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Abstract

The special features of X-ray energy-dispersive powder and single
crystal diffraction using synchrotron radiation are discusscd on the bssis
of experiments perfcrmed at the Deuinches Elektronen-Synchrotron, COSY. The
method is shown to be of particular value for fast structurc identifications,
experiments for which large scattering voctors are important, studies of
phase transformations and chemical reaction; al clevated tewperatures and

high-pressure studies. Studies of tiue-dependent phenomena using pulscd

external fields are discusscd,

*)A]so at Research Establishment Riso, DX-4000 Roskilde, Denuark,

1. Introduction

The cnergy-dispersive method has developed inte a useful toel for
powder and single crystal diffraction (Giessen & Gordon, 19005 Luras,
Chwaszczewska, Szarras & Szmid, 1968; Laine, Lantesnaki & analdinen,
1574, Curas, Staun Dlsen, Gerward, Selsmark & Lindsgaard-Andersen, 1975,
and references thercin). In this methed a continuous incidint 2-rey spec-
trum and & fixed scatlering angle, 2'U, are used. The reletion Posuses tig

interplanar spacing, dy, and the energy, £y, of the scotlered pheton s

qiven by (Cole, 1970)

Cy dy sinay = the = 6,799 (kebea) | (1

where H odenotes hk..

Until very recently. Uremsslrabluns fron oo wvo 0 vt o wag

utsel exclusively as the source f white adiation (av She i v-digpersiy

metrad. However, this radiation pas worm d3oagvas oo o 1§ tieeity

is modest, (b) the contiruous spectruin is dcomyanie v s ieal e (A

this case) characteristic radiation, (o} the polarizatrer i eaorae e -

dert in a mamier difficull Loth to wau. ooand to calendate 214y L @4y -

vard. Selsuark, Buras & Staun Dlsen, 19300, ant (¢ the range of Lweful

cneraies (wavelenaths) is limited.
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In contrast to Bremssirahlung from X-ray tubes, synchrotron radiation
is very intense, has a smooth spectrum, and a well defined polarization.
The range of useful energies can be extended to 70 keV and higher depencing
on the properties of the synchrotron. In addition, the X-ray beam is very

well collimated. Thus synchrotron y diation seems to be an ideal X-ray sour-

ce for energy-dispersive diffractometry. This was recently demonstrated both

for powder diffraction {Buras, Steun Olsen & Gerward, 1976) and for small-
-angle scattering (Bordas, Munro & Glazer, 1976).

The present paper describes methodological studies performed at the
Deutsches Elektronen-Synchrotron, DESY, with the aim to find out the speci-
al features of the energy-dispersive method using synchrotron radiation as
the X-ray source. The experimental arrangement is described in §2. Resolu-
tion and integrated intensities are discussed in §3 and 4, followed by an
analysis of short-tine exposures (§5). The use of large scattering vectors
is discussed in §6. Results of experiments on samples subjected to different
controlled environments are Shown in §7 through 9. In §7 a phase transfor-
mation and a chemical reaction at elevated temperatures are followed. High-
-pressure experiments are described in §8. The interesting possibility of

studying time-dependent phenomena using pulsed erternal fields in combina-

-4_

tion with Lhe pulsed synchrotron radistion is discussed in €3, Finally, a

brief sumiary is given in %10,

2. Experimental

A portable, reciote-controlled anrlfractoreter was constructed and trans-
ported to DESY for the experiments (Fig. 1). Powdered samples as wcll as
single crystals could be placed and adjusted on the goniometer. Facilities
were provided for mounting an oven (50-830 “C - .25 “C in tie atmosphere)
and a high-pressure cell. Details of the experimental arrangement and a
comparison between diffraction spectra recoraed by a Si(Li} delector and a
pure Ge detector have been published elsewhere (Buras, Staun Olsen & Gerward,
1976). The cxperiments were madi when the synchrolron was run with a maximum
electron encrgy of 6.66 and 7.22 GeV, The electron current was between 7
and 10 mA.

