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V 

ABST.WCT 

An x-ray d i f f rac tometer  designed s p e c i f i c a l l y  for s tud ie s  of s t m c t u r e  

i n  1-iyuid-s i s  descr ibed i n  d e t a i l .  The d i f f r a c t i o n  pa t t e rn  from t h e  b o r i -  

z o n t a l  sur face  of  -t;he 1.i.quj.d sample is  obtained with a divergent becvn technique 

s i m i l a r  t o  t he  Brag-BrenLano flat sample system usr'd Tor powder samples. The 

1nstmrnen.L provides f o r  simultaneous angular  motion of t h e  x-ray tii'oe and tize 

de t ec to r  about a hor i zon ta l  axis ly ing  i n  Lhe l i q u i d  sur face .  This method 

el iminates  sample holder  absorpticjn and s c a t t e r i n g .  A small furnace for high 

temperature work i s  included i n  the design. Monochromatic x-radiat ion,  essen- 

t i a l  60 good work w i t h  l i qu ids ,  i.s obtained through the use of a bent and ground 

c rys - t a l  monochromator mounted i n  the d i f f r a c t e d  beam. 

Data collec-Lion wikh *his  i n s t m e n t ,  and the  various cor rec t ion  pso- 

cedures appl ied  to t h e  raw data a r e  disciussed i n  d e t a i l .  The 1;heory of 

x-ray d i f f r a c t i o n  by 1iqui.d systems i s  reviewed. i n  t h e  l i g h t  of recent develop- 

.merits i n  t h i s  f i e l d .  The deriva-Lioti of reduced i n t e n s i t y  and. r a d i a l  d i s t r i b u -  

t ion funct ions from t h e  d i f f r a c t i o n  da ta  i.s described, and. ways of obtaining 

meaningf"u1 informatTon on l i q u i d  systems f r o m  these fuiictions a r e  out l ined .  





v i i  

Design and cons t ruc t ion  of t h e  x-ray di f f rac tometer  descr ibed i t ?  

this r e p o r t  w a s  begun i n  1954 under the dii-ectrion of H. A. Levy of the  

0FWL Chemistry Divis ion.  

1955, wi th  dev-elopmen-t; continued t o  t h e  present  time. 

Operation of t h e  machine b e g m  i n  .Lhe sp r ing  oC 

I n i t i a l  work was supervised by P. C . Sharrah., on leave f Tom t h e  

Univers i ty  of Arkansas f o r  one year, a s s i sked  by M. D .  Dartford ifho was i n  

charge of t h e  I.nstmment u n t i l  1964.. 

v i s ion  of c o n s t m e t i o n  a r e  credi-bed t o  D .  I,. Holcmb of t‘ne P lan t  and 

Equipment Divisrion. 1,ater major contribu-torn were 1’. A. A g m i i ,  who was 

with  the  p ro jec t  f o r  several years, 0. E .  Esv-nl, ORIWS fe l low during 1962, 

and A .  H.  Narten, who jo ined  the  projec-t  i-n 1964. 

A g r e a t  d e a l  of  t h e  denigrr and super 

Important cont:eibutioris I n  t h e  ind-icabed f i e l d s  are due to: 

Instrument Design: 

I,. H. Chase, J. K. East, Ii. D .  E l l i s o a ,  E .  Fairs te- in ,  J. F .  Pot-bs, 

R .  B. Sp l i t t ge rbe r ,  E. N .  Wrilson. 

Spec t r ome t e r Fab r i c a t  i on : 

U. Cook, L). Kol t ,  J .  E .  Lacey, 14. E. Siiii-th, N. C .  Wj-lkins, C .  W. 

Wrigjat. 

Opti.ca.1 Sys-tern: 

E. S. Can t re l l ,  M. C .  Carothers,  V .  E.. Walker, IT. E.  WiLkins. 

Ins t m e n t  M a  i n t  enaace : 

E. A. Davis, J. H. Day, J. Edd-1-emon, L. D. Runt, 14. Naegd., 13. B. 

S p l i t t g e r b e r  . 
Special. Wel-ding and Brazing: 

J. W .  Hunley, 5. J. Pris l j .nger ,  C .  E .  S’nubcrt. 
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1. IN1'RODUCTTON 

The x-ray d i f f r a c t i o n  p a t t e r n s  produced by l iquids can be s tudied  

t o  ga in  infor rmt ion  about t h e  spatial d l s t s i b u t i o n  of a t o m  wi th in  t h e  

l i q u i d  under study. 

and developed by Zernicke and- Prins' and Debye and Menke 

The €om-a1 apprmch t o  t h i s  problem was int roduced 

2 

Excel lent  reviews are available ori Lhe experimental  methods vhLch 

a r e  current l -y  used, on fundamental a,specf;s of interpre-Ling t'ne experimental  

data, on t h e  soixces of e r r o r s  , and on t h e  results o'otained up to l96O. 3 3 4 

2 .  DESC IUPTIOM OF DIFFRA.CTOPET'ER 

2 .1  General Desigu 

The apparatus  described here5 i s  designed t o  ob ta in  d i f f r a c t i o n  pa t -  

terns from the f r ee  surface of a l i q u i d  by the use  of c urxbing techniques 

The Bragg-Brentano focuss ing  arrangement 

me-tiers i s  appl ied .  Fig. 1 shows ;schemat,ically t h e  arrangement of t h e  x-ray 

G commonly used j.n powder spec t ro-  

and Fig .  2 shows the phys ica l  arrangement. The a m  conta.initig t h e  Mo barget 

x-ray tube and the aim conta in ing  the nionochromator and a e t e c t o r  a,re ca,used 

t o  r o t a t e  a t  the same angular rate and i n  opposi te  sense about a ho r i zon ta l  

I' s2 
8x5s A (F ig .  1) l y i n g  on the surface HE of t h e  1iqii.id. The s l i t s  S 

and S se rve  t o  de f ine  the  inc iden t  and s c a t t e r e d  beams and -Go determine 

t h e i r  divergence 6 .  This arrangement, -with t h e  mean angle a between -the 

3 

. . . . . . . 
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t h e  sample represents the chord- of t h e  c i r c l e  conta in ing  poin ts  X, A and 

S3 r a t h e r  Yhun an arc, ;md because of t h e  f i r i i t e  size of t h e  s 0 u . r ~ ~  X and 

rece iv ing  s l i t  S 3 .  

i n t e n s i t y  OP the  s c a t t e r e d  beam over 'chat expected from a f i n e l y  col l imated 

The divergent  beam m.ethod considerably increases  t h e  

bemi. The condl t ion  t h a t  the angle:; Q a%d f3 i7ty-e a1iq:i.p equa,l results i n  

an absorpt ion co r rec t ion  which (for a h ighly  absorbi-ng sample) i s  constant  

w i t h  angle ( s e e  sec t ion  8.l), and thus  t o  tlia-t ex ten t  si.mplifie:; tlie treat- 

ment of t h e  data. The c rys t a l .  -monochrotri~~.tor M is of t h e  focussing type7 and 

i s  s e t  t o  r e f l e c t  the  chameterj.stic RX rad-iztion of -the source; it, consi-sts 

of a sodiiun ch lo r ide  cyystal ben t  t o  a chosen rad ius  and then ground t o  ha l f  

n tha-i; radius, :;o mat t h e  f i n a l  aye conforms t h e o r e t i c a l l y  t o  t h e  c i r c l e  

determined by t h e  three po in t s  S t he  point, st t h e  center* of the f ace  of 

t h e  monochromtor M, and a p o i n t  i n  t h e  s e n s i t i v e  port;iou of the  d.etector D. 
3' 

The d e t e c t o r  1> sei; to receive t h e  final beam as re.flec-Led by t h e  monochrro- 

mt i z i ing  c r y s t a l  c o n s i s t s  of EL sodium iod.ide (T1 a c t i v a t e d )  s c i n t i a l l s t i o n  

c r j i s t i~ l  and a photomul t ip l ie r  tube i n  eonjuact ion wi th  a lineal- ;m.pl.ifj.cr 

a n d  a d i f f e r e n t i a l  d i scr imina tor .  

2.2 Mechanical Syp'- cem- 

The a-m f o r  moving the x-ray tube and the B r m  f o r  moving the de tec to r  

and monochromator are clearly v i s i b l e  i n  P i g ,  2. The ro- ta t ion of t hese  two 

n ~ t y ' i n s  zt'oout a hor i zon ta l  ax i s  i s  made poss ib l e  by t h e i r  being nioun.ted on two 

carefully a l igned  heavy bearings which c o n s h t  of stamlard r o t a r y  tables f o r  

miI..l.ing machines*. 

The dr ive  c o n s i s t s  o f  a three-speed synchronous motor and a, gear t r a i n  

providing s u i t a b l e  reduct ion i n  speed. The khree speeds of Yize motor, along 

3- 
Troyke I4anufacturing Company, C i r ic innat i ,  Ohio. 
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ORNL-LR-DWG. 44015 

1. OPTICAL BENCH TO MOUNT AL1GNING MlCROSC 

2. SAMPLE HEIGHT ADJUSTMENT. 

3. NORELCO X-RAY TUBE AND HOUSING. 

4. NORELCO DIVERGENCE SLIT ASSEMBLY. 

5. SAMPLE TRAY AND MOUNTING, 

6. NORELCO DIVERGENCE SLIT ASSEMBLY (USED AS SCATTER SLIT). 

7. NORELCO RECEIVING SLIT ASSEMBLY. 

8. BENT AND GROUND NaCl CRYSTAL. 

9. BAFFLE SLIT FOR DETECTOR. 

80. Nal(T.I) SCINTILLATION CRYSTAL AND ~ ~ ~ ~ ~ M ~ ~ T ~ ~ ~ ~ ~ ~  T BE (TYPE DUMQNT 6291). 

11. NINE-IN. ROTARY TABLES (TROVKE MODEL BH-91, GEAR RATiO 9 0 ~ 1 ,  

12. CABLES SUPPORTING COUNTERWEIGHTS RIDE IN GROOVES. 

13. %SPEED SYNCHRONOUS MOTOR (900-1800-3600 RPM). 

1 1  GEAR CHANGE KNOW (IN AND OUT, GEAR RATIO SETTING). 

15. 

14. 54!54-TOOTH SPUR GEAR PAIR. 

17. 1296-TOOTH SPUR GEAR PAIR. 

18. 

120-TOOTH WORM GEAR AND WORM. 

120-TOOTH WORM GEAR AND WORM. 

19. PINS DISENGAGE GEARS FROM SHAFT FOR MANUAL SETTING. 

20. WATER TUBES. 

21. HIGH VOLTAGE CABLE. 

22. MICROSWITCH (3 OTHERS FOR ALTERNATE CHOICE OF CAMS). 

*LEGEND COMPOSED FOR ORNL-LR-DWG. 43071. 



w i t h  two 

rates of 

angle  9 

6 

s e t i i n g s  on t h e  gear t r a i n ;  S j v e  a total of s i x  angular  driving 

t he  arms extending fro111 1 

Fig.  1) as summarized i n  Tablc 1. 

0 0 t o  lb2 pcr minute of h a l f - s c a t t e r i n g  

Yhe two arins can be operated 

Table 1. 

Scanning Rates (deg/min) of the  €Tau-Scat ter ing Angle 0 

Motor Ge a i* 

m.4 LOW Hi gh 

manuall.y by t h e  two cranks v i s ib l e  i n  F ig .  2 after r e l e a s i n g  t h e  crank 

s h a f t s  from t h e  .iwo drivi-iig gears w i t ? ?  t h e  pins provided. The T T O ~  gear 

dr ivc  ri.s such t h a t  one revo1uti.m o f  the crank ro. ta tes  t h e  'cable wi th  iLs 

ariis throu~gh an angle  of 4 . Verniers  serve .Lo d e t e m i n e  accura-Lely the 

angular se-t-Lings of t h e  t w o  arms; but  s c a l e s  mounted and the  d r i v e  gears 

on t h e  crauk aims can be used more convenient1.y $0 determ-ine khis angle  

t o  wi th in  2 minutes of an  a rc ,  i f  tile backlash i n  t h e  worm gear &rive  has 

been taken up. Microswitches and cams on one of the  dr ive gears (Fig. 2) 

make poss ib le  t h e  use of step-scanning for c o l l e c  t i t ig i n t e i i s i t y  d.ata. 

l i m i t  switches i n  the e l e c t r i c a l  c i r c u i t  ai-e provided t o  s t o p  t h e  motor a t  

t h 2  exti-erne pos i t ions  of t h e  arm. 

