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Abstract

The special features of X-ray energy-dispersive püwder snd single

crystal diffraction using Synchrotron radiation are discusscd on tht bo^ls

of experiments perfcrmed öt the Deutsches Elt-ktronen-Synchrotron, DfSY. l i i

method is shown to be of particular vjlue for fast structurt. i d e n t i f i c a L i u t i

experiments for which large scattering vcctors are importat>t, ^tudics u i"

phasc transforn.ations and clmnical rfsttions üt dovatttt teiupuraturfis and

high-prossure studies. Studirs of tr.i'-'-flopc'ndcnt phcnornen,! using puHul

external fields arc discuiscJ,

„\A]So at Rosearch Establishment Riso, DK-1000 Koskilde, Denmark,

l. Introduction

f l )
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Tho ränge of useful energiei can be extended to /O keV and higner de-penüing

on the propert ies of the Synchrotron. In addit ion, the X-ray beam is very

well col l imated. Thus Synchrotron i 'di.ition seenis to be an ijjcjj j>rjy sour-

ce for energy-dlspersivc di f f ractometry. This was recently demonstrated both

for powder d i f f ract ion (Buras, Staun Olscn & Gerward, 1976) and for scüi l l -

-angle scdttering (Bordas, Munro & Glazer , 1976J.

The present paper describes ["ethodological studier performed at the

Deutsches Elektronen-Synchrotron, D E S Y , w i th the aim to find out the speci-

al features of the energy-dispersive method using Synchrotron radiation äs

the X-ray source. The experimental ärrdngement is dcscribed in §2, Resolu-

tion and integrated intensities are di icussed in §3 and 4, fol lowed by an

analysis of short-tinie exposures ( § 5 ) . The use of large scatter ing vectors

is discussed in §6. Results of experiments on samples subjeLted to di f ferent

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 uescribed in §8. The interesting possibility of

studying time-dependent phenomena using pulsed e/ 'ernal fields in combina-

2. Expet iuientdl

A portuble, rei : iOto-contro] led a 1 1 frai.tOi: eter vjus canc , tructed and trans-

ported to DLSY for the tAperincnts (Fig. 1). F'owdered samples äs wel l äs

single crystals could be placed and aOjusted on the goniometer . F jc i l i t ies

were provided for mounting an oven (! jü-850 'C - C . 2 5 l 'C in He atmosphere)

and a high-pressurp cell. Details of the experiniental arrangenient and a

comparison betwcen d i f f rac t ion spectra rccoracd by c S i ( L i ) detector und a

pure Ge dctc-ctor havc beeii publ ibhed elsewhere ( B u r a s , Staun Olsen Ä Gerward,

1976) . The cxper iments were made when the Synchrotron wds run w i th a maximum

electron t-ncrgy of 6.66 and 7.22 GcV, Tde elettrun current was between 7

and 10 mA.

Speci.il care was taken to a v o i d Saturat ion ef fects in the dctector

System. This is especially important äs DESY is a pulsed X-ray source wi th

a repetition rate of 50 hz and an X-my pulse width of ca. 3 ms*'. Thus a

collection of about 6000 counts in l s corresponds to about ;0000 c/s in

'We are not o i scuss ing the t ine s t ruc ture of this pulse.
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the pulse- This counting rate could be nieasured with our equipment wi th a

deadtime of 10«. A more sophisticated electronic detector systen is requi-

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

3. Resolution

The resolution, Du, is here defined äs
H

where AE is the füll width at half maxiir,um of the hkc reflection in the

energy scale, There are two tenns contributing to D ,: the energy resolution

4E, of the semiconductor detector and amplifier, arid the geometrical term,

cot SQ A 0 Q , due to the finite coll imation of the incident and scattere-d

bi'dffls. Thus

•E- • l ' - - ( 3 ;

Note that the first term is cnergy deppnrlent ( a l s o bccause • F is a ilowly

incroasing function of E) and the secund tf-n cnc rrjy indepundcnt.