Speciél care was taken to avoid saturation effects in the dctector
system. This is especially important as DESY is a pulsed X-ray source with
a repetition rate of 50 hz and an X-ray pulse width of ca. 3 m§*). Thus a

coltection of about 6000 counts in 1 s corresponds to about +0000 c/s in

*)we arc not aiscussing the fine structure of this pulse.



the pulse. This counting rate could be measured with our equipment with a

deadtime of 10%. A more sophisticated electronic detector system is regui-

red for more efficient use of the high intensity of the synchrotron radiation.

3. Resolution

The resolution, DH, is here defined as
D, = (SE/E) » (2;

where AE is the full width at half maxiwum of the hks reflection in the
energy scaie. There are two terms contributing to DH: the energy resolution,
SE, of the semiconductor detector and amplifier, and the geometrical term,
cot fg g due to the finite collimation of the incident and scattered

brams. Thus

D, = EﬁE/E)ﬁ + (cot 1 .as,o)/““‘ . (3)

Note that the first term is cnerqy dependent {also because “F is a slowly
increasing function of E) and the second tera encrqy independent.

Figure 7 shows the measurca resclution as a furctien of photen eneriy
for two powder patterns. The experimental points Pi-on the same curve ¢1-

though the scatiesing ancles dittor, This draoato thal e geo ety iral

term is small. In fact, the incident beam has a divergence of 0.1 mrad and
the divergence of the scattered beam is 0.9 mrad and so 495 1 mrad. This
gives the values 0.0033 and 0.0025, respectively, for the geometrical term,
Both these valucs are in our case smaller than 3E/E in the whole energy ran-
ge used here. Thus, in view of equation {3}, the contribution of the geo-
metrical term to the total resolution is negligible. Other examples analy-
zed by us show the same feature (except for small-angle scattering).

Hence the limiting factor is the energy resolution of the detector
system. As seen in Fig. 2, the resolution is 1.5-2% in the range 10-20 keV,
but for cnergies larger than about 30 keV it is below 1%. In this connec-
tion it should be noticed that the resolution is better for the large index
reflections, where it is usually far more necessary than for the small in-

dex reflections.

4. Integreted intcnsities and structure factors; intensity and

prlerizaticn of the synchrotran radiation

4.1 dntecraiod intensities of Sraga refleoctions,

Theoveticul cupressions tor the intesrated intensities to be used in
the vsevgy-dispersive 12 Lrod have been given by Buras and Gerward (19743,
For prwesred veotala0 it felioss fron Ul e expressions that Lhe integrated



inten:it_y‘ IH, recorded by the detector is given by
Iy = cn(E)io(E)deﬁ?FHlZA(E,f:-O)cp/sinnD . (4)

where C is a constant, n(E) the detector efficiency, 10([) the intensity
per unit energy range of the incident beam, jH the multiplicity factor, FH
the structure factor, A(E,2q) the absorption factor, and Cp the polarization

factor. For a single crystal, one has in the kinematical approximation {ne-

gligible primary and secondary extinction):
Iy = C'n(E)iglEd|FylZA(E0g)C, (5)

where C' is a constant.
The polarization factor that appears in equations {4) and (5) is

given by

Cp = g nlE) + ig ((E)cos™2ug!/ig(E) (6)

»p

where i and i

0.n 0.p are the intensities of the normal and parallel compo-

nents of the incident beam with respect to the scattering plane*). and

10’" + iO,p = 10. Thus Cp is a function of E and -

*)The scattering plane is defined by the incident and scattered beam

directions.