0 

Safe ty  

The t r a c k s  for t h e  varj-ous ccrnponents on the monochromator and 

d.etector arm were fabrtcated.  from magnesium i n  o rde r  t o  red-uce weri-ght. 

Both arms are counterbalanced by lead weights on arms below Lhe t a b l e  which 
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are i n t e r c o m e c t e d  by cables .  A counter  weight on the detectox- arm s e ~ v e s  

-to reduce t o r s i o n a l  e f f e c t s  as t h e  de t ec to r  a m  r o t a t e s .  

The x-ray tube with housing i s  standara equipment 

a constant  p o t e n t i a l  from a d i f f r a c t i o n  u n i t .  

* 
and i s  powered by 

** 

2.3 Monocfircmator 

The c rys ta l  raonochromator i s  of t h e  focussing type and consisks of 

a thin s l a b  o f  syn-Lhetically c rys ta l l ized .  s o d i m  ch1orid.e approxirmtely 

1**~2-1/;3"xl/;c3" bent t o  a chosea rad ius  (80.4- cm), groim3 t o  one-half the 

rad ius  (40.2 em) ,  and s e t  t o  r e f l ec t  from (200) planes. 

o f  the  condi t ions which lliitst be satisfied. by t'ne focussirig c r y s t a l .  

symbols S M and I) designate  -bh? receiving s l i t ,  monochrornator, and de%ec- 

-tor, as shown i n  FLg. 1, and. Lr i s  t h e  d is tance  from tne  s l i t  t o  the cen te r  

F ig .  3 shows some 

mie 

3' 

of the monochromator, and a k o  from t h e  cen-ter of 1;he monochromatoy t o  Lhe 

point at which i t  i s  des i r ed  t o  d e t e c t  t'ne s c a t t e r e d  x-rays.  When t h e  

c-r-yatsl i s  bent and ground a,s described, i t s  (200) planes w i l l  be tangent 

i s  obtained by s u b s t i t u t i n g  the expression f o r  s i n  0 obtailled fro111 .t;riar?_gle 

S CE i n  F ig .  3 i n  Rraggss law,  d being t'le i n t e r p l a n a r  atstance of the 

inonoch~omator c r*ys ta l .  

r e f l e c t  MoEl 

3 

Eloi" the rock sal t  c r y s t a l  s e t  f o r  plane (200) to 

radi-ation, eyuabion 2.3.1 yie1d.s R = 40.2 cirig with 2n assumed 

~ __ 

*North LWt? r i c a n  Ph. i 1Lips 

x-ti.Geriera1 E l e c t r j  c, XRD-3. 
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design value of 4" f o r  L r .  

provis ion w a s  made t o  giird t;he c r y s t a l  t o  an ultimate rad ius  of 40.2 cm. 

'Ibis value of LS was adopted as reasonable, and 

The geometry of Fig. 3 shows t h a t  t h e  angu la r  dimemion 7 of t h e  

c r y s t a l  needed t o  accept  a l l  r a d i a t i o n  from S i f  the divergence i s  B ,  i s  

given by 
3' 

q = 20 (2.3.2) 

and t h e  l eng th  S of t he  c r y s t a l  needed. wi.l.1 be 

S = Rq = 2Ra ( 2 . 3 . 3 )  
0 The l a r g e s t  beam divergence used i.s 4 and. t h i s  value substi.tu.Led i n  equa- 

Lion 2.3.3 along wi th  a n  R of 40.2 ern gives a requi red  c r y s t a l  s i z e  of 5.6 en, 

w e l l  wi th in  t h e  2.5" s i z e  cqysta,l:s adopted. Beams o f  smal.ler divergence use 

:propoY'tional.l.-y smaller  amowats of c r y s t a l  surface and should. be l e s s  s e n s i t i v e  

t o  imperfections i n  t h e  focuss ing  system. 

Convex sLee1 templates of 80.)-t cm atid 40.2 ern rad ius  were md.e for 

i i se  i n  gr inding  and beriding the c r y s t a l ,  while con.eave s t e e l  templates of 

80 e 4 cin rad1ij.s were made f o r  mounting purposes. 

machine was arlapted f o r  t he  p rec i s ion  grindi-ng of t hese  tempiates by a 

iilet;nod owtlined. by DuMond . 'Irne Gernplates obtained were checked. f o r  accuracy 

by measuyements made with  a,n i n s L m e n t  makerts microscope ,, TYie f l a l ;  c r y s t a l  

sl#abs were bail; p l a s t i c a l l y  t o  conform f a i r l y  w e l l  t o  -Gie 80.4 cm convex 

tenplaLe by appl-ying p r e s s u ~ e  gradual ly  t o  t h e  c r y s t a l  through a term<-s b a l l  

w i . t h  a d r i l l - p s e a s  clampl-ng v i s2  . Tue pl.a,stic bei1d.in.g was aiaed. by covering 

the  c r y s t a l  wi th  a satu-rated s a l t  so lu t ion ,  which was d~opped- on-to the  cry-stal. 

eveay few minute:; w i t h  an eye dropper.  

of a polymerizing glue to a coricave mount of 80.4 c m .  ~ a d i u s .  

t h e  bent  crystal. was the  gsouiid with the coinvex template oQ b - 2  em radius. 

Aluridum gr inding  powder suspmxled i n  kerosene served as the gyindi  ng ayorasive . 

A sinall un ive r sa l  grinding 

8 
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The c rys t a l .  was then  secured. by ineaas 

The face of 



T h i s  rnethod produced small. scra.tches and i r r egu l . a r i t i e s  which were removed 

by lapping t h e  c r y s t a l  b y i e f l y  with a cy l indr ica l .  lapping template .  After 

t h e  monochromator had been i n  opeyation f o r  a f e w  weeks a s i z a b l e  red.uction 

i n  i t s  ref lected.  i n t e n s i t y  was noted.  &lapping of i t s  sur face  r e s to red  

t h e  in-Lensity, and t h e  sur face  of t h e  crystal-  w a s  sprayed w i t i i  a t h i n  fi1.m. 

of an a c r y l i c  base plast ic :  t o  p ro tec t  i.t from moisture.  
* 

2.4  S l i t  System 

The horozonta.1 s l i t  S (F ig .  1) with i t s  v e r t i c l e  S o l l e r  s l - i t  system 1 

i s  mounted on t’nz f ace  o f  t h e  x-ray tube housing and  arranged s o  t h a t  a. 

s l i g h t  v e r t i c a l  motion of t he  s l i t  i s  produced by roca t ing  tile assembly. 

T h i s  s l i g h t  ver t ical-  mot ion  of the s l i t  S makes it possible t o  d i r e c t  t h e  

bean f i . o m  t h e  foca l  spot  of Lhe x-ray tube d i r e c t l y  toward th-  axi-s A 07 

1 

t h e  ins’crument where t h e  sample sur face  is l oca t ed .  The systerri conta in ing  

a se t  of v e r t i c a l  S o l l e r  s l i t s  and the ho r i zon ia l  slits S and S i s  

a t tached  t o  the arn support ing t h e  monochromator and the de tec to r  and pro- 
2 5 

v-icles Tor independent adjustment of each by an arrangeiflent similar t o  t h a t  

provided for Sl (Fig.  2 ) .  The o ihe r  major mechanical- adjustment provides 

f o r  a sinal1 ro ta i io i l  of ilie assembly cons i s t ing  of the slot ted.  tracks f o r  

holding t h e  a l i . t s  S and S and t,be monochromator and de.i;ei?,tor. ‘This 

assembly i s  secured t o  the  Rain ai% by screws through s l o t s  which permit 

accura te  r o t a t i o n  through approxinmtely 4 about a s m a l l -  bear ing  secured 

t o  the main ax i s  of t h e  insti-unent.  A b a f f l e  s l i t  d i r e c t l y  i n  f r o n t  of 

2 3 

0 

the d e t e c i o r  (F ig .  2) se rves  i o  reduce backgmund radiation. 

The s l i i  arrangernent c u r r e n t l y  u s e d  (F ig .  1 and 2) i s  d i f f e r e n t  from 

t h e  usual. arrangement, and w a s  chosen because it def ines  the x-ray heam so  

x- 
Krylon, Inc  . , 2601 Norih Broad St., Philadelphi  a 32, Pennsyl vania. 
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Fig.  4.  Geometry of the  S l i t  Arrangement. 



that, appropriate  cor rec t ions  f o r  sample penet ra t fon  can be  appl ied  ( see  

sec t ion  8.1.). The absorpt ion co r rec t ion  for the Rragg-Brentano para- 

focussing arrangement i s independent of s c a t t e r i n g  angle  provided a l l  

sca-ttered rad3ati.on leaving  the sa,rnpl.e and passed by t h e  recei-ving s l i t  

reaches t h e  de t ec to r .  Coasequently, when t h e  sensi.Live mg1.e of the 

detec-Lor i s  I.irn-ited. b y  thc  i n s e r t i o n  of a s c a t t e r  slit, a r e  imst be taken 

thai; this slit i.s s u f f i c i e n t l y  l a r g e .  When the depth of pene t ra t ion  of the 

rs.cii.ati.on i n t o  the  interioin of t h e  sample i s  smalJ-, a sca. t ter  s l i t  def in-  

ing  an angle a Pew per  ccnt l a r g e r  than  t h a t  def ined by the divergeme s l l t  

i.s saLis rac tory .  It may not be widely appreci.ai;ed, however, t h a , t  C E C , ~ ~  can 

a r i s e  i n  whj.ch more than a nominal enlargement i s  necessary; wi~th samples 

having low absorpLion coeff ic i .ents ,  the reqiiired s c a t t e r  sl i 'c  11iaj~ become 

iriconveniently- l a r g e ,  e s p e c i a l l y  a t  small sca t t ey ing  angles,  and may al low 

passage o f  exccssj.ve s t r a y  r ad ia t ion .  The use of too sma.J.1- a, s c a t t e r  sl-i.t 

wT17. m n l f e s t  i t s e l f ,  as has beea observed al; t h i s  lahnra to :q ,  i.n an angu- 

l a r l y  dependent normalizat ion cons-tizti.t ( s e e  s e c t  Lon 6.6) between pa t t e rns  

measured wiLh d i f f e r e n t  divergence s 1.i ts . 
Fig .  4 shows t h e  geometry of th2  s1i.t arrangement, I n  con t r a s t  t o  

the usua l  arrangement, the  sens i t tve  angle  of t h e  de t ec to r  i s  c a r e f u l l y  

l i m i t e d  by a, scattel-. s l i t  S t o  " ~ e e ' ~  exac t ly  the same area of t h e  smp1-e 

su.rfa.ce as i s  i l luminated by the  primary beam. I n  order  t o  achi.evc this 

condition w i . t h  f i n i t e - s i z e d  effec ' i ive source and receiving sli.t, t h e  

s c a t t e r  s l i t  i s  moved from i t s  usua l  l oca t ion  betweell Yue rece iv ing  slit 

and de txc tor  (dashed. l i n e  S 

sli'c and the  sample. The divergence slit, S and the  s c a t t e r  s l i t  S are 

made equal i n  s i z e  and a r e  placed equi-dis'GanL t o  {;he spectrometer axis .  

The slil; S is approximately tlie s i z e  of the focal s p o t  F of the x-ray tube 

and symriletric t o  it. 