Figure ? shows the (ticasurcd n 'sc lv t inn ^. a l u ^c t i cn üf ptiotnri rt^r^

for two powder patterns. The cxpf-nn. f rt '-nl I.DMIK i i - ÖL )>' s - -M IC cu i -ve :1-

thojgh the scütr.pring a^t j l r - ; d i f i " ' ' . 5 k i ' - ifi h f i t i • . '•'-,:,' l r , < 'jf
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term is smal l . In fact, the incident beam has a divergence of 0.1 mrad and

the divergence of the scattered beani is 0.9 mrad and so i9n & l mrad. This

gives the va lues 0.0033 and 0.0025, respecti vely, for the geometrical term.

Both these values are in our case smaller than äE/E In the whole energy rän-

ge used here. Thus, in view of equation (3) , the contribution of the geo-

metrical term to the total resolution is negligible. Ö'ther examples analy-

zed by us show the same feature (cxcept for small-angle scatter ing).

Hence the l imit ing factor is the energy resolution of the detector

System. As Seen in Fig. 2, the resolution is 1 .5-2% in the rang*1 10-20 keV ,

but for criergies larger than about 30 keV it is below ~\%. In this connec-

tion it should be noticed that the resolution is better for the l arge ^ndex

reflections, where it is usual ly far more necessary than for the smalT in-

dcx ref lect ions.

•1 . Interire'prl i n t c r i s i t i c s and structure factnrs; intensity and

p n ] p t - i z a t i c n of the s/nthrotron radiat ion

4 . 1 . i n t t 'C r ^ t L J it i t .ensi t.ifs of L>I a y Q r~ef lec t ions .



- 7 -

interr-ity, I,., recorded by the detector is given byH

:p/sino0 .

where C is a constant, r ( E ) the detector efficiency, i0(E) the intensity

per unit energy ränge of the incident beam, j., the multipl icity factor. F.,

the structure factor, A ( E , G n ) the absorption factor, and C the polar izat ion

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

gligible primary and secondary ext inct ion):

IH - C 'n (E) i 0 (E)d^ F H | 2 A(E ,ü 0 )C , (5)

where C 1 is a constant.

The polarization factor that appears in equations (4) and (6) is

given by

(6 )

where i,, and i« are the intensities of the normal and parallel compo-

nents of the incident beam with respect to the scatter ing plane , and

„ = in. Thus C„ is a function of E and

;The scattering plane is defined by the incident and scattered beam

directions.

For a large perfect crystal, the dynamical theory of diffraction

should be used. In the present work we w i l l inake the simplifying assump-

tions of a Symmetrie Bragg reflection and a negligibly sniall true absorp-

tion {the Darwin solution). In this ca^o the H- and ".-.-dependent factors

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

(7)

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

j)/i0(n • (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, V.(E), of

Synchrotron radiation for the maximum electron energy 6.66 GeV, beam cur-

rent 7 mA and a rectangular slit, 4 um hign 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-

lium window, 0.25 mm thi'~k, at the end of the bean' pipe cuts off the inten-

sity for energies below 3.5 keV, äs shown by curve b. finally, curve c shows



the flttenuation due to a l m heam path in dir ;ifl.i-r tbe hr - r j , -11 ium w i n d o w .

The difference between curves b and c indk.ates Ui.-jt wh^ncver lornj t;^a:n

paths are necessary, it iing* t. be .5dvis.it/lp lo i^f > v.n.i,.iU cf or hc i i . ' - f i l -

led beam pipps.

The Synchrotron racliation is liirarly p o l p r i z o d -„o KJÜ m t h o nrhit

plane with the electric f i c ld vortnr p a r a l l e l to IM-, pUnc. Ahovo .ind bp-

low the orbit plane a vert ical conponert appear?, bur H is ver 1 ^ ' ' j l l in

the X-ray ränge. The po1.iriz.itiori. P, ir-> dcfi i ted i'1 :hi.> n:,it'ii w.iy:

nents with respect to the orbit plane. Figurp 1 showr-, that Üi*1 poKir1 > t ion

15 a slowly varying function of phnton energy. In the mmi? of internst

here (10-80 ki;V) it is al^nit consLa- t .

of the Synchrotron (wHc.h wo s tho t ;s i,f in DUI- s / . p s r i n n ! ' , , i <- r ,i

that the polar izat ion facloi in t- r- l i ' , ' ' - '3t ic-;- l .ij.j 'rü' i '"!,-:',-, (r,-'i.

