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Perfect Crystal Monochromators for

Synchrotron X-Radiation

by

U. Bonse, G. Materlik and W. Schröder,

Institut für Physik, Universität Dortmund, D-46OO Dortmund 5O,

POB 5O O50O , Germany.

Some techniques are surveyed how to monochromatize Synchrotron

X-radiation and to eliminate harmonics in the most appropriate

way. The theoretical estimates are compared with spectral in-

tensity distribution measurements at DESY in Hamburg and found

in good agreement.

1. Introduction

The usefulness of Synchrotron radiation for investigations in

the X-ray region is

gradually becoming known to X-ray scientists. Applications so

far reported include measurements of the diffraction by biolo-

gical samples ( Barrington-Leigh, Holmes & Rosenbaum,

1972; Holmes, 1974), interferometric measurements of the

anomalous dispersion occuring near absorption edges ( Bonse,

Materlik & Schröder, 1974; . Bonse & Materlik, 1974;

1975), single crystal topography of

the defect structure in crystals ( Tuomi, Naukkarinen,

Laurila & Rabe, 1973;

Tuomi, Naukkarinen & Rabe, 1974; fiart, 1975) and

EXAFS-Studies ( Kincaid & Eisenberger, 1975).
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Synchroton radiation has, when compared to conventional X-ray

sources, some outstanding properties, which we might list äs

follows:

(1) The continous wavelength spectrum which, depending

on the maximum energy of the orbiting electrons, may
o

well extend form O.1 A X-rays up to visible llght,

(2) the high intensity per wavelength ränge AA (spectral

luminosity) ,

(3) the high intensity per solid angle A^ {angular lumino-

sity) in the X- ray ränge: where the radiation cone is

relativistically compressed into a narrow region in

the forward direction,

(4) the relatively small Angular size of the effective source

and

(5) up to 10O% polarisation of the radiation emitted within

the orbital plane.

In order to exploit the virtues of Synchrotron radiation fully

X-ray diffraction experiments have to be adapted to the special

source characteristics in a suitable way. If this is done then

in most cases the speed of experiments may be increased up to

several Orders of magnitude. Furthermore, with Synchrotron ra-
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diation, some new experiments and applications of X-radiation

became feasable for the first time.

A major role in this context plays the mode of monochromati-

zation. On one hand the continuous spectrum provides any X-ray

wavelength which might be needed in a particular experiment,

on the other it implies the necessity of monochromatization

if in the course of the experiment only one certain wavelength

A. with a given spread AA is wanted at a time. In such a case,

contrary to the Situation with a conventional source emitting

characteristic lines, the elimination of higher harmonics may

become the essential problem.

As we will show below, the elimination of harmonics can very

effectively be accomplished by combining for instance Bragg

and Laue case diffraction. For the benefit - äs we hope - of

further diffraction experiments we therefore report on success-

ful techniques of how to monochromatize Synchrotron radiation.

Some of the methods we have checked experimentally. All measure-

ments were made at DESY in Hamburg.

2. Radiation characteristics of DESY in the X-ray region

In order to give some quantitative estimates of intensities

etc. we start by summarizing briefly the X-radiation charac-

teristics of DESY äs calculated form the formula. by Schwinger

(1949). All data are based on an effective electron orbit radius
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r = 31.7 m, an injection frequency of 50 Hz, a beam current

of 1O mA and an intercepting slit 0.5 mm wide by 7 mm heigh

at a distance of 29 m from the emission point of the electron

orbit what corresponds to a vertical and horizontal divergence

-4 -6of ± 1.2 x 1O and ± 8.6 x 1O rad respectively. The horizon-

tal divergence, however, actual present in a beam passing through

the interception slit is considerably larger since it is en-

larged due to the finite horizontal extension of the electron

beam of about 1O mm. From the horizontal size we calculate the

-4effective horizontal divergence to roughly AG = 3.5 x 1O

With this divergence a fixed crystal reflects a certain X-range

= cot Q AQ- For Lne silicon 111 (22O) reflection of radia-

tion at X = 1.54A we calculate AX = 2A x1O~3 8 M.23MO"3 8)

respectively. To come close to a realistic case we therefore

calculated the number of photons for a wavelength ränge of

AX = 10~3 8.