2 

i n  Fig. 4) t o  a I-ocat ion between t h e  rece iv ing  4 

1. 2 

3 
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Tn3.s arrangement possesses 8 ome eorolla.ry advantages . T'be backg:rcxmd 

of stray r a d i a t i o n  i s  reduced, p a r t i c u l a r l y  a t  sma1.I  angles. The lover Y t . m i i ;  

0% s c a t t e r i n g  a11gJ-e which m,y be reached with a given s l i t  pa i r  and giver1 

p le  ori ze is  extentled. Resolution. froin the  priniary be;:dn a t  very m1;3l.]. scat-  

t e r i n g  angles  is ma'ceri.al.1.y augmented, pazticul-arl-y i f  an a,d-r?:itional baff1.e 

s l i t  i s  added i n  the  Location S, 1m.xLL.y occ!.ipied by t h e  s c a t t e r  slit. The 

depkh  of sample rcqpired may somei;i.rnea be mmi;r;.:r.ially red.u.u.ced * 

-I- 

2.5 Detectoy and Electroi i ic  System 

Detection of t h e  diffmcted. hean i s  by r m m s  of a, scrin-ti1latj.on. cour~ter  

i n  con junctton with a l i n e a r  amplifri.er, a pulse height sit?gl-e-cbannel anal-y-ze~ 

and a comt; scale:r--timer. A ra'Lemeter and recording potentiometer pr0vid.e 

an a l te rna te  method of recording -the data, I 

The deteckor i s  a, sod.ri1.m iodid-e ( t h a l 1 i m  a c t i v a t e d )  c r y s t a l  spproxi-  

aiaticl.y 1-,/3z7? thick, 1/8" wide an.d 5/81' long,  he^ i n  place on a UuMont 62521.. 

pbo tomult i .pl ier  tube by a l i g h t  -tri @it can.  

a ided by pl-acing s i l i c o n e  grease between t h e  c r y s t a l  and the pho.tornul-t-ipli.er, 

and by usj.ng a& alumhum fo i l .  refleetol:. 

t o  -the c r y s t a l .  The photomul-tiplier i s  c u r r e n t l y  operated at  about 110 v o l t s  

per s t a g e .  

'The photon couintirig effici.en,cy was 

A bery2liu.m window :idl-n:its the x-mys 

'The anplified piilses produced when MoKol radia 'bios  i s  reflected by t h e  

(111) planes of n i cke l  powder give ad f a i r l y  broad pulse-height d i s t r i b u t i o n  

cente:red al; 16.5 v o l t s  a n d  sxtending sens ib ly  from 12 t o  23 volts. .  A vindow 

of 1 volt was Insea in obta in ing  %his r e s u l t .  Based on t h i s  i n fomat ion ,  t;he 

window a-nd d iser imina tor  are set  f o r  u.sz such tha t  pulses -Crr,ni 10.5 t o  20.5 

vol t s  w i l l  be detected. This effective]-y rejects m y  pulses  which might 

arise frcsm the second order half-wavelength r a d i a t i o n  from the  continuous 

spectrum, re f lec ted  by t h e  monochromator. 
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Measurements with AgXiX x-rays (Cd.- l@g source) ,  MnKa x-rays (Fe-55 

source)? and MoIM: x-rays gave pulse  height  curves whose maxima m e  el-osely 

propor t iona l  t o  t h e  enzrw-.  

i.n f r o n t  of t h e  window of the s c i h t i l l a t i o n  de-tzctor f o r  -i;iiese measurements. 

They a r e  useful as a. check on the peyfoi-mance of t h e  e lec tyonic  system 

because t h i s  can be don.e conveniently a t  any time dur ing  t b e  long runs 

required foy da-La c o l l e c t i o n .  

The (X-109 and Fe-55 sources a r e  placed d i r e c t l y  

2.6 Sample Mount and Furnace 

The ssnple,  which may be contained. i n  a f J h L  tray (F ig .  2)J i s  loca t aa  

on a s t a i n l e s s  s-keel. she l f  supported by 3. sLa-iiiless s t e c l  tu-be a t tached  t o  

t h e  main b a s e .  Y’hc sLeel tube  w a s  reduced -to a w.a,l.l. thickness of 0.010” so  

t h a t  the sampl-2 and its support ing she l f  can be hes ted  t:, red heah without 

a grea t  l o s s  by conduction along tim suppiirting tube. The thermocouples a r e  

i n s e r t e d  i n  hole.-; provided i n  the  shelf t’ilrough a kovar s e a l .  A s m a l l  staiii- 

l e s s  s t e e l  tube w i t h  an outs ide  diameter of 0.035” a l s o  pases through t h i s  

seal. This makes i L  poss ib le  t o  evacuate Lhe sampl..e region and t o  introduce 

a n  inei-t Eas when a bery l1 i .m cup i s  bol.ted aga ins t  t h e  f l a n g e  of the sample 

shelf. Both stainless steel and molybdenum del-ta-ring gaskets have been used 

success fu l ly  t o  s e a l  Yne beryl1i .m cup (0.012” w a l l )  containing t h e  sample rcg ion  

from t h e  maAn furnace.  The beryl l ium cup i s  heated by nichrome V wire  wound 

on ail accu ra t e ly  f a b r i c a t e d  ceramic cyl inder  loca t ed  on i.ts outsi.de. O ~ n e  o r  

mol-e o’csinless s t e e l  cy l inders  around tile beryl-liwn cup serve as heak r ad ia -  

Lion  s h i e l d s .  The vhole -furnace region i s  surrounded by a vater-cooled 

jackei; which c a n  be evacuated- t o  pressures  below one inj.croi1 i n  order  t o  

reduce heat losses by condirction t o  a minirnum. It has a s l o t  for passage of 

.khe x-ray beam whi.ch i s  covered with a 0.012“ beryl l ium s t r i p  wi.th i - k s  i nne r  

sur face  pol ished so  that a vaccum tight, s e a l  i s  obtainced when t h e  s t r i p  i s  
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clamped against  a neoprene O-ring gasket a The i n n e r  radiat l .on sh-ields have 

similar d o - t s  f o r  passage of -the x- ray  beam. A l i q u i d  n i t rogen  t r a p  and 

vacuum exhaust t o  a f i l t e r e d  hooa system provide safegua-xi aga ins t  the danger 

of bery1l.ium oxide or other coliipoiinds be ing  freed i n t o  the room i f  there 

should be a f a i l u r e  of t h e  vacuum system while the furnace i.s bot. As an 

ind ica t ion  of khe degree of s u c e e s ~  vhieh h a s  'oeen reached. with t h e  radia- 

t i o n  sh ie ld ing  and evacuated furnace,  a power of approxirmtely 85 watts is  

a,dequate -to irisin-tain a temperaixre of 550 C .  0 

' fie complete furenace wi th  %he sadfnple shelf can be raised or  lowered 

a,Qd l eve led  .to place the sample s~nrfsce i n  the proper pos i t i on  b y  two a.d.jizst- 

i ng  screws ( ~ i g .  2 ) .  



16 

(4 )  

chrornator i s  ro ta ted  s l i g h t l y  upward or downward using an adjus  Ling screw 

'ifhe mounting t r a c k  xhich holds t h e  S S s l i t  assernbl-y and the  mono- 
2 3  

u n t i l  it is l e v e l  as determined by a good quality- level.. 

(5) S l i t s  S2 and S can be made t o  f a l l  on the  horizonLal l i n e  S A (F ig .  1) 3 1 

e i t h e r  by sma1.l rotaLions of t h e  component support ing ezch, o r  by ve-rtical. 

motion of t h e i r  supports .  'I'he mjcroscopz i s  used t o  determine whcn t h e  proper 

adjiistinenL ri s reached. 

(6) The beam i s  t h e n  adjus ted  t o  seeure propzr  alig;ii,nent, of t h e  x-ray tllbe 

f o c a l  spot ,  t h e  s l i t s ,  and t h e  speetrometet, a x i s .  I"ue primary beam i s  f i r s t  

scanned v i t h  only t h e  d e t e c t o r  a r m  i n  motion; slit, SI i s  ad jus t ed  ('oy t u rn ing  

t h e  s l i t  or moving j t s  support  vey i i caJ ly )  u n t i l  t h e  recorded, i n i e n s i t y  i s  

s p l i t  symmetrically by the f i n e  wire in t h z  spectrometer axis .  Then, with 

both a r m s  i n  motion, t h e  beam i s  again scanned; source X, s l i t  S a x i s  A 

and s l i t s  S2 and S 

i-ecorded bea.m. i n t e n s i t y  i s  sp1i.t syrnmetrica1.l.y by the w i l r e .  If t h e  a m  

1' 

are considered al.i.gned_ when, under these cond.i.tions, t h e  
3 

s t r a i g h t  l ine  XS AS S is no!, horizoi i lal  ( a s  determinPi- by t h e  i r d v e l i n g  1 2 3  

microscope), t h e  source and de tec to r  ams as a whole are adjus ted  u n t i l  ihe 

wire  i n  t h e  axis s p l i t s  t h e  recorded in ten-s i ty  of t h e  primary beam i n  half 

a i  zero angle .  

(7)  A final check on t h e  adjustment,; 

t i o n  p a t t e r n  OJ? d powdered material. 

received can 'oe determined by t e s t i n g  

i s  m a d e  by scanning a complete d . i f f rac-  

Thai the  r e f l e c t i o n s  are pi"oper1y 

with a deLecto-f d i r e c t l y  behind t h e  S S 
2 3  

s l i t  systan,  or w i t h  t h e  monochromator systeili i n  pos i t i on .  F ig .  5 shows t y p i c a l  

r e s u l t s  of '.,lie.;c checks; here  1 js t h e  in t eg ra t ed  i n t e n s i t y  of a Bragg re f lec-  

Lion, F t h e  atomic form fac'ior, 0 t h e  h a l f - s c a t l e r i n g  angle,  and h the vzve- 

1 Ength ol' t h e  x- rad ia t ion .  



17 

O R N L -  ILR - DWG. 15722 

I - F' x 10 
0 

I 
F' - x  10' 
0 

1 
7 
E; 

6 2 3 
--v 10 c2 

. ............ 

...................... .................. ............ ..- 

' 0  

1 

5 
........................ ............... 

Figi;. 5 .  Test o f  Instrument Alignment, w i t h  Powdered Sa.mpl.es. 



3.2 Monochromator 

The monochromator must be s e t  so  t h a t  Lhe bas i c  condi t ion f o r  satis-  

fy ing  3raggts  l a w  i s  f u l f i l l e d ,  atid also musi be placed t o  Lake advantage of 

ihe focussing for which t h e  c r y s t a l  w a s  befit and ground. The f i r s t  condi t ion 

i s  satisfied. by ro’catiiig the  c r y s t a l  s l i g h t l y  by tangent  S C T ~ W S  af-Ler b e h g  

se t  a t  approximately t h e  r i g h t  angle .  ‘i‘hc second condi t jon  is obtained. by 

p lac ing  t h e  c r y s t a l  a t  the proper d i s t ance  from the ,lit S- which was designed 

t o  be 1Lir.  A d i s t ance  s l i g h i l y  g r e a t e r  w a s  found t o  give t‘ne most in teaqe  
5 

monochromatic beam.. 

With t h e  c r y s t a l  seL a t  one d i s t ance  f r o m  t h e  s l i t  and. t h e  detec- tor  
“3 

se t  a t  twice the Bragg angle,  the r e f l e c t i o n  i s  not  d i f f i c u l - t  t o  f i n d  by 

tu rn ing  t h e  cyys’ial. s1owl.y whi le  opera t ing  the  x-ray u n i t  and t h e  d e t e c t i n g  

equipmetit. A strong d i f f r a c t e d  bean f o r  t h i s  ad.justment i s  obtained by 

s e t t i n g  on a s’irong ref l .ect ion from powdered n i cke l .  

3.3 Sample Pos i t i on  

If a l l  -tile mechanical adjustments have been ca,rri.ed out properly,  

the x-ray beam as defined by  t h e  s l i t s ,  x-ray tube, and inoilochroina.tor system 

will be hor i zon ta l  across  the cen te r  A OB t h e  instnunen-t ax i s  (F ig .  l), vhen 

t h e  a,rms are ai; their L e r o  posi- t ions.  