of nngle only. T h i s has In i'n done in My. b, It i?, seen thal the polar izat ion

f,n.tor ( ö L b f s , äs cxpected, a S ' . tono intensity reductiun in an arrjular r^nge

around 2 r = 00". Übviour. ly, it would be poss ib le to fi^vr thr potür iza t io r i

f?clur alinusl unity for all scattering anglr;!, by usinc; fl ver t i ca l s i ;at ter ing

f,l. inf?. i ' D W L V t - c , in that ariMngf'iiierit l ho prr^ent l iquid-ni t rO' jon-ci 'O !od de-

l.prt.or i nild l ini i t Lhf rin f ^s ib le anijlc t-arrjc.

For a c t u i d L R strucLure determinat ions the inrident sptctrum, i n ( E ) '

shoukt [>• liiDwri w i th a h i c i ^ i accuraty. "hu Lälculat ionn ncntioncd above in-

v o l v e a numlipr of assv 'pL ions regardinn the Opera t ion of the Synchrotron and

if vjould be usefv l to havr; some mcthod to iiioasurc in([- J expor imentd : ly. A

direct. reasui'pment riith the detector s i t u a f p d in thn primary boam is impos-
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using powdered c rys ta ls and single crysta ls h,ivp given

VaMations. Further work o n f l i is problen H under way.

5. Exposure tine

Due to the high intensity of the inüdent beam, the time exposure tan

be short. Figure 6 presents a diffraction prittem of S i l i con obtained in 3 s

from a sample volume of about 0.4 m tn ' . As tan be seen from the figurr, 13

diffraction peaks can still be d is t ingn"shed although the s ta t is t ics are ra-

ther poor. Table l shows the posi t ions of three sel( jcted peaks for different

times of exposure. In the 3 s run the streng Z20 peak is shi f tecl Ü.01 keV

äs compared wi th 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 sh i f ted 0.16 k c V , equiva-

lent to 0.5«' or 0.004 A. Ihus even a 3 s exposure yields quite accurate va-

lues for the Miterplanar spac ings .

In order to obtain a "mimher of ['i*--rit" for integratcd intensity mea-

surements, which would depend on exposure t ime and not on other factor«. suü]

äs spectral distribution of the incident bea'ii, absorpt ion, e t c . , we havc

assumed th-it the integrated in tens i t ies ireasured for the 300 s run are cor-

rect. By f i t t ing all 13 peaks for each run to Gauss ians we calculat t -d a

rel iabi l i ty factor R def incd äs

(31)

wh - i I.\ denotes the .irpa under the h k t, peak after ba^kground subtraction,
H

and t is the exposure time. Table l shows that thu R factor i^ reasonably

small, even for the 3 s exposure, but increases rapidly for l s. As mentir-

ne>' before, the statistics for l s could be much bette'r if faster electro-

nics were available. These data demonstrate that even at the present stage

of development, the energy-dispersive method combincd 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 äs a function of the scattering vector, Q, the modulus of which

i s given by

(12)

It is convenient to note that 4r/hc equals 1.014 A" /keV, if E is expressed

in keV and Q in A .

The measured scattering function, 5(Q), is a Fourier transform of the
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pair distribution function, g( r ) , where r is the Posi t ion vector. Reversely,

g(r) is a Fourier transform of S ( Q ) . Therefore the accuracy of the determi-

nation of g(r) much depends on the experiniental ränge of Q. Ihis is especi-

ally important for studies of liquids and amorphous mater ia ls . Large Q va-

lues can be obtained by increasing the scattering angle or the photon energy.

In Standard angle-dispersive diffrüction the maximum obtainable value is

about 15 A (calculated for Mo Y-t radiation and back scattering). Figures l

and 8 show diffraction spectra of an i» n powder (2eQ - 44.4 ' ) and a Sili-

con single crystal (2en = 53.16 ' ) obtained IM the present work and reaching

Q values of 18 A and 32 A , respectively.