The results calculated under the conditions stated before are

presented in Fig. 1 through Fig. 8. Fig. 1 gives the total nurn-

ber of photons passing the slit per second äs a function of A

and for five different maximum electron energies E ranging

from 4 GeV to 7.2 GeV. Fig. 2 shows the distribution of photons

an the Polarisation states perpendicular (-L) and parallel ( II )

to the orbit plane for 5 and 7.2 GeV respectively. For X =

1.SÄ and O.75A the Variation of photon numbers in states J-and

0 with the inclination angle 4> against the orbit plane is
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illustrated in Fig. 3 for 5 GeV and in Fig. 4 for 7.2 GeV re-

spectively. A^ = 1O rad corresponds to about 0.3 romVtravel

within the slit System. It is seen that at the position of the

slit there are practically no _L photons withm± iOOym of the

aeguatorial (orbital) plane.

The data of Fig. 3 and Fig. 4 have been obtained with the

assumption that the height of the electron beam is small com-

pared to the slit height. The effective beam height was found

to depend on the operational parameters of the Synchrotron and

to vary between roughly 1 mm and 4 mm. Therefore, in order to

reflect the experimental Situation properly, the profiles of

Fig. 3 and Fig. 4 ought to be smeared out correspondingly. The

high degree of polarization of the total radiation within the

slit is nevertheless not considerably affected by the smearing

procedure. Consequently, if the Bragg diffraction by the crystal

monochromator also favours one Polarisation state, for instance

if 2 0 near IC/2 or if Laue case diffraction by a thick perfect

crystal is employed, then, in order to secure high intensity,

the plane of incidence of the diffraction must be oriented at

right angles to the orbit plane.

Fig. 5 and Fig.6 show the Variation of the number of photons per

second with the location within the slit for X = 1.5, O.75 and

O.32 A and for E = 5 GeV and 7.2 GeV respectively. The numbers
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of photons in states_Land II have been added, Apparently in

the center of the slit the intensity distribution is nearly

uniform whereas near the top and the bottom there is a sharp

drop off. The shorter the wavelength the sinailer is the use-

ful vertical divergence.

Fig. 7 and Fig. 8 show the calculated time dependence of photon

rates whithin one accelerating cycle of the Synchrotron for a

variety of wavelengths and E = 5 GeV and E„„ = 7.2 GeV
J ^ max max

respectively. It is seen that only near the end of the 1O ms

cycle high X-ray photon rates are obtained. The time intervals

during which the photon rates are at least 1% of their peak
o

value ränge from a minimum value of about 3 ms (X = O.35 A
o

and Ê  = 5 GeV) to a maximum of about 6 ms (X = 3.O A andinax

E =7.2 GeV. The puls structure due to the orbital and bunchmax ^

frequencies is not resolved. The pulsing characteristics of

the source facilitätes the use of detector gating techniques

for overall background reduction t on the other hand it mî Ht

require a high time resolution of the detectors.

3. Monochromatization by a double reflection groove

As was shown some years ago (Bonse & Hart 1965) multiple Bragg

reflection by a groove cut in a perfect crystal may be used äs

a simple means to suppress the tails of dynamical single crystal
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reflection curves considerably. At the Synchrotron we used a

twofold Si 22O reflection groove housed in a lead shield shown

in Fig. 9. With the lead housing it was possible to eliminate

the undiffracted parts of the primary beam almost completely

even at such high electron energies äs 7.2 GeV.

In order to reduce the general background near the measuring

facility we found it essential to use exactly the wanted wave-

length ränge of the primary beam and suppress all the rest

right at the exit of the beam pipe. This can be achieved by

the shielded groove monochromator except for the elimination

of harmonics. The wavelength to be selected can be adj usted

by rotating the monochromator about an axis normal to the dra-

wing. The geometry of the groove is such that with the 22O
o

reflection X can be varied between X . - 1.3 A and Amin max
o

= 1.5 A. Neighbouring A-ranges can be covered by a set of grocve

monochromators with suitable geometries, materials and reflec-

tion Orders.