‘l’he f inal .  adjustrieii-t when a sample i s  placed i.n t h e  instrument i s  t o  

see  Lliat i t s  sur face  i s  hor i zon ta l  and a t  the proper he ight  t o  have iLs SUj:- 

f a c e  l y i n g  oil t h e  ax i s  A, which i s  brought about through t h e  hci-ght a d j u s t -  

m e n t  (Fi.g. 2) on the sa,mple assembly. It  i s  necessary t h a t  t h e  zhe1.f which 

su-pports t h e  sample be ].eve1 i f  powder samples are t o  be used i n  t h e  i n s t r u -  

ment, b u t  any s l i g h t  devia-Lions  from k v e l  w i l l  cause no diff icul-Ly wi th  

l i q u i d  samples. Even with molten liqui.ds, the proper sample hei-ght can be 

es- tabl ished by us ing  t h e  x -my  d e t e z t o r  t o  deterrtline when t h e  main beam i s  
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being blocked by an amount previously e s t ab l i shed  by t e s t s  with samples 

vhich can be handled at  room temperature, such as powdered n i cke l  and 

l i q u i d  mercury. 

An a l t e r n a t e  ind ica to r  for proper height  OS the sample cons i s t s  i n  

ad-justing t h e  height  t o  maximize the dekected beam when s e t  on or near a 

known peak i n  t h e  d i f f r a c t i o n  pat tern .  

4. COLLECTION OF DATA 

D a t a  c o l l e c t i o n  from a l i q u i d  sample i s  usua l ly  restric-Led t o  a 
0 0 range f rom 4 t u  about 65 i n  8, the  h a l f - s c a t t e r i n g  angle .  

Below bo, very small  divergence s l i t s  must be used t o  def ine the 

main beam, axid t h e  sample must be of considerable  length.  The s m a l l  s l i t s  

imply very long counting times for accura te  measurenien-bs . 
hand, t h e  accuracy obtainable  wi th  t h i s  instrument at; very l o w  angles i s  

extremely s e n s i t i v e  t o  t h e  instrument aligtment,  t o  curvature  o f  t h e  sample 

surface,  and t o  t h e  absorpt ion co r rec t ion  (which shows a, very pronounced 

angular  dependence i n  t h i s  region; see sec t ion  8.1.2). 

t h e  c o l l e c t i o n  of da t a  at; very low angles  somewhat un re l i ab le .  

On t h e  o the r  

These fac-Lors make 

A t  high angles,  t h e  s c a t t e r e d  i n t e n s i t y  becomes very weak because of 

Lhe nature of the x-ray s c a t t e r i n g  func t ion .  Ream divergence i s  l imi t ed  t o  

4' by t h e  s i z e  o f  t h e  monochrornator. Bi.gh ang le  da ta  are zs)?enti.al f o r  t h e  

high r e so lu t ion  obtainable  wi th  t h i s  instrument.  9Thei.r bene f i t  must be 

balanced aga ins t  counting t h e .  Extensi-on of da t a  c o l l e c t i o n  beyond 65' i n  

h a l f - s c a t t e r i n g  angle would be necessary onljr f o r  t h e  dete-minat ion of mean 

square aniplituaes of interatomi-c distances i n  d i s c r e t e  molecules; t h i s  rnight 

be des i r ab le  i n  order t o  ob ta in  q u a n t l t a t i v e  informatrion on t h e  v ib ra t ion  

frequencies  of d i s c r e t e  rriol.ecules i n  t h e  l i q u i d  s t a t e  ( see  sec t ion  7.2). 

The measured i n t e n s i t i e s  a r e  recorded e i t h e r  as t h e  time necessary 

t o  achieve a fixed number of acein-ulated counts, o r  as t h e  accumulated counts 



f o r  a p m s e t  t i m e ,  a t  a given s c a t t e r i n g  angle. The d a t a  a r e  taken i n  

sec t ions  which cover a c e r t a i n  portion o f  bile t o t a l  angular  range. 

of t h e  sec t ions  is charac te r ized  by an i n i - t i a l  angle, an increment; by  which 

Lhe s c a t - t w i n s  8ngle S.s advanced, and the dimmetisions of t h e  appropriate 

divergence and rece iv ing  sl.i.-’i;s. The iL i i t i i21 .  .angle i s  chosen so  t h a t  i’c 

overl-aps the preceding sccti~on. The angular increrncnt; range fi7rm 2 mi.nut,cs 

of an arc f o r  t h e  lowest s ec t ions ,  t o  1 f o r  t h e  h ighes t  s e c t i o n .  The s l i t s  

a r e  chosen so  tha’i proper bean divergence f o r  each s e c t i o n  can be maintained. 

Several  runs a r e  made over each s e c t i o n  un - t i l  t h e  accumulated coun-ts reach 

a certai.r! valine, typica1l.y 100,000 t o  500,000 f o . c  the l..cm and. high angle  

res ions ,  r e spec t ive ly .  It i s  necessary~ to sccumj-l_at,e si ich a 7-a 

o f  counts i.iz ord.e:c t o  safeguard rrel i.abili.t,y and- high resol.ution f o r  t h e  

s t r u c t u r a l  information der ived  from Yne a i f f r a c t i o n  data. The accumulated 

counts €or each sec t ion  a r e  chosen s o  t h a t  t h e  s t a t i s t i c a l  e r r o r  i n  t h e  

reduced intensity func t ion  ( see  sec t ion  6.’~) i s  held. approximately uniform 

over Eie whole range of d a t a .  

Each 

0 

A t  t h e  begitiiiing oi” each run over a sec t ion ,  the a l i g n m n t  of t h e  

sample sur face  in the  instrument axts i s  careful.1.y checked ( s e e  secti-on. 3 . 3 )  . 
Sample ternperntnre and pressure  a r e  recorded, and t h e  electronic cquipment 

i s  checked at cl..ose interva1.s (see s e c t i o n  2 . 5 ) .  

I n  extremr cases, rlata col.l.ectioti. al..one may t ake  u.p t o  two -iilotlthsr 

time of continuous opera t ion  of t h e  Tnstiqunent . 

5.  TIE3 IITFFRACTION OF X-RAYS BY LJXJUIDS 

5.1 Debye9 s i3quation for the T o t a l  Intens-iLty 

Consider i n i t i a l l y  thai; an inc iden t  bean of x - r ad ia t ion  i s  d i r ec t ed  

upon an e lec t ron  a t  poin t  0 (EYg. 6 ) .  

s c a t t e r e d  t o  pori.nt P, which i s  at a l a r g e  d i s t ance  R from 0, i s  

Then the amplitude of radia-Lion E 
P 
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8RNh-LR-DWG. 72794 

Fig. 6. The Sca t t e r ing  of X-Hadiation by Elec t rons .  

\ 



where E is a vec tor  descr ib ing  t h e  ampli.i;ude of thc incidenL be.m, e i s  

t h e  e l e c t r o n i c  charge, in i s  the mass of -tile eleci;Iaon and c i s  Lhe v e l o c i t y  

of l i g t i t .  If t h e r e  were z elecLmns ai; 0, then  tile anp.l..itude a t  P could be 

given by zE’. However, s ince  z el-eetrons cannot be loca ted  a t  a s i n g l e  poin t  

and arc spread out about an atom a t  d is tances  comparab3.e t o  the wavelengLii 

of‘ t h e  x-rays, i n t e r f e rence  e f f e e t s  r e s u l t .  ‘Thus tile rzsultant amp3.j tude, 

for a sphei5cal  atom, i s  given by 

-0 

2 2  E = f ( s ) ~  e /mc H ““i! -0 

w-here f ( s )  i.s t he  atomic form f a c t o r  which i s  a, func t ion  of the  distzeibution 

of t h e  electrons aboiit t h e  atom and of the  sca-Lieri.ng angl-e ( see  (5 .1 .3) ) .  

The nlagnitude of  f(s) i s  equal  or 1css t h a n  z, t h e  abomic nuibej?. 

Now consider  t h e  phase o€ radiation scatterred by t h e  e k c t r o n s  of 

atom i loca ted  a-t Q as compared t o  t h a t  scaLLered by an atoin a t  0. I n  

F ig .  6, t h e  i.ncikien{; beam i s  def ined  by the unii; v x t o r  S and t h e  s c a t t e r e d  

r ad ia t ion  i n  t h e  di.recLion OP by t h e  u n i t  vec tor  S. 

by t h e  expression S - S and r i s  a vec tor  denoting t h e  d t s t ance  OQ. The 

phase d i f fe rence  $ of radia-Lion coming from t h e  two poini;s 0 and Q is Lhe 

path d i f f e rence  multiplied.  by 2n/h o r  

-43’ 

Tne vector  $ i s  defined 
cy - -0’ m i  

I f  t h c  incj.d.ent wave i s  o f  t h e  form 

E = E exp(z..r;ivt) 

where v i s  t h e  frequency and. t time, theu -the amplhtude a t  po in t  P due Lo 

al.3. atoms i becomes 

- -0 

= (goe2/mc2R) 1, f .  (s)exp(2fi ivt)exp(2njr ,  .$/A).  -P 1 -1. . 
i 
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I n  order t o  ob ta in  t h e  i n t e n s i t y  of t h e  waves a r r i v i n g  a t  P, t h e  

above equat ion must be mul t ip l i ed  by i t s  complex conjugate, giving 

2 

P 
Since E i s  proporti-onal t o  t h e  i n t e n s i t y  of s c a t t e r e d  rad ia t ion ,  

P 0 
represented  by I: , and t h e  f a c t o r  (E e 2 /me 2 2  R) is propor t iona l  t o  t h e  

i n t e n s i t y  s c a t t e r e d  by a s i n g l e  e lec t ron ,  represented by Ie, t h e  preceding 

equat ion can be w r 5 t t e t z  as 

Furthermore, S 

i s  ;Isin@, where Q i s  t h e  h a l f  - s c a t t e r i n g  angle .  

and ,$ are u n l t  vectors; khercfore Lhe abscj1ut;e v;2lue of -a 

Also if" 

r = r  - r  
lvij mi -,j 

then 

where a i s  t h e  angle bet 

I-. ..j$ = r 
-1 ,J i j  

s cos M 

reea the  vector:; 7' and g. Tnus, by subs"c;Luh &i j 

Lhese q u a n t i t i e s  i n t o  (5.1.1-), 

= 1 Ieu Z J  i j  f.(s)f.(s) exp( i s  r cos a )  
i j  

.ng 

(5.1.2) 

where s i s  def ined  as 

s = (4fih) si.n Q ( 5  01.3) 

In  a l i q u i d  system a l l  o r i e n t a t i o n s  of r are equa l ly  probable, and -ij 

(5.1.2) must be i n t e g r a t e d  over a l l  dtrect ions of r. . . The folloTring 
-1 J 

equat ion i-esal.t;s : 
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which yieJ.ds upon evsl.uation 
r3 r 7  

(5.1.4) 

L l  
Here both summations range over a11 i'ne a t o m  i n  t h e  sample. gquation 

(5 .1 .4)  i s  Debyess equation 10 €or ihe  total-  i n t e a s i i y  of a, cohereni ly  

s c a t t e r e d  wave; the s c a t t e r e d  i n t e n s i t y  i n  e l e c t r o n  u n i t s ,  Ieu, i s  a f u n c -  

i i o a  o f  t h e  s c a t t e r i n g  f a c t o r s  of t h e  atoms, t h e  i rheratomic dls'iances, t h e  

wavelength of t h e  x- rad ja i ion ,  and t h e  s c a t t e r i n g  va r i ab le  3 .  

I n  a polyatomic liqui-d, a cerba in  group containing m atoms may be 

chosen as the  s tochiometr ic  u n i t .  Let t'nej:e be  n such s ioehiornr t r ic  u n i t s  

i n  t h e  sample. From (5.1.4) t h e  scatbered i n t e n s i t y  c a n  be  w r i t t e n  as 
iil no .m 

f. ( s )P . ( s )  sin(sr. .)/ST. (5 01.5) Ieu T /__I f?js)  3. .f: y ' - J  1 J  lj 
:= n 

i =I i =1 j =I. 