The maximum Q value is limited by the d^creasing intonsity of the Bragg

reflectiöns, It follows from equations (4), (5) and (7), together with (1)

and ( 2 ) , that the Integrated intensity is proportional to F H (Q ) | ? Q" in

ttie kinematical approximation (powdered crystals äs well äs single crystals)

and F| , {Q) |Q in the dynamical theory (perfect crystals). As is wel l known,

the structure factor F is proportional to the atomic scattering faclor and

the Debye-Waller factor. Both these factors decrease with increasing 0- In

addition, the incident intensity decreases with increa'.ing energy (Fi-- 3).

However. äs shcwn in Figs. 7 and B, the int'i sity of the Synchrotron radia-
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tion is large onough to produce measurable diffraction peaks et iarger Q

values than those obtained with Standard methods.

7. Diffraction by samples at elevated temperatures

This type of study is facil itated 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 expo rure time due to the high inten-

sity of the Synchrotron radiation enables measurements at slowly rising or

falling temperatures, provided 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 stabil ization of our oven,

we have not taken advantage of this possibility but raised the temperature

stepwise. In each step a diffraction pattern was recordeo for 300 s. Figure 9

shows some diffraction spectra where the reversible phase transformation al-

pho to beta manganese can be fol lowed. The diffraction patterns have been

indexed using the Powder Diffraction File. Alpha manganese is cubic, 143 m - T?,
d

with 58 atoms in the unit cel l . Beta manganese, str1 le between 710 °C and

1100 °C S is cubic, P4 ]32 - O7 or P4232 - O f j , with '0 atoms in the unit cell.

The thermsl expansion causes sh i f ts in the position of the diffraction

ppaks. In the linear approximation it fo l lows from equation (1) that



where , is the linear thermal expansion coe f f i c i en t , t the temperaturc, and

d- the interplanar spac ing at temperaturc tn. Ana lys is of the data for alpha

manganese r the tcmperaturp ränge 25-690 "C resulted in a irean value of the

thennal expnnsion coeff ic ient, " = { 3 3 . 2 < Ü . 9 ) x l O K . S ih i tar ly , " =

( 4 9 ' 1 0 ) x l < T 6 K"1 was obta ined in the ränge /30- /70 "C (only a few observa-

tions). These valucs are in good agreeinent. w i t h those givcn in Gniüliir, rland-

buch (1973) .

In a s imi lar way the irreversible structural changes accompanying thp

chernical reaction MnD? to Mn?0- around fi^'O ' C were fol lowcd.

8. liigh-pressure dif fract ion

Also in this case the f ixed geonieLry of the encrgy-dispersive im-thcid

is of great va lue . The hi<-jh intensi ty nf Synchrotron radiat ion makps it. pos-

siblc to study very smal l sa-nples wi th in reasonablc t imes. In ac ld i t inn, thr-

use of high-energy pnotons reduccs the absorption in Lne sample and the high-

-prcssure cel l .

gradient in the centre oi IIP (.eil is rcrii-ced by a plat inurn gaske t . The

sample diameter is ahnut 0.5 r;ni. The sample thickne.ss is reduced to 0.1 mm

or le&s hy applying the pressure . Thus the amount of material g iv ing rise

to the d i f f ract ion pattcrn is very s'iiall, of the nrder of 0.02 m m ' .

and after the appl icat ion of a pressure of 80 kbar. In ade1 nn to the TeO?

dif f ract ion l ines, orie obsprves l11. di f f ract ion lines frorn the gasket äs well

äs Te and Pt f1uoresc.Rric:p l ines. A broadening of the TeO? l ines is noticed

in the high-pressure spectrum. Th is is due to a tetragonal to orthorhombic

phase transformation. A c loser inspection (using a more suitable enorgy cal i -

bration of the mult ichannel analyser) shnws, for instance, that the 012 pcak

spl i ts into two dose ppaks, namely 012 and 102.

