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Introduction

Inelastic X-ray scattering requires an energy determination before and

after the scattering process together with a technique to vary at least

one energy continuously in a controlled way. Sufficiently monochromatic

beams can only be produced by Bragg reflection from single crystals.

Stationary X-ray monochromators are standard equipment of conven-

tional X-ray generators to select a particular characteristic line.

Quite often they are curved to focus on the sample or the detector.

Devices with variable Bragg angle have been and are used as analysers

in Compton scattering which is inelastic X-ray scattering with moderate

resolution. With the rapidly increasing availability of synchrotron

radiation (SR) monochromators and analysers became more and more

sophisticated improving momentum (Q) resolution and only somewhat the

energy resolution AE which stays in the order of eV. Very high energy

resolution can only be obtained with Bragg angles 6 near to 90°. This

field is the topic of the present paper.



The first experimental study of backscattering (0 near to and equal to

90c) was inspired by Maier-Leibnitz at the Munich reactor and performed

by Alefeld in 1966 /!/ with neutrons. It was recognised that the

backscattering technique has two major applications i) a precise

determination of lattice parameter changes and ii) inelastic scattering

with very high energy resolution. The backscattering technique for

inelastic neutron scattering has been developed rapidly by Alefeld,

Birr and Heidemann HI. Today there operate two back-scattering

spectrometers for inelastic scattering at the ILL /3/ one for cold

neutrons with a Doppler drive monochromator (IN 10) and one for thermal

neutrons with a variable temperature monochromator (IN 13).

Stimulated by the first neutron work and by a proposal by Bottom /4/, backscatte-

ring of X-rays was first performed by Sykora and Peisl (1970) /5/ and then taken

up by several groups /6/. All this work was exclusively elastic scattering on the

determination of lattice parameter changes and lattice strains. It has been

thought about inelascic X-ray scattering in backscattering technique /7/, but it

was realised that the intensity, even from rotating anodes, was too low

for a reasonable experiment. The main reason was that the wavelength had

to be taken from the Bremsstrahlen continuum, because no characteristic

line could be found compatible with the lattice spacing of a possible

monochromator at room temperature and at nearly 90° geometry /5/. The

availability of strong SR sources changed the situation,and several groups

started projects in Hamburg /S/, Brookhaven /9/, Munich /JO/, Bayreuth /ll/

and Dortmund £12/ aiming at a resolution AE between 5-10 meV /8,9,1O/ and

40 meV /ll/. A Fabry-?erot type interferometer as monochromator and

analyser /13/ has been proposed to obtain a resolution of AE=0.4 meV.
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To my knowledge, the European activities in these days are pursued

only by two groups in Germany, at the University of Bayreuth /I 1/ and at

the University of Munich /JO/.

Theoretical Considerations of Resolution and Beam Optics

The resolution of a beam with k = 2n/X reflected by a perfect crystal, with

x=2iT/d' (d1 effective lattice spacing) is

AA/A » Ak/k = AT/T + cotSAS, (1)

see Fig. 1. AT is essentially the reciprocal of the penetration depth and

T/AT is proportional to the number of participating reflecting planes.

_ .

is independent of the angle © and thus of A, if we neglect absorption and

anomalous scattering. It decreases with increasing order of reflection

due to both the 1/T dependence and the decreasing structure factor.

r is the classical electron radius, F(Q) the structure factor and V the

volume of the unit cell. Only for 8 near 90°, cot 0 A9 can be made small

enough to be comparable to the limit AT/T of the resolution. Note that the

Darwin width e at constant wavelength is easily derived from Fig. I by

e * ~ ' tg © (3)

In the limit 6 - 90° we obtain T»2k and from eqn. (1) and (2), neglecting

structure factor variations:

T " k2 W
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Fig. 1 •. Reflection from a perfect single crystal with x=2Tr/d' (d' = the

effective lattice spacing), k = 2ir/A and 0 = the Bragg angle. The

two contributions to the resolution are given separately.

2
For neutrons, with E ~ k , it gives AE = const., while for X-rays, with

E~k, we get AE~l/k. This is the reason why high-order reflections have

to be used in inelastic X-ray scattering to obtain AE in the order of

10 meV, such as Si (777) used by the Munich group.