Summation l.s now over t h e  stochioizetric unii; for i, a n &  over all. aLorns i.n 

t h e  sample f o r  j. 

5.2 Reduced. I n t e n s i t y  and Radial D i s t r ibu t ion  Function (IIC)F) 

The i e m  T /n i n  ( 5 . 1 . 5 )  represent, ;  t he  measured in t ens i iy ,  norvlalized 
ell 

t o  one s tochiometr ic  u n i t  of  t'nc sample .  The reduced intensi-ty i ( s ) ,  def ined 

as 

( 5 0 2 c 1.) 
i 

i s  the s t m c t u r e  s e n s i t i v e  p a r i  of t h e  .;catbered i n t e n s i i y .  The term 

i i j s )  i s  t h e  inrlep- mleti t  atomic s c a t t e y i n g  f r o m  t h e  atoms i n  one s tochio-  c "2' 
i 

me L r i  c u n i t .  

* 
Cndex j now denoies a l l  atoms i n  t h e  system except f u r  t h e  chosen atom i j  

thus t h e  sccond tzrm i n  (5 .l..5) represents  t he  intei is i  t y  riue only t o  

ihc i n t e r a c  t i  oi l  betwzen atom pairs. 
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If t h e  p a i r  d i s t r i b u t i o n  of 

p .  .(r), then the  nurnber of atoms j 
=J  

j atoms around 

contained in a 

i atoms i s  expressed by 

sphe r i ca l  s h e l l  between 

2 r and I*+ dr f r o m  a n  atom i i s  h e  p 
i j’ 

(5  J . 5 )  may be replaced by an i n t e g r a l  

and the  summation of disLances i n  

03 

i(s) = 1 1 fi(s)fj(s> J’4sr2pij(r) s i n ( s r )  */sr (5.2.2) 
i j  0 

where bhe sunmations over both i and j ar? now over t h e  stochiometric uni-L. 

The kerne ls  r p i j ( r )  tend t o  i n f i n i t y  ai; l a rge  r. 

Four ie r  i n t e g r a l  theorern, it i s  advan.tageous Lo add and t o  sub t r ac t  from each 

t e r m  t h e  quan t i ty  r p  p being t h e  uniform ninber dens i ty .  Sj.nee p ( r )  i s  

s i g n i f i c a n t l y  d i f f e r e n t  from p only at small. values of I-, convergence i s  

r e a d i l y  obtained, and Fourier  inversion can be c a r r i e d  out:  

For t h e  applLcation of the 

0’ 0 i j  

0 

i j  0 0 

The second term i s  very nearly zero except f o r  very small s; Lhuo the  equation 

may be w r i t t e n  as 

i j  0 

It i s  i n s t r u c t i v e  f o r  the following t o  consider t h e  case where t h e r e  

i s  but  one kind of atom. The sun i n  (5 .2 .3 )  i s  then a s ing le  t e m :  
co 

i . ( s )=  f ( s )  4m3 [ p ( r )  - po]sin(sr)dr/sr (5.2.4) ‘ 1 ‘  
0 

Fourier  inversion y i e lds  p( r) in t e r m  of t h e  experimentally access ib le  
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I n  t h e  genera l  case, an  amaloeom treatment ,  while not  yieiding 

d i r e c t l y  a. radial  p a i r  distx-ibution, does y i e l d  an j.nterpretable Yunction 

frrorn w'nich s t m e t u r a l  i n f o m a t i o n  can be infeyred .  One forms 'i;he ~ o u r r j e r  

t r a n s f o m  of 
00 

- 3  - 
i(s)M(s) = 1 f .  1. (s)fj(s)M(s) [ k r 2 [ P i j ( r )  ." p 0 ] s i n ( s r ) / s r  d . r  (5.2.6) 

r i j  0 

i n  Which t h e  "modification Punct io i i "  M(s) may be chosen a t  ~ j j - 1 1 ,  and i n  

p r a c t i c e  i s  chosen t o  make the f a c t o r s  f. ( s ) f  .(s)M(s) roughly independent 

of s. The use of modifica-Lion fi inctions i s  discussed thoroughly by Waser 
1 J 

11 and Schomaker. Fourier t r a n s f o r m i i o n  of (5.2.6) y i e lds  a. T u n c i i o a  
m 

D ( r )  = I+nr2po f (2 r , / x ) l  sj(s)M(s) sin(sr) cls (5.2.7) D ( r )  -1 1 ?-J 
i j  0 

i n  which i ndividual  modifi  e d  pai r dis  ivibu'iion functi.ons D ( r )  a r e  r e l a t e d  I J  
1.1. t o  t h e  p .  . ( r )  in a known way . 

a, 1 3  
n 

0 

Thus U ( r ) ,  t h e  func t ion  access ib le  from experiment ( s e e  section 6.7), i s  a 

kind of l i n e a r  combination of t r u e  rad ia l  pair d i s t r i b u i i o n s  which a r e  

convohtzc i  with t he  kriorvn L'unctions !C 
iJ 

( r , / r o ) T ( r )  may be tliought of as represent ing  the modified appcarance i n  D ( r )  

of dLcL iaealizcd p ( r )  having a single dcIta"-function peak a i  r = r (see a l s o  

(r) given by (5.2.9).  'i%e fiinetion 

0 

s e c t i o n  7.2). 
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6. PROCESSING OF DATA 

6.1 The RELIT Data 

The da ta  evaluat ion deseri'ued i n  the following see-Lions i s  done by a 

high speed computer. Provisions a r e  made f o r  t h e  output of inLemiediate 

r e s u l t s ,  s o  t h a t  unforeseen d i f f i c u l t i e s  i n  -tile da t a  treatment can be d e a l t  

with as they  occur. 

Data taken on heavy water (D20) a t  hoc w i l l  be used t o  i.l-1ustrate t h e  

Tenmining sec t ions .  

Fig. 7 shows t h e  measured s c a t t e r e d  i n t e n s i t y  I* i n  counts pe r  minu-te 

as a, func t ion  of s (def ined in equation 5.1.3). 

s ec t ion  i s  charac te r ized  by c e r t a i n  s i z e  diver'gence s l i t s .  3epeat runs have 

been averaged. ?The fol lowing equation i s  used t o  f i n d  t h e  r e l a t i v e  i n t e n s i t y  

a t  each s: 

As  indi.cated i n  Fig. 7, each 

IR(s) = [ (I* - IB)/PJA.]N - IC (6.1.1) 

I i s  t h e  co r rec t ion  f o r  backgyound rad ia t ion ;  P snd A are t h e  po la r i za t ion  

and absorpt ion cor rec t ion  f a c t o r s .  Tne subsc r ip t  N i s  t o  indi-cat? t h a t  tine 

quan t i ty  i n  t h e  brackets  J.s a t  t h i s  s tage  normalized t o  one of t h e  sec t ions  

of a c e r t a i n  s i z e  divergence s l i ts ,  usually t h a t  measured wit'n t h e  1 beam 

divergence. The quan t i ty  I i s  t h e  co r rec t ion  f o r  incoherent or Compton 

s c a t t e r i n g .  These cor rec t ions  w i l l  nut be descr ibed i n  detsi.1. Due t o  t h e  

high r e so lu t ion  of t he  monochromator, it i s  not necessary t o  co r rec t  f o r  

secondary f luorescent  r ad ia t ion  (except for compounds containing t h e  elements 

Br, Hb, Pb 01- U). 

73 

0 

C 

6.2 Background 

I n t e n s i t y  I flue t o  background radj-at lon is measured f o r  each sec t ioa  B 

by p lac ing  a l ead  s h u t t e r  i n  f r o n t  of t h e  s c a t t e r  s l i t  (6) i n  Fig.  2 with 
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t h e  x-ray beam on. 

angles  t o  5 a t  high angles .  

Typical  values range from 2 coixnts per minute a t  l o w  

6.3 Pola r i za t ion  

For cryslsl-monochroma.l;jzed rsdiati.o‘n with a corrmon plane of s c a t t e r i n g  

a t  Ii!.orrocl?_romator and sample a r ay  s c a t t e r e d  by the  s m p l e  i s  diminished. i n  

i n t e n s i t y  by the f a c t o r  

(6.3.1) 

i n  vllnich Q g  i s  ‘che Brsgg angle for t h e  r e f l e c t i n g  planes of t h e  monochromatiz- 

ing  crystal. 

2 P := (1 +- c0s22t)9 coS’;20)/(1 + cos Z Q )  

For t h e  (200) planes of sod-ium chlor ide  and MoKa radi.ation 
2 

cos 209 i s  0.9375. 

6 .4  Absorption 

The absorpt ion co r rec t ion  to t h e  d i f f r a c t e d  i t i t ens  i t y  measured with 

“ L h e  g;eorEts-y of t h e  &scribed instrument i s  discussed i n  sect;ion 8.1..2. 

shown t h e r e  

It is 

t h a t  t he  f a c t o r  R i n  equation (6.1.1) i s  given by 

A = [1 - (1 - exp(-x))/x] (6.6.1) 

where x = ZXp/sinZ), with p t h e  l inear  absorpt ion c o e f f i c i e n t  and a t he  beam 

divergence. As p, and hence x, beccxnes large, thz f a c t o r  A approaches uni ty ,  

-tile usual case .  

6.5 Cornp-tcn S c a t t e r i n g  

The co r rec t ion  f o r  Compton s c a t t e r i n g  i s  d i f f e r e n t  from t h a t  for 

standard tec’nniques, because of t’ne loca t ion  of %he nicnochromator i n  t h e  

s c a t t e r e d  beam (Fig. 1 and 2). The Compton sca t%er ing  f o r  t h i s  geometry 

i s  a r ap id ly  r i s i n g  func t ion  a t  small angles,  where c h a r a c t e r i s t i c  r ad ia t ion  

is  t h e  exciting S O U F C ~  . 
between t h e  wavel-engbh of the  e x c i t i n g  source f o r  Compton s c a t t e r i n g  and t h e  

Witb Fincreasing s c a t t e r i n g  angle  t h e  d i f fe rence  
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wavel efigyi s e l ec t ed  by t h e  inonochromator increases .  !Pms the exc i t i ng  source 

for jncoheren i s c a i t e r i  ng s h i f i s  t o  s h o r t e r  wavel engLiis utl i i l ,  eventual l.y, 

t he  coni;inuum serves  as the e x c i t i q  source f o r  t h e  observed Cornpton s c a t -  

ter:-ng. The non-dlscre te  width of the exc i t i ng  source conti5butes a l s o  t o  

i;hz shape of the Compton sea- t te r ing  curve. 

12 The resul- t  i s  a func t ion  wIij.ch r i s e s  approxiiimtely a.s Lhc theore%icaJ. 

Compton scat’ieriizg func t ion  a t  s r r a l l  angles and tiien i”alls rapj-dly. I ts  con- 

t r i b u t i o n  at l a rge  angles i.s a s m a l l  p a r i  of t he  t o t a l  i-ntens:’tye 

A semi-empirical  proced,uure has been foll.owzd i n  order  TO obta in  the  

detai led.  shape ol” the Compton sca-bter ing curve. The Compton sca t te r j  ng 

correct, ion i s  a low-frequency term i.n ’che reduced i n t e n s i t y  futicti.on . i . (s) .  

Its Fourier  transform i s  -there.i^oi-e a peak a t  small dLstances i n  the  RDF 

D ( r >  (see sec t ion  5.2)$ The reduced i n t e n s i t y  func i ion  i i.s first t r a n s -  

formed. to obtain an RDF D D i s  then  re-inver-Led wli’iii cu t -of f  aL a f ixed  

value i n  the r a d i a l  d i s tance  r t o  give a reduced. i n t e n s i t y  i 

up t o  the  region of t h e  fri.rst important peak i n  t h e  1WF a r e  theti s e t  equal  

1 .  