Figure 12 and 13 exempli fy other effects that can be observed at high

pressures. Figure l? sho^s for AgI that the relative intensi t ies of s i lver

and iodine f luorescence changc after applying pressure. This is due to pres-

sure di f fusion caused by a gradient of Chemical ac t iv i t ies generated in the

pressure gradient of the diamnnd ceH . In Fig. 13 the relat ive volurne chan-

ges of FeS, eva luated fram latt ice constants äs a funr;tion of pressure,

are plotted in order to determine the compressibi l i ty H. We obtained
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H = 2.43-10~ bar" , which i s > however, somewnat higher than the theoretical

value of 0.96*10 bar" 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) accumpanied by structural changes

can be easily followed. In the case of fast processes (relaxation times of

the order of milliseconds and longer) another 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 äs an X-ray source, the fact that X-rays are

only produced for a short time in each cycle, äs 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, a stora$e ring may be a better source

though the X-rays emitted are also pulsed. However, the frequency of pulsa-

- 18 -

tion is much higher and setniconductor 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 ä Leciejewicz, 1964). The realization of this idea was recently re-

ported (Niimura & Huto, 1973, 1975). A similar experiment using Synchrotron

#1radiation is now under w a y ' ,

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 msximum count rate are at present limited by the detector system

oniy. Scattering can be observed for larger scattennr vectors than in st^n-

'In col laborat ion w i th [it. N. Niimura, Tohokj U n i v e r - i t y , Scnd^i , Japan,

at present at the Research Establishment Rise, Rosk i lde, Denmark
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dard methods. Structural changes can be followed in statu nascendi for time

constants of the order of 10 s or more. Faster processes (time constants of

the order of ms and larger) can be studied by applying a repetitively pulsed

external field synchronized with the X-ray pulses.
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Figure Captions

Fig. 1. Principle of the energy-dispprsive X-ray d i f f rac t ion method

using Synchrotron radiation. A-focus point, 2)> n - f iycd scat ter ing

angle, S, and S ? -s l i t s , D-semiconii irtor de t f cLo r , and MCA-multi-

channel pulse-height analyser.

Fig. 2. Resolution in energy-dispersive d i f f r a c t ' ^ n spect ra. E-photon

energy, AE-ful l width at half maxinium.

Fig. 3, Calculated spectral distrihution of Synchrotron rafiUli' jti.

'n(F-) ' Photon f lux per unit intrrval of cne f -v , l 6 . f f - OcV-

naximum electron energy. j = 7.0 mA-hffin c inroni- , Slir. wi i ; thn

and d is tanc" äs indicated. Thp ct j rvos show Hie photon f in / (a)

in vacuum, (b) af ter passagt 1 through a f . ? f , n:: thi'. h hr-rv l l ium

fo i l , ( c ) aftcr p.^sage Uirou^' the snii'p bory l l iun t foil nr.d ] m

path in air.

Fig. 5. Ca lcu la ted polnr iznt ion factor in the kinpmatical approxiniation

äs ,1 functinn of the scat ter ing angle. E = 6.66 GcV. Same slitin a x



äs in Fig. 3. The polarization of the Synchrotron radiat ion has

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

Fig. 6. Diffraction spectrum of Si l icon powder. Counting t i nie 3 s.

'••-escape peak.

Fig. 7- Diffraction spectrum of iron powder.

Fig. 8. Diffraction spectrum of Silicon single crystal .

Fig. 9. Diffraction spectra of manganesp powder taken at different

temperatüres. «Mn and ßMn |-3tterns are indexed for 25° and

770 °C, respectively. The phase transformation can be fol lowed

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

Fig. 10. High-pressure cel l with diamond anvil squeezer used in this work.

Fig. 11. Diffraction spectra of TeO? powder shov/ing high-pressure phase

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

Fig. 12. Fluorescence spectra of AgI showing diffusion in pressure

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

Fig. 13. Compression of FeS.

Table 1. P';ak positions and R-factors for S i l i con powder pattcrns

with various cnunting f i m e , t .

Sil icon powder; Ge detector; ... lits: 800 ( im/100 jii«;

distance sample-det' !ctor 68 cm.

hki

2ZQ 11.56 11.56 11.56 11.5' 11.57 11.55 keV

511
'/ 21. ?6 21.26 21.28 21.27 21.22 21.26 keV
333

731
/ 31.45 31.44 31.46 31.49 3 1 - 5 9 31.29 keV

355

1.0 3.2 6.6 7.0 8-5 26 .0
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