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The s c a t t e r i n g  of x-rays from t h e  f r e e  sur face  of l i q u i d  water i n  

equi l ibr ium with water vapor has been measured and analyzed a t  It, 23, 50, 

75, LOO, 150, and 2GOOC. Deuterium oxide a t  4°C was also studied.  The  

d i f f rac tometer  used was s p e c i a l l y  designed for t h e  s tudy of l i q u i d  samples. 

A t  each s c a t t e r i n g  angle,  up t o  600,000 counts were recorded t o  assure  

meaningful counting s t a t i s t i c s ,  and data c o l l e c t i o n  was extended t o  values,  

of 16 i n  s = (it fi/h) s i n  8 .  

i n - t ens i ty  and r a d i a l  d i s t r i b u t i o n  funct ions der ived f ron? them aye presented 

i n  tabula ted  form. The experirnen-tal radial d i s t r ibu - t ion  funct ions a re  i n  

agreement with most of the previously published work on wa-ter, showing, 

however, much higher  reso lu t ion .  They show devia t ions  from a uniform d i s -  

t r i b u t i o n  of d i s tances  out t o  8 8 at  room temperature, and s i g n i f i c a n t  but 

gradual changes occur with increas ing  temperature. 

I n  t h i s  repor t ,  both the raw da ta  and t h e  

I n t e r p r e t a t i o n  of t h e  x-ray s c a t t e r i n g  i n  terms of a model of t h e  

s t r u c t u r e  of water w i l l  be presen-ted i n  a l a t e r  repor t .  
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1. INTRODUCTTON 

The f i r s t  x-ray diffrsc-Lion pa t t e rns  from l i q u i d  waber were obtained 

by Meyer (1?30)', Stewart (1931)2 and Armldi (1931) 3 . This work, 1;ogether 

with t h e  known proper t ies  of t he  i s o l a t e d  water moI_ecule and the  i c e  l a t t i c e ,  

l e d  Bernal and Fowler (1933)ll to propose t he i r .  f r u i t f u l  model of water 

sl; rvc-Lure . 
4 Katzoff (1934) w a s  ttie f i r s t  t o  appl.y t o  water t he  method of Fourier  

5 analys is .  Morgan and Warren (1938) analyzed the x-ray s c a t t e r i n g  from 

l i q u i d  water a t  f i v e  temperatures between the  melting snd b o i l i n g  points .  

Their  c l a s s i c a l  work lead  t o  t h e  eventua l  abandonment of t he  Bernal and 

Fowler model o f  ~7a;ter. s t rmcture .  

Since 1938 various x-ray d i f f r a c t i o n  s tud ie s  of water have been pub- 

; these  inves t iga t ions  (with one except iongJlO,  t o  be discussed 6-10 l i shed  

i n  sec t ion  4) have confinned Morgan and Warren's r e s u l t s ,  without giving 

much more in s igh t  i n t o  t h e  average s p a t i a l  arrangement o f  the molecules i n  

l i q u i d  water.  Models of wa-ter s t r u c t u r e  have been proposed i n  increas ing  

amber1=) s ince  the  pioneer work of Bernal and Fowler. 

alone yie ld ,  f o r  l i q u i d  systems, only t h e  p robab i l i t y  of f ind ing  atoms at; 

a r a d i a l  d i s tance  r from any o r i g i n  atom. On -the other hand, any complete 

model of water s t r u c t u r e  must lend i t s e l f  t o  t h e  ca l cu la t ion  of a r a d i a l  

d i s t r i b u t i o n  curve i n  agreement with t h a t  der ived from di f ' f rac t ion  da ta .  

It has been the  purpose of our  work t o  obta in  a set of x-ray d i f f r a c t i o n  

da ta  on l i q u i d  water which extends and improves upon Morgan and Warren's 

work both i n  r e so lu t ion  and temperature range. Our r e s u l t s  are presented 

i n  tabula ted  form i n  this r epor t .  

D i f f r ac t ion  da ta  
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f r a c t i o i i  da t a  over  t h e  whole ..-ange i n  tempe .a ture  and s c a t t e r i n g  angle 

covered by our experimenis, w i l l  be pr*esen%ed Plsevnere. 14 

The diffractometer,  t h e  procedure for. data co l l ec t ion ,  the  various 

correct ions aypl.ied 'io t h e  r a w  da-La, and Llieir final evaluaLion have 'iIeeI1 

discussed i~i detai l .  elsewhere . Only a s h x t  o u t l i n e  wi1.1. be si veu in 12 

this sect ion.  

2.1. Di.ffractorneter. The d? l f f i*ae t ion  :neasu:-ements were made w i t h  a diY- l______........_........-- II__ ...... 

i'raczome ter s p e c i a l l y  d.cslgiied f o r  the  study of l5.qui.d.s . The dif 'Pra,c :.;ion 

p a i i e r n  from t h e  horiLoonca1 surface of t h e  l i q u i d  sample w a s  obtxiried w i t h  

a divergent bean technique s i m i l a r  i o  ifie Bragg-8rentano system used f o r  

powder satrplcs . The i.nsi,rilrrient pmvides TCOL* simulLaneous angular motion 

o f  t h e  x-ray tube and d-etector  about a 'Iiorikoiltal. axis lyi.ng i n  the l i q u i d  

surface.  'This meihod el iminates  sample holder absorption and. sca,ttering. 