1‘ 1 

Values o f  D1 2- 

t o  zero, and t h i s  RDF Up i s  re - inver ted  once more with t h e  cut-off  a t  the  

same value o f  r a s  for t h e  previous inversion,  gi.ving a reduced i n t e n s i t y  i*. 

?PI?@ basix assump’iion i s  here  tha,t t h e r e  a r e  no atom p a i r  j .nteractions f.n 

1 

2 

between t h e  two reduced i n t e n s i t y  functions i and. i t  giver, ,a. cor.rection curve 

with the e f f e c t  of t he  high angle cut-off  removed.. 

2 2 

This procedure w a s  c a r r i e d  out lin a s tudy of l i q u i d  water a t  room 

0 teinpcrature 

been established.,  similar curves can be obtained f o r  o the r  s t u d i e s  through 

proper normalization and correcti-on f o r  d i f f e rences  i n  i n e l a s t i c  s c a t t e r i n g  

Once t h e  shape IC(s) of  the Compton sca’iterj-ng co r rec t ion  bas 

f a c t o r s .  ‘The shape of t h e  Compton co r rec t ion  cmve i s  shown i n  Fig.  8, 
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al-oiig w i t h  t h e  t h e o r e t j c a l  curve which would apply i n  t h e  norinal arrange-  

ment (source _monochromatized) . 
The Cornpton sca t t e r ihg ,  i n  t h e  present  case, can be measured a t  l a rge  

s c a t t e r i n g  angles .  It is i n  t h i s  region t h a t  t h e  absolu te  i n t e n s i t y  s c a l e  

i s  established. ( s e e  secti.on 6 .6 ) .  A Zi- f i l t e r  (0.0041p) i s  f i r s t  pl-aced 

betiween x-ray source and sampl-e, with the s c a t t e r i n g  angle well above that  

requi red  Tor  cu t -of f  of t h e  e x c j t i n g  r a d i a t i o n  by t h e  %rr edge (about 0 = 4'2 ), 

and. tihe sea-Ltered i n t e n s i t y  i s  measured. 'Yhere should be, i.n t h i s  case, no 

con t r ibu t ion  from Cornpton s c a t t e r i n g .  AnoLher measuremen'L i s  then. taken a t  

the  same s c a t t e r i n g  angle with t he  Z r  f i l t e r  between sarnple and d.eteei;or.. 

'Yhe tota,l .  s ca t t e r ing ,  a t tenuated  by Yne f i l t e r ,  j.s transrni.tted i .n Lhis case .  

From 'ihese measii.rements, t h e  f r s c t i o n  of Comptoii sea-Ltering can be obtained 

as w e l l  as i t s  contri-bution at, t h e  u n f i l t e r e d  l e v e l .  

0 

The Cornpton scatt ;eyjng I i n  (6.1-..~-) f o r  any l i q u i d  (superscript 1) 

i s  obtained from the s tandard cume  shape ( supe r sc r ip t  0) and tli? measiired 

v a h e  a t  s ::- (r, usj-ng the expression 

c 

Ic(s) 1 = I+) 0 
[c F211 
i i  

[C F ] 2 0  
i i  

(6.5.1) 

The q u a n t i t i e s  w i th in  t h e  bracke ts  a:re t h e  incoheren-t, sca tker ing  f a c t o r s  

f o r  the  components of substances 1. and 0, suLmEd over t h e  s tochiometr ic  

uarit . 
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6.6 Normalization 

The cor rec ted  r e l a t i v e  i n t e n s i t i e s  I ( s )  Trom t h e  preceding s t eps  R 

(equat ion 6.1.1) a r e  now placed on an absolu te  basis by normalizing a t  high 

angles  t o  t h e  t h e o r e t i c a l  s c a t t e r i n g  a r i s i n g  from independent atoms, Tfi(s), 

contained i n  t h e  s tochiometr ic  u n i t .  The angle chcsen f o x  normalization i s  

t h e  same as t h a t  corresponding t o  s = CT, where t h e  Gompton s c a t t e r i n g  -was 

measured (see sec t ion  6.5). 

2 

1 

Alternabive methods f o r  s c a l i n g  t h e  observed d i f f r a c t i o n  data have 

13 been proposed and discussed . 
derived an equation which iimkes use of t h e  wkole measured i n t e n s i t y  (although 

a l s o  p lac ing  heavy weight OH t h e  high angle region)  f o r  the  computabion of t h e  

normalization constaEt C. 

14 our  work, but  t h e  normalization constant  der ived from Rahrrian* s equation 

i s  always compared wi th  t h e  high angle value.  The d i f fe rence  between t%le 

C-values der ived by t h e  two rne-Lhods (which, for our work, bas never exceeded 

5$)  is  our bash f o r  ass igning  8n e r r o r  t o  t h e  s c a l i n g  f a c t o r  C .  

sca-Ltered i n t e n s i t y  i n  e l ec t ron  1.mits (equation 5.1.4) i s  obtained from 

In an extension o f  t h i s  wark, iia’ornanl’’ has 

We p r e f e r  t o  use t h e  high angle s c a l i n g  f a c t o r  i n  

The . t o t a l  

I(s) = c I J S )  . (6.6.1) 

It i s  shown i n  curve 1 of Fig. 9, toge ther  with the independent atomic 

s c a t t e r i n g  (curve 2, Fig. g), and t h e  Compton s c a t t e r b g  (curve 3, Fig. 9). 

6.7 Reduced I n t e n s i t y  and % d i a l  D i s t r ibu t ion  FuncLion (RDF) 

The reduced i n t e n s i t y  i( s )  represents  t h e  s t r u c t u r a l l y  sezwit ive p a r t  

of t h e  t o t a l  coherent i n t e n s i t y .  1% i s  computed from 
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‘The modif icat ion func t ion  M(s) has been discussed i n  section 5.2; it has 

a l s o  been shown t h e r e  tha t  .the rcducea i n t e n s i t y  func t ion  i s  r e l a t e d  t o  

t h e  FDF by t h e  expressions 

D ( r )  E h r d p  -f- (2r/fiJ  si(s)  M(s)s in(s r )  ds 

0 
0 (5 2 4  

which a r e  repeated here  for convenience. 

An i n e v i t a b l e  l i m i t a t i o n  of experimental i n t e n s i t y  funct ions i s  t h e  

absence of d.ata a’bove a maxil-crurrri access ib le  value of s r  The e f f e c t  on D ( r )  

of this cut-o%f can be mnderstood through -the i n c o q o r a l i o n  of t h e  cut-off  

i n t o  M(s) and thus inc lus ion  i.n the func t ions  T 

5.2. 

( r ) ,  as discussed i n  sec t ion  i j  

Another, l e s s  c r i t i c a l  l i rn i t a t ion  i s  the absence of data below n 

Iminimum access lb l e  value of s (see sec t ion  4).  The e x p e r h e n t a l  i n t e n s i t y  

func t ion  I ( s )  can be ext rapola ted  t o  zero  angle by f i t t i n g  a polynomial t o  

the observed p a r t  o f  the curve.  I f  a model i n t e n s i t y  func t ion  ( see  sec t ion  

7.2) can be cornpu-bed i n  agreemenb w i t h  the  observed part of the curve, then 

t h i s  model functj-on can be used f o r  ex t rapola t ion  t o  s = 0. I n  the  example 

of I) 0, both  procedures lead. t o  %he same resul t .”  
2 

Tae reduced i n t e n s i t y  curve f o r  our example, computed from. (6.7.l), i s  

shown i n  Fig.  10. A low-frequency per turba t ion  of the curve i s  el-early recog- 

nizable .  

6.1 t o  6.7), by  bhe use of i nco r rec t  atomic s c a t t e r i n g  f a c t o r s ,  o r  by an appara- 

t u s  func t ion .  

1;-urbation can be removed by repea-ted Fourier t ransform-Lions as discussed i n  

s ec t ion  6.5. 

This  per turba t ion  may be caused by inco r rec t  data treatment (sections 

It w L l l  cause a peak a t  smL1 dis tances  r i n  t h e  IUF. The pes- 

* 
A-t; very sinall values o f  s ,  the behav.i.or of the  reduced i n t e n s i t y  is  determined 
by the isotherirml compressibi l i ty ,  -15 T‘ 
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0 0 0 0  CORRECTED B ( R )  

A --- D I F F E R E N C E  BETWEEN UNCORRECTED 

Fig. 1.2. Correc-Led Radial Distribution Fimctioi? (D20). 
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Curve 1 i n  F ig .  11 i s  the  f i n a l  reduced i n t e n s i t y  si(s) r e fe r r ed  

t o  i n  t h e  following sec t ions .  

co r rec t ion  term which has been subt rac ted  from t h e  o r i g i n a l  curve of Fig. 

10. Fig.  12 shows t h e  RDF with t h e  removed comee t ion  term shown i n  curve 

A. 

0-D i n t e r a c t i o n s  arou-nd r = 18, which were neglected i n  k h i s  s tudy because 

of t h e  l o w  x-ray s c a t t e r i n g  m-pl i tude of t h e  one e l ec t ron  i n  t h e  hydrogen 

atom. 

Curve 2 (Fig. 11) i s  the low-frequency 

I n  t h i s  parcticular example, p a r t  of t h e  cor rec t ion  term is  due t o  the  

7. INTEERETATION OF' DmA 

The behavior of any f l u i d  i s  a consequence of i t s  molecu.lar s t ruc tu re ,  

which, i n  t h e  equ.ilibrium s t a t e ,  i s  most conveniently descr ibed by t h e  XDF. 

For systems i n t e r a c t i n g  wt th  short-range, two-body c e n t r a l  forces ,  accurate  

knowledge of t h e  XDF, t h e  intermolecular  po ten t i a l ,  and. t h e  intramolecular  

energy s t a t e s  provides a so lu t ion  t o  all themodynarnical problems15. 

absence of t h i s  i n f o m a t i o n ,  t h e  experimen-tal de-bermination of reduced in ten-  

s i t y  and r a d i a l  d i s t r i b u t i o n  fusickions i s  of prime importa,nce for our  under- 

s tanding of t h e  l i q u i d  state as we l l  as of the s t r u c t u r e  o f  molecules i n  

l i q u i d  so lu t ion .  

In the 

7.1. Simple Liquids 

The ca l cu la t ion  of r a d i a l  d i s t r i b u t i o n  funct ions from knGwn o r  assumed 

intermolecular  potentia, ls  is  one of t h e  most d i f f i c u l t  p rob lem i n  s-tatis - 

t i c a l  mechanics. 

agreement with experinent has been achieved only f o r  t h e  s i r q l e s t  classical 

f l u i d ,  argon . 

