this means, füll use of the polarization of Synchrotron X~rays

can be made, specially if the influence of betatron oscillation is considered,

A. Continuous spectjwi and higher orders

The easy wavelength tunability is atiother main advantage of Synchrotron radiation.

Fig. 6 shows the intensity distribution from DESY in a given entrance slit 29 a

away from the source äs a function of wavelength in the region X - 0.3 X to 3.0 S.

The available flux was compared to that from a Cu K line, generated by a 30 kW

Rigaku Denki rotating anöde (R) and by a conventional 1,5 kW sealed X-ray tube (C).

The comparison was done by using the same setup(Fig. J) in either case. The

intensities were measured with films and nonnalized to the theoretical Synchrotron

radiation flux. As was pointed out in the last chapter, the source divergence

determines the actual energy passband. In our experiment this parameter was not

controlled which let to uncertainties in A^A (marked by the bars for (R) and



( C ) ) . A factor of about 10 can be gained when compared to (R) and another factor

10 when compared to (C) . But th is comparison is done for the intensities of a

characteristic X-ray liite! When real tunabil i ty is wanted, like in dispersion

spectrometry (Bonse 4 Materl ik ( 1 9 7 6 ) ) , conventiona] X-ray gcnerators only o f f e r

the bremsspectrum. Here the comparable in tensi t ies are reduced by another f a c t o r

500 - 1000. It also has to be noted, that the increase in i n t ens i ty and thus the

decrease in exposure or counting t ine iB in many cases not only of quant i tat ive

but also of q u a l i t a t i v e na tu r e , because the in f luence of thermal and vibra t ional

disturbances is reduced.

The continuous spectrum exiending far i n t o the bard X-ray region , o f f e r s the

advantage to test the in te r fe rometer for long and short w a v e l e n g t h s at the same

Bragg angle. Thus one can ca r ry out interferotnetry wi th Varying absorption and

extinction length up to the absorf t ion f r ee neut ron-1ike case (Bauspieß, Bonse

6 Graef f ( 1 9 7 6 ) ) . This became possible by the development of a new method to

eliminate the harmonics which are always p resen t (wi th the exce.ption of forbidden

ref lect ions) a f t e r one single crystal ref lect ion of a wide spectrum. The idea is

to use the r e f r ac t ive index correction to the Bragg angle (Bonse 8 Mater l ik

(1975 a ) ) w h i c l i in t roduces a wavelength dependence of the angular posi t ion of the

cpnter of the ref lec t ion ränge. B r s i d e s t h i s the center posit ion is also coupled

to the asyrametry factor b = s i n f f l + 0 ) / s i n ( Ö ~ 0), where 0 is the angle between

the surface and the ref lect ing Bragg planes. It is (Zachariasen ( 1 9 6 7 ) )

, i-,„ ix^l c
b' 2 sin 2C r

and

6h "

(2)

(3)

The intensity of the rotatin? anöde c c u l d be doub led for short periods of
time. However, the chances of vacüuK and power la i lures then increased remarkahly

for the model used.
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r F
e c

~ V V h (4)

Here 6 , 0 are the reflection angles for incidence and reflectance respectively,

X > X h are tne real parts of the electrical susceptibility, connected to the

stmcture factors F , F, , r is Lhe classical radius of the electron and V the
o h e

volume of the unit cell. The parameter y gives the deviation from the center

(y = ü) of the reflectiufi ränge. T'ne principle of this method has been discußsed

in detail by Banse, Katerlik 6 Schröder (1976), its application to monolithic

monochromatcrs by Matörlik £ Kostroun (1978).

Silicon 220 reflection curves for ,\ 1.5& Ä, and the higher Orders i/2 and W3

are shown in Fig. 7 for two Polarisation states presuming parallel incident plane

waves. The centers nf the * and 1/2 reflection ranges are shifted by 3.1 seconds

of are. Since b = l in the symmetri cal Laue case all curves are then centered at

8 . The combinotion of a Bragg case groove and a Laue case intcrferometer äs shown
D

in Fig. i realizes a simple way to select harmonics by cuning the relative

B adjustment of the two optical ^umponents.

The wedge moires in Fig. 8, photographed at each 0 Position simultaneously in the.

H- and 0-beam, exhibits thc? different fringe spacings for *, A/2 and X/3 but

f urtheriüore the rer.arkable change of the ref l ex structure due t o Fendellösung

oscillations. Für ' ~ 1,5 A the interferometer is Borrrr,ann-l ike (y t ." 23), for
ci

0.75 A (u t , 2,9) B further modulation is introduced (different in H- and 0-beam)

perpendicular to the interferoneter base which bccomcs even more pronounced for

> = 0.5 l (u t ;- 0.9).

5. Applications

As mentioned in the introduction the two fields in X-ray interferometry, waich so

far have profitted most fröre Synchrotron radiation, are the measurement of the
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dispersion correction f cluse to X-ray absorption edges and the developtnent of

dispersive X-ray interferometers. The final chapter therefore explains which

properties of Synchrotron X-radiation and which of the above mentioned methods

of adaption to the source c t i a r ac t e r i s t i c s were crucial to the before mentioned

experiments.

5. l Dispersion sooctroscopy

The re f rac t ive index n of a homogeneous medium wi th N atoms per unit volume, and

the coherent forward s c a t t e r i n g ampli tude f = f + f ' + i f ' , are for K-rays

connected by

r

n was nreasured on eithcr side of the nickel K absorption edge by Bonse & Mate r l ik

(1976) with the setup sketched in Fig. l and the details of Fig. 2 and Fig. 3. A

lucite wedge produced a f r i nge System which was shi f ted when the sample was

inserted into an interference beam. The fr inge systera was photographed with and

without sample and the re la t ive shif ts were determined wich a d ig i t iz ing

densitometer atid successive Computer ana lys i s . A vertical reflection plane was

chosen in order to achieve the highest possible wavelength resolution and in tens i ty .