The diffracted radiation behind the groove monochromator was

analysed with a solid state detector (SSD) combined with a

multichannel analyser. The result is shown in a logarithmic

scale in Fig. 1O. The harmonics up to A/6 are all present.

Over the A-regions between the harmonics the intensity is down
- cjfcst

to below 1O of the\k . Even higher suppression can be

obtained with grooves of triple, quadruple or fivefold Bragg

reflection at no more than 25% loss of intensity in the peaks.
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By varying the angle of incidence any other set of fundamen-

tals and corresponding harmonics can be selected from the con-

tinum. Thus already with just this one groove a set of X-ray
o o

"lines" between O.3 A (shortest Harmonie) and-1.9 A (longest

fundamental) is accessible.

4. Elimination of harmonics

4.1 Principal methods

Harmonics may be eliminated by making the diffracting System

wavelength dependent (dispersive). With harmonics it is the

task of making the System just about disper-ive enough and not

more in order not to waste intensity. The classical high dis-

persive System is the double crystal diffractometer ( Ehren-

berg & Mark, 1927) in the (+, +) setting {Fig. 11a) or

its recent multiple reflection Version discussed by Beau-

mont & Hart (1974) for Synchrotron -X~ray spectroscopy. A

system which is only slightly dispersive is the double cry-

stal diffractometer in (+, -) setting with two reflections

with different Bragg plane spacings d^ and d2 = d^ 4- Ad

where Ad « d1 {Fig. 12a). DuMond diagrams { DuMond,

1937) of these cases are shown schematically in Fig. 11b

and 12b. From them the dispersive ränge AX of a system may

be estimated. It is easily seen that /\s the smaller

the larger the angle between the DuMond curves of the two

crystals. Other dispersive multiple reflection arrangements,

for instance similar to those mentioned by Kikuta & Kohra

(197O) might also be considered.



- 9 -

For separating the harmonics from their fundamental wave /A =

O.8 should be sufficient. The (+, -f)-setting with /X * 1O ...
-4

1O is extremely intensity wasting. The far less wasting slight

ly dispersive (+, -)-setting may be used äs will be shown.

However there exists another method saving even raore intensity

in the harmonics elimination Operation. The fundamental idea

behind i t i s to employ consecutively two single

crystal reflections for which the refractive index correction

to the Bragg angle is dif f erent for the fundamental and for

the harmonics. Thus by adjusting the relative orientation of

the crystals with respect to each other either the fundamental

alone or one of the harmonics may be selected.

Let f^t be the orientation difference of crystals I and II

for the two settings äs defined in Fig. 11 a and Fig. 12 a

in the particular case W/Jere the crystals have been adjusted

so that the n- th harmonic is maximised:

nte> x-x

ßt Ä©

In (1) tyr 77 is related to the Bragg angle fc£r„calcul.ated
•*•/•"• Ĉ ,-2

l *̂v̂  l

from Bragg's equation and the correction A ©j j due to

refraction accordin to

.L.-r-
I

- iö -



where ( LAU£ , I960)

In (3) r is the classical radius of the electron, KT TT
S -L ̂  -L J-

is the number of electrons per unit volurne and

yf := sin (V -0 ) , (/ :« sin (CP */Q }
fyr,jr J-wr ̂ ,2r ĴOt 7:r/! Ŝ̂

with (p the angle between the surface and the net planes

If «t/ vused in the reflection. For Laue geometry /jf>0 and for
jj °*

Bragg geometry /v <0. Of importance is the differeftce

• = ß™ - ß

occuring between the maximum settings of the harmonics
i A n Qr*,r\)i

of order n and m. Obviously only if ( A P̂ . |is large

enough compared" to the reflection widths of either harrnonic

then Separation is feasable. With equations (1) through (-4-)

v;e calculate in a straightf orv/ard manner

:j
" 27T

Kote that if both crystals reflect in the symmetrical Laue

case then in the (+,-)-setting ZiP , =0 whatever materials

and reflection Orders are used.
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In the following we discuss two special cases of equation

(1)(5) where the Separation of the fundamental X = X from

all harmonics A ̂ ' is possible and which we also have checked

experimentally.