It has been solved only f o r  model sys-beins. Even q u a l i t a t i v e  

16 

I f  the  PDF i s  known from experiment, it can be used t o  der ive  t h e  

intermolecular  poteri-Lial. Even this procedure i s  f e a s i b l e  only f o r  simple 



l i qu ids ,  i .e = s y s t e m  interac'cj.ng wi th  short-mnge,  two-body central .  forces - 
Born and Green have shown t h a t  t h e r e  i s  an exact  r e l a t i o n  between t h e  

p a i r  c o r r e l a t i o n  func t ion  n2, t h e  th i rd -o rde r  distribu.',ion func t ion  ii 

-the pair  potential"- 9" 

1 '7 

and 3' 
The p a i r  correl-at ion func t ion  can be wi-itLen 

2 
n 2 ( r )  := p0 exp(-U(r)/kT) (7.1.4) 

3c li' (1) , (2) , . O . ,  dz(q) i s  a set of q distinct volume elemen-is s i t u a t e d  

(1) J2) . . ., x ( ~ )  i n  a fluid., then  the  probabi. l i ty t h a t  a t  t h e  pos i t i ons  2 

each o f  t h e s e  i s  siniultaneously occupied by a molecule, w i l l  he propor t iona l  

bv , ~ 

When g = 1, n i s  simply t h e  nuiriber d e n s i t y  of  the mol-ecules, a l r eady  defiried 

as po; when q = 2, n 

a-t two given po in t s  separa ted  by a d i s t ance  r. 

use? i n  sec t ion  5 i s  the p r o b a b i l i t y  of f i nd ing  mo1cc;lles sepayated by a d i s -  

Lance r i f  one of t h e  mol-ecules has  t h e  p o s i t i o n  r = 0, o r  

q 

i s  t h e  p r o b a b i l i t y  o f  f i n d i n g  mo1ecuJ_es simu1i;atieoiisly 
4 

The d. i s t r ibu t ion  Lhmction p ( r )  

t r i b u i i o n  Lhnctions and ii i s  o f t e n  convenient i o  iniroduce a normalized 

p a i r  c o r r e l a t i o n  func i ion  e( r), which approaches u n i t y  for l a r g e  values of 

r .  Tius i s  r e l a t e d  t o  n 2 by 
2 

n * ( d  = Po g ( d  (7*.=9 

i n  dn i s o t r o p i c  f lu id ;  the pai r  c o m e l a t i o n  func t ion  i s  related to  D ( r )  by  

2 ~ ( r )  = 1-i-m po g ( r )  

( i f  f.(s) f . ( s ) M ( s )  = 1.). 
I J 
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.xhere U ( r )  i s  a p o t e n t i a l  of mean force  def ined by (7.l.k). Therl we have 18 

(y ( r )  can, however, only be der ived from U ( r )  and equation (7.1.5) i f  n 

known. 

i s  
3 

A ser ious  approximation has $0 be made a t  t h i s  point,  21ttlii2ly 

( 7.1.6) pon3(Ll-r+) 3 = n ( r  r )n ( r  r - )n  (r s ) 2 .vl-2 2 m l y l  2 4i&?-u3 

which is  t h e  super-$osition approximation of Kirkwood’’. Froni (7.1.5) and 

where u and v are d-umniy v a r i a b l e s .  E q u a t i o n  (7.1.7) can be solve? numerically f o r  

t h e  p a i r  p o t e n t i a l  q(r )  ir n2(r) i s  known from d i f f r a c t i o n  experiments. 

d.iscovery of o s c i l l a t o r y  i n t e r a c t i o n  ’netween i oris in l i q u i d  netsls i s  an 

example of the  method descr ibed.  

The 

20 

Unfortunately,  t h i s  method has ser ious  l i m i t a t i o n s .  The v a l i d i t y  of 

t h e  superposi t ion approximation (equation (7.1.6)) Inas been quei;tioned ev-en 

for liq1ii.d argonzL. 

form of  t h e  IiDF at s m a l l  d i s tances  r. Very accurate  d . i f f rac t ion  da ta  a r e  

necessary i n  order t o  obtain more than qualtta’c-ive knowledge of Lhe i n t e r -  

molecular p o t e n t i a l .  

Also, t h e  pair po- ten t ia l  p(r)  i s  vezy sensj-t ive t o  t h e  

‘7.2 Complex Liquids 

For complex f l u i d s  consis t i -ng o f  polyatornic Inolecules whose i n t e r a c t i o n  

cannot be descr ibed by a sum of pair potent i -a ls ,  a less mrit,i-%ious course has 

t o  be followed. In a bvoaaer and, to mmy, a more in te res t ixg  sense, m e  

13lF represents  only t h e  beginning o f  a d.esc.ription of the  s t ruc t i i re  of such 

a l i q u i d .  The broader problem i s  t o  i n f e r  from $he RDF something o f  t h e  

L l  
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t yp icaJ  atomic arrangement i n  a l i qu id ,  i n so fa r  as thi.s i s  non-:mndom. I n  

rlealing wi-th this aspect, of the problem, it i s  irnportani; t h a t  the IOF i s  

an average of any a c t u a l  instantaneous d i s t r i b u t i o n  over a vol-ume h r g e  t o  

atomic dimensions. Since the instantaneous environments oi" d i f f e r e n t  hu t  

chemically equivalent  atoms m y  we1.1 bp g d i t e  d i f f e r e n t  one from anoi i ier ,  it 

must not  be concl-uded t h a i  t h e  FBF uniqucly descr ibes  t h e  environment oi" a l l  

atoms of a given i y p .  A fur'iiier source of d j f f i c u l t y  i n  i n t e r p r e t i n g  ~ ( r )  

l i e s  i n  the nature  of thz  f e a t u r e s  it contains:  Indivi-dual peaks i n  D(r) 

cha rac t e r j  s t i c a l l y  gave widths which a r e  of cornparab1.e mgn i tude  t o  'Gheir 

separa t ion  from one another. Thus one encounters unce r t a in ty  i n  eva lua t ing  

tlic number of atomic p a i r  i n t e r a c t i o n s  represcnied by a given f e s i u r e  of  

D ( r ) ,  and some a r b i t r a r y  c r i i e r i o n  i n i n s t  u s u a l l y  be appl ied .  For a p a r i i c u l a r  

l i qu id ,  information on the atomic a r m n g e m e n t  i n  t h e  solid state, 01" on t h e  

s i r u c t u r e  of i t s  molecules i n  t h e  gas phase may be used ror  a preliminai-y 

ana lys i s  of t'nc peak shape of Llie RDF. A d e f i n i t e  molecular s t m c t u r e  may 

then be piaoposed. For a l i qu id ,  t h i s  model s t ruc tuce  may be  nssiuned t o  he  

surrounded by a rriedium of  constant  average dens i ty .  An i n t e n s i t y  r u m t i o n  

may t h e n  be computed f o r  t h e  rmd.el s t r u c t u r e  aiid compared wi th  'ihat derived 

f rm expertmen-t .*- 
D ( r ) ,  the  func t ion  access ib l e  from experiment, i s  a kind of l inear  

combination of tm2 r a d i a l  paLr d i s t r i b u t i o n s  which are convol.uted wi th  the  

known func t ions  T. .(r) given 'oy equat ion (5.2.3) 

may 'oe thought o f  as represent ing  the  modif-Led appearance i n  D ( r )  of an 

ideadized p(r) having a single del..ta-function peak a t  i" I= r . I n  o rde r  t o  

e x t r a c t  infommtion from ~ ( r )  i n  a souad. and expedi t ious way, it i s  u s e f u l  

"he func t ion  (r/r )T(r) 1 J  0 

0 

... . . . . .__. .. . .. . . . . _ _  -._. 
++ 

I n  "Lhe foS.l.owing, discu-ssion w i l l  be r e s t r i c t e d  t o  models which can be 
descr ibed by d i s c r e t e  internc. 'i  ions, extending t o  a radial- d i s t ance  i" 
w~l.th no s t r u c t u r e  beyond j;l-ti.s d i s t ance .  0' 
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t o  compute, f o r  each type of p a i r  i n t e r a c t i o n  pxsenS, i n  t h e  s t ruc tu re ,  t he  

func t ion  (r/r )T .  .(r), o r  more usua l ly  (r/r )T .  .(r) convol.uled- with a Gaussian 

funct ion.  “he r e s u l t  i s  o f t en  c a l l e d  a standard. peak, o r  a syn the t i c  peak: 

0 1 J  0 1J 

13. . ( r )=z4xr2p  + ( r e .  ./r .n) l f i ( s ) f j ( s ) e x p ( - b .  .s 2 )M(s)[cos(r-r ) 3  - cos(r-ir. .)s]ds 
1 J  0 1 J j. J 1 J  i j  1 J  

0 

(‘70 2.1) 
where c i s  t h e  c o e f f i c i e n t  f o r  the number- of i d e n t i c a l  j-:nteractions, r is  

i j  i j  

t h e  d is tance  between atoms i and j, M(s) is  t h e  modif icat ion func t ion  and b 

i s  t h e  temperature factor 
i 5 * 

-x 
%ne distarice r sepa ra t ing  each atom p a i r  i n  a l i q u i d  i s  not r i g i d l y  maintained; i j  

thus  for a non-r igid molecule where r o t a t i o n  i s  not considered, ”ne d i s t r l b u t i o n  

of d i s tances  would be expressed by t h e  Gaussian d i s t r i b u t  ion 

2 (4b. . z ) - ~  exp[ -(r-r. .) /4b. . ]  
1J  1J  1 J  

(7.2.2) 

There (r-ri j )  is  t h e  difference between any value s and its average. The 
- i j  

2 transform of t h i s  Gaussian is  another  Gaussian, exp(-b 

temperature f a c t o r .  The c o e f f i c i e n t  b i s  one-half t he  mean square v a r i a t i o n  i j  

i n  r 

of t h e  Gaussian d i s t r i b u t i o n  of d i s tances  (7.2.2) and t h e  trausfomi T 

Therefore each temn of (5.1.5), l lrult iplied by  i t s  temperature f a c t o r  and a 

s ), c a l l e d  t h e  i j  

Tnis makes t h e  cont r ibu t ions  D .  .(r) by atom p a i r s  i j  the  r e s u l t a n t  

(r). 

i j ’  1 J  

i j  

modif icat ion funct.i.on, becomes 

k! 
si (s)  M(s) = L Lfi (s ) f j ( s )  exp(-b. 1 J  .s ) M(s) s i n ( s r i j ) / r i j  0 (702.3) 

i j  

If only i n t e r a c t i o n s  of type i j  are considered, -then s u b s t i t u t i o n  of ( 7 0 2 . 3 )  

i n t o  (5.2.7) y i e l d s  
a3 

0 
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By us ing  t h e  appropr ia te  t r igonometr ic  i d e n t i t y  ( 7 0 2 0 b )  may be wri iLen as 

(7'.2Q1) Corilparison of ('7.2017) with  (5.2.8) r e s u l t s  i n  the i d e n t i t y -  

? 
'Thus f o r  t h e  case whe1-e atom i i n t e r a c t s  wiT;h abom j, D .  . ( r )  - bfir p may 1 J  0 

be considered as t h e  generalized- peak shape. The second Lerm on 'che r i g h t  

s i d e  o f  t h e  above equation, 'chougn ceni,ered on the o ther  s i d e  of the o r i g i n  

a t  r =- -r may be of importance f o r  s m a l l  values  of r 

f e a t u r e s  01 T ( r + r  

as some of t h e  i j' i j '  

) iflay extend across the  o r ig in .  
lj 

............ .......... - 

The reduced i n t e n s i t y  1o r  a proposed no&el- Tystem can be w r j t i x a  as t h e  

sim of two types of terms.  The firsi; type would repre:sent t h e  i n l e n s i t y  from 

i n t e r a c t i o n s  a t  d i s tances  r of t h e  discrete s t r u c t u r e  and t h e  second the 

inkeas i ty  f r o n  i n t e r a c t i o n s  caused by a continuous d i s t r i b u t i o n  of d i s tances  

i j  

(continuum) of t h e  ~ y p e  i j  beginning a t  r 

t h e  l i q u i d .  

a,nd extendine t o  the limits of i j o  

IntegL.ating equation (5.2.6) from r = 0 t o  r = rijo, w i th  

p.  . ( r )  = 0, and- then  from r = r. t o  i n f i n i t y ,  w i th  p i j  = poJ the  Tollowing 
1 J  1 j O  

eqix,ti-on may he w r i t t e n :  

si(s)M(s) = 1, 2: M(s) cxp(-bj js 2 ) f, ( s ) f  . ( s ) s i n ( s r i j ) / r i j  
1 J 

i j  

T j  

( 7 . 2 . 5 )  

and j over a1 1. atoms c cntained i n  the  d i s c r e t e  s t ruc tu re ,  aiid POI- t'ne seconrl 

set, i and j a r e  summed over  the stochi0metrj.c u n i t .  