For a large perfect c¢rystal, the dynamical theory of diffraction
should be used. In the present work we will make the simplifying assump-
tions of a symmetric Bragg reflection and a negligibly small true absorp-
tion {the Darwin solution). In this case the H- and o,-dependent factors

can be separated and one obtains (Buras et al., 1975):

1, = C"n(E)iO(E)dHIFHICp(dyn)/sinnU , (7)

where C" is a constant. The polarization factor is now given by

Coldyn) = Uig (E) + 1g (E)'cos2ghi/ig(E) . (8)

4.2. Intensity and polarization of the synchrotron radiation.

The intensity and polarization of the radiation emitted by the acce-
lerated electrons in the synchrotron can be calculated using relativistic
electromagnetic theory. Figure 3 shows the spectral distribution, iO(E), of
synchrotron radiation for the maximum electron energy 6.66 GeV, beam cur-
rent 7 mA and a rectangular slit, 4 mm high and 0.8 mm wide, at a distance
of 40 m from the focus point. Curve a shows the intensity in vacuum obtai-
ned with a computer program developed at DESY (Koch & Kunz, 1974). The beryl-
Tium window, 0.25 mm thi~k, at the end of the beam pipe cuts off the inten-

sity for energies below 3.5 keV, as shown by curve b. Finally, curve c shows



the attenuation due to a I m beam path ia air afler the beryllium window.
The difference between curves b and ¢ indicates that whenever long Leam
paths are necessary, it migit be advisoble o use wvacuated or hedia =fil-
led beam pipes.

The synchrotron radiation is lincarly polerized to 100 in the orbit
plane with the electric ficld vector pavallel to this nlane. Above and be-
low the orbit plane a vertical componert appears, bur it is vert 531l in

the X-ray range. The polarization, P, is defined in the usual way:

PE) = i (F) = ig (B} FiglE) s (9

where iD,|| and 10’l‘are the intensities of the parallel ond normal cosipo-
nents with respect to the orbit plane. figure 4 shows that the polari ition
is a slowly varying function of phuton energy. In the rangn of interest
here {10-80 keV) it is almo:t constart.

soare pavallel Lo the orlic clang

If the incident and scattered hea
of the synchrotron (which was the cane in 0u craperacnts, o 1t can b e

that the polarization facimr in t-e biveraticel approrizaion (eauaticos 1605

Co= M1+ cos 20y - Boein 70 . hig

AT lon (1

- 10 -

The pelarization facter in the dynamical thects (cauatien (&)} can be writ-
ton accorgingly. Since P is nearly constant one can regard Cp as a function
of anqle only. This has been done in Fig. 5. It is seen thal the polarization
factor causes, as expected, a s.rong intensity reduction in an angular range
around 2'0 = 907, Dbvicusly, it would be possible to have the polarization
factur almost unity for all scattering angles by using a vertical scattering
plane. Fowover, in that arrangement the present Viquid-nitrogen-cooled de-
tector vould Miamit the accessible angle vanye.

For accurate structure determinations the incident spectrum, iD(E),
should b known with a hiuk accuracy. The calceulations mentioned above in-
volve a number of assusptions regarding the operation of the synchrotron and
it would be usefu) to have some method to measurc 1U(L; expeyimentaiiy: A
direct measurciment with the detector situated in the primary beam is impos-
<ible because of the very high intensity ond strong foreard  ttering from
the s1it LySTen Thus nee bas Lo vesord Lo drdivecl reasuresacnts usin: ¢

L3

spuple with fnoem soattering praperbicon. TMic hag ben aone with o seod ac-

cacy (RSwtar Tegs teas 200 dor Pre o cstvabilimeg fres a conventione] Y-ray

moa mimilay o Loavdas, Glaser, Howard and Bour-

at stegcture foclors can e octeriiired with a

Petviar i amen et sl synetenteon yadistion. Lo far, our precont
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Measurements using powdered crystals and single crystals have given larger

variations. Further work on this problem is under way.