4.2 Symmetrie Si 22O - Ge 22O ( + , -) Bragg case setting

With two symmetrical Bragg cases (Y /Yo) = - 1. Conside-
-*•, JL

ring the Separation of the n-th harmonic from the fundamental

we have to set m = 1 and find from (5)

A" , . .«f î ",.
(6)

= 2.7 sec of arc

Sin,

For the first harmonic (n = 2), A = 1.54 S and the Si 22O -

Ge 22O combination we calculate Mß»

which is just about large enough to make the Separation possible

For higher harraonics it is even larger.

The experimental results äs shown in Fig. 13 confirm that with

proper alignment on the peak of the fundamental the suppression

3V -3of higher harmonics is ̂ 10 for the first harmonic and that

-4all other harmonics are .clo^e-' to 1O (Fig. 13 top) . On the

other hand, if alignment is made so that the Ist harmonic is

maximized then both the fundamental and higK1 harmonics are

present (Fig. 13 bottom), but'lower energy "lines" can easily
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be suppressed by suitable absorbers.We have also computed the

theoretical rocking curves of the setting for X = 1.54 S and

X/2 for monochromatic radiation and zero-angular divergence

and compared them qualitativly with measured curves (Fig. 14).

Taking into account that the computed curves do not ine lüde

any angular divergence, the agreement is quite satisf actory ,

especially with respect to the relative intensities for A

and X/2 and also regarding the relative angular shift of the

two rocking curves, The latter is the essential feature which

makes the suppression of X/2 against X possible.

4 . 3 Gombination of symmetrical Bragg and Laue case

diffraction from equal crystals

In this case - (Yh/Yo)T = (Yh/Yo^Tr ~ ^ " For the seParation of

the fundamental from the n-th harmonic we derive from (5)

7T

n
For X = 1.54 X and the Si 22O reflection we calculate \^
= 1.96 sec of arc. Again the higher harmonics have a larger se-

paration from the fundamental. Obviously AR ' increases

with n to the asymptotic value r& • (/S'^O^ ) . Higher har-

monics among themselves will thus barely be separable by
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this method. A more exact treatment has to take into account

the width of the single reflection curves and has to corapare

it with the angular shift £ip - A Separation is

l A a. (*»")| "impossible if |4p_ l is smaller than the "average width

of the reflection curves of the fundamental and harmonic. As

may be seen from an exact calculation of Bragg case single

crystal reflection curves (Fig. 15) carried out for the Si 22O

reflection and A = 1.54 A there is a clear Separation between

the fundamental and higher harmonics.

The method just described was applied in the interferometric

mea^urement ( Bonse & Materlik, 1974) of anomalous dis-

persion near absorption edges. The setup used is shown in

Fig. 16. The twofold Symmetrie Bragg reflection groove is

used äs fore crystal to the triple Laue case Symmetrie inter-

ferometer. Interference fringes are photographically recorded

in the H and O beams. Alternatively, using the SSD-multichannel-

analyser System, the wavelength spectrum is measured in either

beam. Groove crystal and interferometer together represent a

Bragg Laue case combination for the elimination of unwanted

harmonics. The difference to the system discussed just before

is that multiple reflections (twofold Bragg and threefold Laue)

are used. Separation abilities are expected to improve even

with multiple reflections.

Measurements of the spectrum are shown in Fig. 17 and corres-
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ponding fringe patterns in Fig. 18.

In Fig. 17 the measured spectra of the O-beam (left) and

the H-beam (right) are given. The spectra at the top are ob-

tained when groove crystal and interferometer are aligned

to maximum intensity of the fundamental. As is seen all har-

monics are very weak. With the same alignment the interferen-

ce fringe pattern (Fig. 18 left) has a spacing A which

corresponds to the wavelength X of the fundamental. Next

the intensity of the first harmonic was maximized by small

A9-rotation of the interferometer with respect to the fore

crystal (middle of Fig. 17). The first harmonic appears with

an intensity about 12 times higher than the second harmonic

and about 15 times higher than the fundamental. Corresponding-

ly a fringe pattern with spacing 2 A is observed with this

alignment (Fig. 18, middle). In the bottom of Fig. 17 the spec-

trum is shown after the intensity of the second harmonic is

maximized. Besides the second harmonic also the third one is

seen to occur to some extent, which is to be expected from

the imcomplete Separation between the second and third harmo-

nic reflection curves in Fig. 15. Nevertheless the corresponding

fringe pattern has the expected spacing 3 A (Fig* 18, right).