The second t e r n  i n  (7.2.5) arises from t h e  i n t e g r a t i o n  of equation ( 5 . 2 . 6 ) ;  

it amounts t i 7  making a. "hole" i n  a uniform s t r u c t u r e k s s  medium S.n which t o  
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pl.a.ce ti-ie d i s c r e t e  i n t e r a c t i o n s  represented by the  f i . r s t  teim i n  (7 .2 .5)  . 
A temperature f a c t o r  b 7 s  included. i n  the second term s ince  che erergence 

of t h e  continuum w i l l  not be sharp. A c lose  approximaiion f o r  a given r 

i j o  

i j o  
can be xade by assu;lling 2 homogeneous d i s i y i b u t i o n  of atoms. If n r e f e r s  t o  

ihe number of pa3 rs o f  type i j contained i n  tile d i s c r e t e  s i ruc tu re ,  then 

t h e  rad-i.us of t h e  vol.wne containing n / p  

a'i which the  continuum i s  assumed i o  stayt: r. 

a t u m s  a'aout i i s  the rad ius  r 
0 i j o  

:= (3n/h3[p0) 1-h . 
I jo 

Tne model i n t e n s i t y  func t ion  (7.2*5) may t h e n  be sys temat ica l ly  re f ined  

-Lo y i e l d  a satisfac-Lorry Tit of  ihe experimenlal  d_a-La over Llie whole anyiLar 

range. We have used an exis-Ling non-l inear  l eas t  squa.res program , suita 'aly 22 

modjfied f o r  the  purpose, f o r  t h e  refinetilent of t h e  r and b value? i n  ( ' i .2 .5) .  

Fie. 13 shows 'ihe expei-lmen-tal and model reduced. i n t e n s i t y  funct ions f o r  

t h e  example U 0. P ig .  14  presents  t h e  corresponding yadial d i s t r i b u t i o n  

functj.ous obtained by Fouri.e_r invernioil .  

example i s  t h a t  f o r  water proposed by Danford and. TJcvy2', wi.th sl.ighi; modi- 

2 

The model. s t r u c t u r e  used i n  t h e  

fi-catioas i n  the model dis ianceo and tenpeT-ature f a c t o r s .  

'The teiiiperature f a c t o r s  bi f o r  a model d i s t ance  r a r e  equal t o  onc- 
i j  

ha l f  t h e  mean square displacement i n  r .  . . I n  a case  vhere the  r represent  

i n k r a c t i o n s  betweeii atoms i n s i d e  a d i s c r e t e  rnolecul e, t h e  corresponding 

bi j 

ment of v ib ra t iona l  Frequencies i n  l i q u i d s  . 

= J  ij 

' s  can be usedp4 ( i n  conjunct ion w i t h  spectroscopic  data) f o r  t h e  assign- 

7.3 Solut ions 

Liquid so lu t ions  containi-ng s e v e r a l  chemically d i f f e r e n t  atoms, i ons, 

o r  atom p o u p s  (molten sal- ts  may be included i n  t h i s  categoryz5) presenl, 

s p e c i a l  probleil1s. For a binayy so lu t ion  wi th  only two kinds of atoms, t h e r e  

are three terms i n  tile sum i n  equation (5.2.3) o r  (5.2.7). erne i n t e r p r e t a -  

t i o n  of D ( r )  t he re fo re  requi res  t h e  assignment of a giveli f e a t u r e  t o  one o r  
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another  of t h e  thyee temms, an  assignmeik which must be made by an appeal 

t o  a s t r u c t u r a l  model.. 26 

If' enough independent measuremen.ts of t h e  s c a t  Lercd i n t e n s i t y  fyoln such 

a system c0ul.d be  made, i n  which s u f f i c i e n t l y  d i f f e r e n t  s c a t t e r i n g  f a c t o r s  

appl~y, the  Yesoh t ion  o f  U ( i - )  j.n-I;o separate ,  essen.t;ial.ly uninodified. pair 

c o r r e l a t i o n  func t ions  p ( r )  would be feasS.bl.e. 

w i th  dLff e ren t  iso-topes seem promising i.n t h i s  respec-!;. 

Neutron d i f f r a c t i o n  s tud ie s  

8. UPEW~:I:X 

8.1 Absorption Correctlions f o r  a F l a t  Sample 

:Tic absorpt ion C O l * i e e C t i a l  t o  be appl ied  t o  d i f f r a c t l o n  f rom 2 f l a t  

s a q k  i.s given by (1/2p), Tdxre p i s  t'ne l i n e a r  absorpt ion coe f f i c i en t ,  

and. i s  e a s i l y  developed for a s i n g l e  ray  o r  a paralll.eI sheat'n f a l l i i l g  on 

a f l a t ,  h ighly  absorbing sample . 27 

The present  probJ..em i s  to f i n d  Liie proper absorpt ion co r rec t ion  f o r  

t h e  divergent  bean technique under reasonable s impl i fy ing  assumptj-ons . 

8.1.1 Highly Absorbing Samples. F ig .  15 shows t h e  geometry of t h z  problem. 

A beam of divergei?ce 6 o r i g i n a t i n g  from a l i n e  source a t  X, falls on a f l a t  

sample a t  A, i s  d i f f r a c t e d  and. i s  measured a% '?he central .  ray  XfiS m a k e s  

equal angles  0 0.f i-ncidence and difI3-action a t  the satnple sur face  2nd. thus has 

a s c a t t e r i n g  angle  29. The t o t a l  pakh of a ge!tei-al ray  through the cample 

deviating from the  c e n t r a l  ray by angle  a, and difY"racted a'i. depth t i s  given 

by t [ c s c ( 8 4 2 ) s " c s c ( B + ~ ) ] , ,  

el.cment dV a t  P i s  i Lhe contr ibut i -on -Lo [;he scaktered inLens i ty  ?rem dV i s  

given by loK exp(-tp[csc(Q - a ) + e s c ( Q ~ > } }  dV. 

cons tan ts  ani? usua l  angle  func t ions  f o r  d i f f r a c t e &  i n t e m i t i e s  . The vohme 

element dV wj.2.1 be taken as WR~dIPd,C!7 where W is Lhc width of the bccm. 

_ _ I ) _ ~  ...... _ I ~  ---. ~ 

'> 5 3 

I f  t'nc i n t e n s i t y  of  'ihe beam ffa.Lli.ng on t h e  volume 

0' 

Y7ie fac-Lor K incIxd.er; ';le 

Since 
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Fig. 15. Absorption Conditions f o r  a Divergent Beam on a 1-Iighly 
Absorbing Fla t  Sample. 
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the  po in t  P i s  assumed t o  be a small d i s t ance  below the qurf‘acp of t h e  

sample, K* can be  replaced by R sir1 0 / siu(8 - a ) .  element dR1 cam be 

replaced by c s c ( 8  - CX)d_t. Making these  s u b s t i t u t i o n s  and in t roducing  bhe 

proper l i m i t s  of i n t e g r a t i o n  gives  t h e  expression f o r  t h e  s c a t t e r e d  i n t e n s i t y  

I, properly co r rec t ed  f o r  absorpt ion:  

A w  

T -= f J  I WKexp { -tp[ csc  (9W) f c  sc (9 - a] 1 Rsin9 csc (0 -a) dtdol/s in ( 8  -a  ) (8.1.. 1.. 1-) 
0 

-A 0 

which on i n t e g r a t i o n  with rcspect to t y ie lds :  

Trea t ing  I as constant ,  (8,,1.i02) can be w r i t t e n  

A 

o-------- 

I(@) = (I0mK/2p){ I..- La i.llQ a a / s  1-11 (0 a) - j” dlx/cos a3 

-A -A 

i&Ich i s  then  i n t e g r a t e d  to give 

Fina l ly ,  making use of t h e  condi’iion t h a t  A << 8, t h i s  becomes 

I(p) = I0WKA/p . 
The absorpt , ion co r rec t ion  is indepsndeni of t h e  scattez-iug angl-e i f  t h e  

i n t e n s i t y  o f  t h e  i-ncidenL ’oean constant  w i th  respec t  t o  a.  

‘IC--- J\.ai,ing i as a func t ion  of a, (8-1.1.2) can be wri t t eu  ..-- 
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Sample. 
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-1 The f a c t o r  (1-ctn8 t a n  a )  can be expanded. by t h e  biaomial theorem, Only 

t h e  fi r s t    NO te,-ms a r e  re ta ined ,  s ince  i,;le two cord i t i o n s  a << 8 and 

0 < 8 < - 90’ cause the  Lei-m ( e t &  tana) LO be s m l l  co,Jipared iw unity.  If we 

If I (a)  is an evm funct ion  (berm i s  symmetricaA aboxt i L s  c en te r )  t h e  

second i n t e g r a l  i n  the above equa.Lion becomes zr3ro. This aJ..so gi.ves t h e  
0 

rirrporiant r e s u l t  t h a t  t h e  absorpt ion co r ree t ioa  i s  independent of scat’iering 

angle. If t h e r e  i s  a conbribut ion LO T(a) which i s  a.n odd function of a, 

dependent, on the s c a t t e r i n e  angJ c .  

8.1..2 Deeply Peneirated- Sa.~mples. For obtainil ig q u a n t i t a t i v e  i n t e n s i t i e s  
~ - . I - - - - -  .-1-.- 

froin samples which a,rc deeply penetrated., cspecial1.y l i q u i d  and v i  treoins 

rnaierials,  for which impaired anguldr r e so lu t ion  due t o  pa- te t ra t ion i s  not 

a problem, h~e have found. the experimental  arrangement descr ibed i a  sec‘iion 

2.4 and Fig .  )+ t o  be de7i rab le .  

meat i s  not independent of s c a t t e r i n g  angle, but  i t 5  form is e a s i l y  der ived  . 
%ne absorpt ion c o n e c t i o n  for t h i s  arrange-  

28 

Fig .  16 shows the  e s s e n t i a l  geometry, i dea l i zed  for parallel beams, a sat is-  

f a c t o r y  approxirmtj on t o  the divergent  besm case . The sca-Ltered in te r i s i ty  28 

T is griven by 

I(Q) = ioS 1 W ( a  csc0 - Z%ctnQ)exp(-?pt csc0)dt 

0 

which, afte7- i n t eg ra t ion ,  y i e lds  

where x = ZXp/sin(2Q), S t h e  s c a t t e r i n g  cross scc t iun  p e r  u n i t  vohune of  t h e  
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Fig. 17. Focussing Condition for  Crystal Monochromator. 



/ -  sanpl-e, and t h e  o the r  syiiluol.~ a r e  defi-ned. i n  sec t ion  8.1.1 and Fig. 1.0. !-t 

i s  seen that, as p, and hence x, becrmes la rge ,  t h e  co r rec t ion  f a c t o r  (in 

bi-itck.-4- 1 approaches unity-, tlic usual case .  

3.2 Proof That Crys ts l -  B e a t  t o  a Radius and Ground to H a l f  t he  

Radi.us S a t i s f i e s  the Bragg Focussing Conditioii- 

The c i r c l e  i n  Fig.  1.7 represents  t h e  sur face  t o  wlz ich  thc c r y s t a l  i s  

ground a f t e r  f i rs t  bei-ng be.nt t o  rad ius  EC ( s e e  sectrion 2.3). 

be  t h e  radius of t'ne pl-anen of t h e  berk crystal. passing through i3 and ta:ngent 

t o  the fim.1. c i r c l e  a t  C .  EB i s  pe.!rpe!?tl.iciilar t o  t h e  crys-La1 p l a n e s  at B 

and i s  perpendicular  bo t h e  planes a t  P on Llie reasonable asswnptri.on tha-t 

t h e  bending of the c rys ta l .  maintains the cry-sbal.. p.l.an-es pa,-r;~11?1. Thus 

the chord CP i s  Lcmgerit t o  the planes a t  P, s ince  i.t i s  al.so perpendicular  

t o  t h e  l i n e  EP. T h i s  wi .11  be t r u e  f o r  any- poln t  P al-ong a r c  PrCP, a n d  t h u s  

a l l  tile c rys ta l -  planes along this a r c  sat : isfy t h e  Bragg rocussing con.d.i.tion, 

na.mel.y, t h a t  crys-La1 planes se t  along t h e  arc w.i iili tile planes p a r a l l e l  t o  

the chord from each poin t  drawn t o  C will. :focus the same wavel.eilgi;h from 

Let l i n e  $3 

s t o  i) (Fig. 3 ) .  
3 
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