To get enough intensity through such a spectrometer on a bending magnet

or a wiggler, spherically curved crystals have to be used as raonochromator

and analyser. The penetration depth, as explained above is so large

that the use of curved crystal disks (radius of curvature 2 to 20 m)

is not possible because the elastic deformation changes the lattice constant

by orders of magnitude more than the wanted resolution permits. There-

fore the crystals have to be cut (grooved). The size of the crystal blocks

remaining flat even when curving the disk spherically controls the

divergence A© of the beam and determines at the

same time the sample size to be comparable. As can be seen from eqn. (1)

a large A6 requires a 9 very close to 90° while a smaller A6 (smaller

elements on the crystal) allows a larger separation of white and mono-

\ chromatic beam. The Bayreuth group has chosen a block size of 1.2 wm, the
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Munich group of ] nan. This is a compromise allowing for some imperfection

in curvature (imaging) and simplifying instrumental alignment.

On the monochromator side the distances are anyway so larga that the

size of the uncurved elements does not play a dominant role.

Using a curved crystal as monochroraator the distance d between the sample

position and the white beam is further limited by the necessary demagni-

fication - the sample has to stay inside the experimental hall. In a

demagnification setup the image is produced following the optics for re-

flection from a spherical mirror, but the reflected wavelength is varying

with the point of reflection on the curved crystal. Usually the vertical

divergence of a SR beam is smaller than the horizontal one. Therefore

a deflection in the vertical plane on the monochromator is preferable in order

to maintain the intensity collected from the horizontal divergence.

With a vertical divergence a, the maximum distance d is given by

as far as the influence of demagnification is concerned or

d < 2 iL ( h 2
+ w V

1 / 2 . AJ (6)

as far as the finite height h of the source and the width w of the flat element

on the crystal are concerned. L is the distance from source to monochromator

and Si the one from monochromator to sample.
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If an undulator at the right wavelength with a divergence of 10 x 10 rad

would serve as a source, the monochromator could be a flat

crystal at, say, L=60m being illuminated on a surface of 0.6 x 0.6 mm .

If the sample is situated 20 m back from the monochromator the illumi-

nated sample area would be 0.8 x 0.8 mm . In this case the possible distance

of sample to white beam would be d=2 m.

On the analyser side on the other hand the size of the flat elements on

the crystal are determining the distance between the sample and the image

of the scattered beam. With a radius of curvature of 3 m as foreseen by

the Munich group this distance will be about 6.5 mm. It is planned to

place a pinhole at the image position and a detector further behind.

Pinholes before the sample and before the detector are probably necessary

anyway, because the curvature of the crystals will not be perfect.

They will produce a halo of intensity with the wrong wavelength. But all

intensity passing through the pinhole has necessarily the correct wave-

length. Therefore an imperfectly curved crystal will reduce intensity

but not resolution.

The Present Situation

The Bayreuth group /ll/ uses Nickel K , radiation and the Si(533) reflection.

At room temperature the reflected intensity benefits already from the proxi-

mity of the characteristic line. However, by heating the crystal a gain in

intensity by about a factor 25 could be observed at 33O°C,see Fig. 2. An

experiment at room temperature with two crystals of 4.5 va radius of curvature,

scanning the temperature of one crystal relative to the other, revealed a total

resolution of 60 meV. The individual resolution of one crystal is then 42 meV,
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Fig. 2: Reflected intensity from a Si(533) perfact single crystal versus

temperature at 0 = 89.25°. The incident radiation is emitted by a

Ni anode. The maximum corresponds to the Ni K .-line, from Ref. /ll/.

which is a bit larger than the calculated width of 33 meV. With this relaxed

resolution using a Ni rotating anode and crystals at about 33O°C it is

expected that real inelastic scattering experiments can be performed in the

home laboratory.

The crystals were produced by glueing aSi(533) plate 17 mm in diameter and 3 mm

thick on a 2 mm thick steel plate of 30 <nm diameter. Then the crystal was

cut by a diamond saw of 0.15 mm thickness down to the steel plate. The steel

plate was curved by applying pressure from two concentric rings, a technique

applied as well by the Brookhaven group /9/. The image size was about

o
2.6 x 2.6 mm as expected.
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The temperature control was no major problem, because the width in

energy resolution corresponded to a temperature difference of 3.2°C.

The Munich group /lo/ is following the technique of grooving

crystals of 1 mm thickness and 75 mm diameter crosswise by slits of 0.1 mm

width and 0.8 mm depth /14/ and subsequently glueing them into spherical

mirrors of optical quality. The major problem is the application of a

thin dust-free layer of glue. The best crystal (2 m radius of curvature)

2
gires an image of the expected 2 x 2 mm size without a noticeable halo.