For interferometry, the successfull elimination of all harmo-

nics is very important, since phase shifts are normally quite
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different at A/2, A/3 etc. Especially for the measurement of

the dispersion correction Af1 near the absorption edge the

elimination of all higher harmonics is essential. Detailed

results of the Af' measurement of Ni near the K-edge will

be published elsewhere.

We thank the European Molecular Biology Laboratoru (EMBL)

group for generous hospitality in their experimental site

at DESY in Hamburg, and C. Kunz and E.E. Koch for technical

advise and for providing the program used to calculate the

intensity distributions of the DESY-X-radiation.
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Fig. 1 Photons per sec at DESY under the experimental con-

ditions given in the text; AX = 1O S beam current

1O m A, curves 1. 2, 3, 4, 5 correspond to E =
c max

4, 5, 6, 6.5, 7.2 GeV respectively.

Fig. 2 äs Fig. 1 but curves 1, 3 for parallel and curves 2,

4 for perpendicular polarization and 5, 7.2 GeV respec-

tively.

Fig. 3 äs Fig. 1 but Variation with the inclination angle

t̂  against the orbit plane; 1, 3 for parallel and

2, 4 for perpendicular polarization and 1,5, O.75 A

respectively; E - 5 GeV.^ •* max

Fig. 4 äs Fig. 3 but E =7.2 GeV.' ' max

Fig. 5 Variation of photon numbers within the slit described

in the text. Curves 1, 2, 3 for X = 1.5, 0.75 and

0.32 S respectively. Photons of states J_ and |f have

been added. E „ = 5 GeV.max

Fig. 6 äs Fig. 5 but E =7.2 GeV.max

Fig. 7 Time dependence of photon rates within the accelera-

ting cycle, see text. Curves 1, 2, 3, 4 for X = 3,

1.5, 0.75, 0.32 8 respectively; E = 5 GeV.



Fig. 8 äs Fig. 7. but £„_„ = 7.2 GeV.' max

Fig . 9 2 2O~Si groove crys tal monochromator . See Text .

Fig. 1O Spectrum behind the groove monochromator measured

a Si(Li)- SSD . Upper and lower curve with different

Bragg angle. No corrections made for the energy

dependence of the detection ef f iciency of the SSD.

Note the presence of a large number of harmonics.

E = 6 GeV.max

Fig. 11 The double crystal dif f ractometer with (+, +) setting

äs a highly dispersive System. (a) beam paths .(b)

DuMond diagram.

Fig. 12 The double crystal dif f ractometer with (+, -) -setting

and d- =j= d2 äs a slightly dispersive System, (a)

beam paths -(b) DuMond diagram.

Fig. 13 SpectrumVislightly dispersive ( + , -) -setting äs

shown in the insert.

top: The harmonics are suppressed by maximizing

the fundamental.

bottom: For comparision the spectrum obtained when

the f irst harmonic is maximiz.ed fs s/i ö WVL



Fig. 14 Comparison of computed and measured rocking curves

see text, ( + ) ̂Fundamental; (o)^1st harmonic.

Fig. 15 Calculated Bragg case single crystal reflection

curves for the fundamental (22O) and its first

harmonics (44O), (66O). See text!

Fig. 16 Set-up used for the elimination of harmonics by

combining a Bragg case groove with a Laue case

interferometer.

Fig. 17 Spectra of the O-beam (left) and the H-beam (right)

of the interferometer set—up of Fig. 16. See text.

Fig. 18 Fringe Systems in the O-beam of Fig. 16 for the

fundamental (left). Ist harmonic (middle) and 2nd

harmonic (right).
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