5. Exposure time

Due to the high intensity of the incident beam, the time exposure can
be short. Figure 6 presents a diffraction pattern of silicon obtained in 3 s
from a sample volume of about 0.4 mn’. As can be seen from the figure, 13
dfffraction peaks can still be distingu shed although the statistics are ra-
ther poor. Table 1 shows the positions of three selected peaks for different
times of exposure. In the 3 s run the strong 220 peak is shifted 0.01 keV
as compared with the 300 s run, This is equivalent to 0.1% or 0.002 A in in-
terplanar spacing. The very weak 731/355 peak is shifted 0.16 keV, equiva-
Tent to 0.5% or 0.004 A. Thus even a 3 s exposure yields quite accurate va-
Jues for the ‘nterplanar spacings.

In order to obtain a "numher of =werit" for integrated intensity mea-
surements, which would depend on exposure time and not on other factors such
as spectral distribution of the incident beam, absorption, etc., we have
assumed that the integrated intensities measured for the 300 s run are cor-
rect. By fitting all 13 peaks for each run to Gaussians we calculated a

reliability factor R defined as

R S Iat)|/a v (1)

wh .. Igt) denotes the area under the hki peak after barkground subtraction,
and t is the exposure time. Table 1 shows that the R factor is reasonably
small, even for the 3 s exposure, but increases rapidly for 1 s. As mentic-
ned before, the statistics for 1 s could be much better if faster electro-
nics were available. Thesc data demonstrate that even at the present stage

of development, the energy-dispersive method combined with synchrotron radia-
tion is at least 100 times faster than the angular scan using monochromatic

radiation from a conventional X-ray tube.

6. Large scattering vectors
In a structure determination using X-rays one measures the scattered
intensity as a function of the scattering vector, Q, the modulus of which

is given by

4 . 4 )
Q= <= sine prE sine (12)

1

It is convenient to note that 4a/hc equals 1.014 A" '/keV, if £ is expressed

in keV and Q in Al

The measured scattering function, $(Q), is a Fourier transform of the
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pair distribution function, g(r), where r is the position vector. Reversely,
g(r) is a Fourier transform of S(§}. Therefore the accuracy of the determi-
nation of g(r) much depends on the experisental range of {. This is especi-
alty important for studies of liquids and amorphous materials. Large § va-
lues can be obtained by increasing the scattering angle or the photon energy.
In standard angle-dispersive diffraction the maximum ohtainable value is
about 15 A_] (caleulated for Mo Ky radiation and back scattering). Figures 7
and 8 show diffraction spectra of an ir-n powder (20O = 44.4“) and a sili-
con single crystal (290 = 53.16") obtained in the present work and reaching
Q values of 18 A™! and 32 &7, respectively.

The maximum  value is limited by the decreasing intensity of the Bragg
reflectidns, It foliows from equations (4}, (5) and {7), together with (1)
and {2), that the fntegrated inten;ity is proportional to |FH(0)I7Q'2 in
the kinematical approximation (powdered crystals as well as single crystals)
and |FH(Q)]Q_] in the dynamical theory (perfect crystals). As is well known,
the structure factor F is proportional to the atemic scattering factor and
the Debye-Waller factor. Both these factors decrease with increasing §. In
addition, the incident intensity decreases with increating energy (Fic 3).

However. as shcwn in Figs. 7 and 8, the intensity of the synchrotron radia-
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tion is large enough to produce measurable diffraction peaks at larger Q

values than those obtained with standard methods.

7. Diffraction by samples at elevated temperatures

This type of study is facilitated by the fixed geometry of the ener-
gy-dispersive method: only one inlet and one outlet window are needed in the
oven described in section 2. The short exporure time due to the high inten-
sity of the synchrotron radiation enables measurements at slowly rising or
falling temperatures, pravided that the temperature is recorded at the mo-
ments when the X-ray patterns are taken. Thus the demand for temperature
stabilization can be relaxed. In view of the good stabilization of our oven,
we have not taken advantage of this possibility but raised the temperature
stepwisel In each step a diffraction pattern was vecordea for 300 s. Figure 9
shows some diffraction spectra where the reversible phase transformation al-
pha to beta manganese can be followed. The diffraction patterns Have been
indexed using the Powder Diffraction File. Alpha manganese is cubic, 183 @ - T3,
with 58 atoms in the unit cell. Beta manganese, sto'le between 710 °C and
1100 °C, is cubic, P4 32 - 07 or Pa,32 - 0%, with "0 atoms in the unit cell.