The re f lex position on the f i lm, placed into the H-beam, could be used to calibrate

the wavelength, and harmonics were suppressed by the Bragg-Laue combination. The

result of the measurement is plotted in F ig . 9. 1t shows a smooth wavelength

dependence of f ' on the long wavelength side of X and reflects the well-known
K

EXAFS structure of the absorption spectrum for ^ < X . Here the intermediate

electron state is modulated close to the edge by the conduction bands of the solid

and can fur ther out be interpreted by taking the backscat ter ing f rom neighbouring

atoms into account. The arrows in Fig. 9 i l lustrate the correspondence of the f 1

structure to the minima (below the curve) and maxima (above the curve) of the

absorption spectrum measured by Cauchois and Manescu (1950).

The errors in the above f ' measurement were mostly determined by inhomogeneities

of f i l m shrinkage and eample thickness. Here the use of detectors and the

calibration of the thickness wi th a wavelength far away from the absorption edge

(Cusatis and Har t ( 1 9 7 5 ) ) for example with A/2 wi l l es tabl ish a Standard method

for precise f ' de te rmina t ion .

High intensi ty , cont inuous wavelength spectrum and h igh c o l l i m i n a t i o n are the

decisive advantages of Synchrotron radiat ion in this application.

5.2 Three-beam case intor£erometer

The setup of the three-beam case interferometer used by Graeff and Bonse ( 1 9 7 7 ) at

DESY is shown in F ig .10 . A 220 germanium groove has been selected to get away f rom

the spot h t t by the prircary beam and to suppress the higher Orders . This is done

by using the method diseussed in chapter U and combining two materials wi th

d i f fe ren t electronical densit ies {see equations (2) and (4 ) ) in this case the

germanium groove with the (440, 404) silicon interferometer.

The ray course of the interferometer is sketched in Fig. 10. All rays are coplanar

with the incident beam hecause the r ight wavelength can be chosen f rom the

continuous spectrum. The choice of this coplanar case was crucial for the

Operation of the interferometer because the temporal coherence length l = X ^ / Ü X

is determined by the wavelength resolution. If the incoming beam is t i l ted by an

angle n against the ray plane shown in Fig. 10 it follows from Braggs law and

geometry that ÄX/A % r\/2, if the divergence is kept constant. The coherence length

thus decreases. Of course this is also true, if the divergence perpendicular to

the reflection plane increases.

A large coherence length is necessary in this experiment because the surface rough-

ness decreases the temporal coherence. Graeff (1976) estimated that the vertical
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divergence of Synchrotron X-radiation corresponds for X - 1,66 Ä to a coherence

length ] r, 15 - 30 pm which is enough to reflect consecutively Erom several

Bragg mirrors each vi th a surface roughness of about 0.2 um. A horizontal r e f l ec t ion

plane was uaed and wavelength tunabili ty and high collimation were the most

Important parameters of Synchrotron X-rad ia t ion .
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Fig. l Interferometric setup. S Stationär? slit; MO Monochromator;

G Goniometer; M Monitor counter ; IF Interferometer; C Counter; F F i l t

FiR . 2 Channel cut monochromaior vi th lead sh ie ld ing ( lead cover is removcd)

Fig. 3 a) In te r fe rometer mount for ver t ical r e f l ec t ion p lane . St S t ee l ,

b) B u i ] t - i n moire .

F ig . 4 a) In t ens i ty d i s t r i b u t i o n of Synchro t ron radia t ion äs a f unct ism of

the i n c l i n ä L io:i a n ^ l e f to ehe o r h i t p l ane for A = 1 . 5 A. P , P.

for the e l ec t r i ca l vector para l le l and perpend icu la r co the orbi t

re spec i ive ly .

b) Typ ica l phasc space ellipse for DORIS at 3 GeV e lec t ron e^ergy ,

(For description see c e x c . )

F ig . 5 a ,b) Fr ingemoi res and densi tarne t er Lr.ices along the indicated ways

(arrows) for two d i f f e r en t electron beam optics of DESY. S optical

dens i ty . Ketc the contrast change and the s imilari ty between S and P,

Fig. 6 Synchrotron radiation intensity of DESY in a slit 29 m auay from the

tangent point, 0,5 mm wide and 7 nm higli for d i f f e r e n t e lec t ron end-

ener^ies U, 5, 6, 6 .5 and 7.2 GeV for the curves l, 1, 3, 4 and 5

respectivcly. Beam current is 10 mA. fi>. = 10 A. ( R ) , (C) corresponding

intensi t ies frotn a 30 kW Rigaku Denki rotat ing anöde and a conventional

1.5 kW X-ray tube.

Fig. 7 Eragg case sinple crystal re f lec t ion curves.

Wedge iDoires for reflexions J = 1.5 Ä, X / 2 and )./3. H-beara lef t

coluim, 0-beatn right column.

Fic . 9 Measured f' dependence of nickel on either side of the K absorption

edee. Arrows indicate the s t ruc ture measured in absorption: arrows

above the curves ^ive the pos i t i ons of the maxitna, arrows below

those of the min ima .

F i g . 10 Setup w i th three-bearr case in te r fe rone te r ar.d ray p a t h .

PP P h o t o g r a p h i c p l a t e ,
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