4

The intensity behind a pinhole of 2 mm diameter at the image position is 10 pho-

tons/sec using Mo radiation with 50 kV and 50 mA.This intensity would be com-

parable to the calculated one for the Si(777) reflection but in fact the measured

intensity contains higher order wavelengths as well. So the measured

intensity is a bit low but in the right order of magnitude.

The temperature control appears to be in hand ; a Cu disk which will

hold the final crystal was maintained at room temperature over hours with

deviations of i5 mK.

The Munich group continues with the project to install such a spectrometer

at the HASYLAB in Hamburg.

What is Inelastic X-ray Scattering Good for ?

To estimate the feasibility of such an experiment one draws from exnorience

with inelastic neutron scattering- 10 monochromatic neutrons per second

impinging on the sample provide an easily detectable signal. In tv<* X-ray case

the cross-section is about 10 times larger but the effective sample thickness
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is limited by absorption. Assuming that these two effects compensate each other

and taking on the analyser side comparable solid angles, one expects an inelasti

X-ray scattering experiment to be feasible with 10 photons per second on

the sample. An optimistic estimation for the planned European Synchrotron

Radiation Facility (ESRF) gives 5*10 photons per second on the sample.

Fig. 3 presents a diagram in Q (momentum) - to (energy) space well known to

neutron scatterers. Only the area limited by scattering angles /=0° and

(̂ =180° is accessible in a neutron scattering experiment ; a scan with constant

scattering angle is not at all a const. Q scan. In inelastic X-ray scattering

every const.if scan represents a const- Q scan, and the energy transfer is

"unlimited" compared to neutrons. The resolution AE*10 meV stays the same

even for high energy transfers in the order of eV.

Another consequence of the fact, that Q is not really affected by the

energy transfer, is the possibility to transfer high energies at small Q.

This is of fundamental interest to reduce the unwanted contributions from

multiphonon processes, a kind of background which might have a structure

with energy transfer.

The investigation of collective excitations in amorphous and liquid matter is

limited in inelastic neutron scattering under the condition that the velocity

of the neutrons has to be higher than the longitudinal sound velocity in

the sample. This excludes for practical reasons the investigation of many .

materials. There exists no such limitation in inelastic X-ray scattering.

In Fig. 3 the longitudinal_acoustic dispersion curve is given for liquid Al

as a dotted line.
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Fig. 3: A Q-o) plot defining the accessible range in inelastic neutron scatte-

ring, given by <j=°° and tf=18O°. A const. Q scan is identical to

a const, if scan with X-rays, but not with neutrons. The initial slope:

of longitudinal acoustic excitations in liquid Al are given in energy

loss and gain to demonstrate that these modes can be investigated

by inelastic X-ray scattering.

In general high resolution inelastic X-ray scattering with A E % J O meV can

be applied to energy transfers larger than 50 meV. In particular we expect

that this technique will be useful in the following areas:

Lattice dynamics in single crystals of hard materials such as carbides and

nitrides or crystals containing light elements. Eventually hydrogen in metals,

where the hydrogen will be essentially invisible and its vibrations must be

derived from the small corresponding amplitudes of the metal atoms.

Molecular spectroscopy on powders and liquids particularly on optically in-

active modes.
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Collective excitations (acoustic and optic) in liquids and amorphous materials

as discussed above.

Dynamics of surfaces and adsorbed layers, perhaps on single surfaces in total

reflection.

Electronic excitations from localised positions or filled bands into empty

bands provide unfortunately a much more complex (integral) information on

the band structure than phonon measurements on phonon dispersion curves.

The reason is that phonons are Bose-particles and electrons Fermi-particles.

Conclusion

- In structure determination it is widely recognised that neutron and

X-ray diffraction are complementary techniques. Similarly, when high

resolution inelastic X-ray scattering becomes operational, it will be comple-

mentary to neutron scattering for high energy excitations. Low energies and

resolutions below 0.1 meV will remain the domain of neutrons from cold sources.

I benefitted from and gratefully acknowledge fruitful discussions with

many colleagues, in particular M. Belakhovsky, A. Freund, W. Graeff,

J. Kalus, Ch. Kunz, G. Materlik, D. Moncton, J. Peisl, D. Raoux and

W. Schiilke.
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