The thermal expansion causes shifts in the position of the diffraction

peaks, In the linear approximation it follows from equation (1) that
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-t lsi =l i
Edﬂ{l + . (t H;]s1n“0 the , (13)
where . is the linear thermal expansion coefficient, + the temperature, and
dO the interplanar spacing at temperature tyr Analysis of the data for alpha
manganese i+ the temperature range 25-690 “C resulted in a mean value of the

Exl simitarly, o -

thermal expansion coefficient, . = {33.2:0.9)x107
(49-1O)x1046 K1 was obtained in the range 730-770 "C {only a few observa-
tions). These values are in good agreement with those given in Gmelins iand-
buch (1973).

In a similar way the irreversible structural changes accompanying the

chemical reaction MnD2 to Mn203 around 620 “C were followed.

8. High-pressure diffraction

Also in this case tne fixed geometry of the energy-dispersive method
is of great value. The high intensity of synchrotron radiation makes it pos-
sibie to study very small samples within reasonablc times. In addition, the
use of high-encrgy photons reduces the absorplion in Lne sample and the high-
-pressure cell.

ihe experiments in the present work were performed using a diamond

anvil squeezer (Fig. 13} capable of pressures up to 250 kbar. The pressure

- 16 -

gradient in the centre cf “he cell is reduced by a platinum gasket. The
sample diameter is about C.5 nm. The sample thickness is reduced to 0.1 mm
or Tess by applying the pressure. Thus the amount of material giving rise
to the diffraction pattern is very small, of the order of 0.02 mm?.

Figure 11 shows diffraction patterns of tellurium oxide {Te0,} before
and after the application of a pressure of 80 kbar. In ad¢ onn to the TeD2
diffraction lines, one observes Pt diffraction lines from the gasket as well
as Te and Pt fluorescence lines. A brecadening of the TeD2 lines is noticed
in the high-pressure spectrum. This is due to a tetragonal to arthorhombic
phase transformation. A closer inspection (using a more suitable encrgy cali-
bration of the multichannel analyser) shows, for instance, that the 012 peak
splits into two close peaks, namely 012 and 102.

Figure 12 and 13 exemplify other effects that can be abserved at high
pressures. Figure 12 shows for Agl that the relative intensities of silver
and iodine fluorescence change after applying pressure. This is due Lo pres-
sure diffusion caused by a gradient of chemical activities generated in the
pressure gradient of the diamond cell. In Fig. 13 the relative volume chan-
ges of FeS, evaluated from lattice constants as a furction of pressure,

are plotted in order to determine the compressibility H. We chtained
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6

H=2.43-10" har'l, which is, however, somewhat higher than the theoretical

6

value of 0.96+10° bau*'1 calculated by Plendl and Gielisse {1969). This may

be due to phase transformation and/or pressure diffusion.

9. Time-dependent phenomena

As shown in §5, a useful powder diffraction pattern can be obtained in
a few seconds. Therefore slow processes {relaxation times or chemical reac-
tion times of the order of 10 s or longer) accompanied by structural changes
can be easily followed. In the case of fast processes (relaxation times of
the order of milliseconds and longer) ancther method must be used. The exter-
nal field (electrical, magnetic, stress, etc.) must be repetitively pulsed,
the X-ray pattern being taken at a certain time, t, after the pulsed field
has been applied or removed. By varying t, the structure changes in the cour-
se of time can be followed.

If a synchrotron is used as an X-ray source, the fact that X-rays are
only produced for a short time in each cycle, as already mentioned in sec~
tion 2, should be carefully considered. Moreover, both the intensity and the
spectral distribution of the emitted X-rays change even in the course of
this short period. For these reasons, & storage ring may be a better source

though the X-rays emitted are also pulsed. However, the frequency of pulsa-
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tion is much higher and semiconductor detector systems with their present
time resolution are not sensitive to these pulsations and "see" a radiation
continuous in time. In order to provide the necessary pulses for measurements
of time-dependent phenomena, use should be made of a mechanical chopper or
the electronic recording system should be pulsed.

The pulse technique was suggested already in the early sixties in con-
nection with the neutron time-of-flight diffractometry invented at that time
(Buras & Leciejewicz, 1964). The realization of this idea was recently re-
ported (Niimura & Muto, 1973, 1975). A similar experiment using synchrotron

radiation is now under way*).

10. Conclusions

It has been shown that synchrotron radiation is an ideal X-ray source
for energy-dispersive diffractometry. The method is especially suited for
fast structure identification and for the study of phase transformations and
chemical reactions at high temperatures and/or high pressures. The resolu-~
tion and maximum count rate are at present Timited by the detector system

only. Scattering can be observed for larger scattering vectors than in stan-

*I1n collaboration with br. N. Niimura, Tohoku Univer-ity, Scndai, Japan,
at present at the Research Establishment Rise, Roskilde, Denmark.
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Figure Captions

Fig. 1.

Fig, 2.

Fig. 3,

Fig. 4.

Fig. 5.

Principle of the energy-dispersive X-ray diffraction method
using synchrotron radiation. A-focus point, Zeo—fixcd scattering

angle, S] and S,-slits, D-semicond ~tor detector, and MCA-multi-

2

channel pulse-height analyser.

Resolution in energy-dispersive diffract ~n spectra. [-photon

energy, AE-full width at half maximum.

Calculated spectral distribution of synchrotron radiation.
iO(E}»ﬂhoton flux per unit interval of ener-v, Irax 6.0F GoVY-
maximum electron encrgy., j = 7.0 mA-bean cinrent, S1it widths
and distanc~ as indicated. The curves show the pheton flus (a)
in vacuum, (b) after passage through a N.24 riz thick beryllium

foil, (c) after po-sage throuzh the same beryllium foil ard 1 m

path tn ajr.

Calculated polarization, P, of synchroiron vadiation as a

function of photon energy. E = £.66 GeV. Same slit as 1n Fig. 3.

e

Calculated polarization factor in the kinematical approximation

as a function of the scattering angle. Emax = 6.66 GeV. Same s]it
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Fig.
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10.

11.

12.

13.
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as in Fig. 3. The polarization of the synchrotron radiation has

been set to P = 0.88 (Fig. 4).

Diffraction spectrum of silicon powder. Counting time 3 s.

r-gscape peak.

Diffraction spectrum of iron powder.

Diffraction spectrum of silicon single crystal.

Diffraction spectra of manganese powder taken at different
temperatures. oMn and gMn |-atterns are indexed for 25° and
770 °C, respectively. The phase transformation can be followed

in the spectra for 710°, 720° and 725 °C.

High-pressure cell with diamond anvil squeezer used in this work.

Diffraction spectra of TeD2 powder showing high-pressure phase

transformation. (a) Atmospheric pressure. (b) 80 kbar.

Fluorescence spectra of Agl showing diffusion in pressure

gradient. (a) Atmospheric pressure. (b) 50 kbar.

Compression of FeS.

Tabie 1.

Prak positions and R-factors for silicon powder patterns

with various counting time, t.

Silicon powder;

Ge detector;

distance sample-detector 68 cm.

Slits: 800 ym/100

Y300 0o 30 10 3 1 sec
hkg
220 11,5 1156 11.56  11.5  11.57 11.55 ke
s, 21.26 21,26 21.28 21.27  21.22 21.26  keV
333
731, 31.45  31.44 31,46 3149 31.59  31.29  keV
355
R 0.0 32 66 7.0 85 260 3%
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