Monochranatic MoKCt r ad ia t ion  i s  obtained. tliraough t h e  use of a bent and 

grouid  c rys ta l .  monochropiator moirnted iii t h e  d i f f  rac'ied bean. 

2.2 Materials and ~. Sain2.k Holrie-cs. IIx__ 

composition was used. i n  t h e  experin1aiIts. 

0.12% 0-17) was s tud ied  at one temperature ( 4 ° C ) .  

'Two different sample con,Cainers were used. 

Triple d i s t i l l e d  water of normal i so top ic  

Heavy- wxLer (99.25% D, 1.65$ 3-18, 

A t  lc and. 25OC, t h e  saitlples 

were contained i n  a l u c l t x  t r a y  ap:~n-ox.i.rIit-ttely 3.75" longi 1" wide, and 1.75" 

deep (F ig .  1). 

tray was connected t o  a cons~tanL "iemperaiure ba th .  Temperature co i i t ro l  w a s  

withiti 0.5"C. 

A c o i l  o f  0.3'(?" copper tubing a,round the i m i d e  of this 

An air-i,i&'L cover with a window of lucite foil prevented 

evaporation of thc sample. 
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F o r  t h e  high temperature expe i:.ri.ment s , c yl-in.d.rical be r.yl.l.ium cups 

(1.62!5ii I . D . )  were used. 

protected the  inside of the beryl-lium cups from corrosion.  The arrangemen; 

of sample cup and fumace is shorm i n  F ig .  2 .  The i n s ide  o f  t h e  sample con- 

t a i n e r  w a s  f i . l led with water t o  a sample depLh of 0.8~'. 

below 100°C were performed at atofiiophe-rj.c pressure; above l.OO°C, t h e  sarp1.e 

was contained under i t s  owLi vapor pressure.  The w a l l  th ickness  of bile 

beryll ium cups w a s  0.020" up to 150°C, a,nd 0.0~10" a t  200OC. Temperature 

conL.rol. was apptwxrimtely l 0 C  a t  2OO0C, and closer  a t  ihe lower tempera- 

t u r e s .  

A tigh.ii1.y f i t t i n g  tefl .on 1.iiier (0.030'' w a l l )  

The experiments 

I N STRU M EK 1- ____ - ~ . ...- 
A X I S  

C A P I L L A R I  E 

Fig. 2 .  Sample Holder and Furnace f o r  Work a t  High Temperature. 
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2.3 Data Collect ion.  Sca t te red  i n t e n s i t i e s  were measured with various 

beam divergences, ranging from 0.5 degrees a t  t h e  lowest s c a t t e r i n g  angles 

t o  4 degrees a t  the  h ighes t  angles .  The times f o r  a f ixed  number of counts, 

ranging from 100,000 to 600,000, were measured a t  0.25 t o  1 degree i n t e r v a l s  

i n  s c a t t e r i n g  angle.  The accumulated counts were diosen t o  hold s t a t i s t i c a l  

e r r o r s  i n  t h e  reduced i n t e n s i t y  func t ion  approximately uniform. A s  the d i f -  

f r a c t i o n  p a t t e r n  showed in t e r f e rence  tlnroughout t h e  observable range of t h e  

= (11 x/h) s i n  Q~~~ = 16, 6' being the. h a l f - s c a t t e r i n g  inst-rwnent ( t o  smax 

angle) ,  tlie da t a  a r e  appreciably more extensive than t h e  e a r l i e r  ones . 
12 

1-10 

3 .  1KESUETS 

In t h i s  s ec t ion  t h e  experimental  d a h  and t h e  r e s u l t s  der ived from 

Lhem a re  tabula ted  i n  t h e  format of t he  computer programs used. The pro- 

cedure for da ta  treatment f a l l s  i n t o  two s tages .  In t h e  first, t h e  raw 

da ta  i n  various s c a t t e r i n g  angle ranges a r e  placed on a cons is ten t  s c a l e  

and appropr ia te  cor rec t ions  a r e  applied12. I n  t he  second, da ta  reduction 

and Four ie r  inversion a r e  c a r r i e d  out.  A b r i e f  desc r ip t ion  of each program 

i s  given i n  order t o  explain i t s  func t ion  and c l a r i f y  t h e  nomenclature. 

3.1 Raw Data. The output of t h i s  program i s  divided inko four  p a r t s .  The 

f i r s t  two parts present  t h e  expewimental da t a  under the headings of Data, 

and Summary of  Data and Corrections Before IYorrnalization. The t h i r d  pa r t  

descr ibes  how t h e  sec t ions  were norinalized t o  a c e r t a i n  s i z e  divergerice 

s l i t ,  and tlie f o u r t h  p a r t  gives t h e  computed r e l a t i v e  i n t e n s i t i e s  . 12 

i n  t h e  following t a b l e  t h e  d e f i n i t i o n s  of various terms aye given 

i n  t h e  order  of appearance (some a re  omitted s ince  they a r e  self explana- 

t o r y ) .  
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3.1.1 DATA 

SECT1 ON 

m- 

UEGt D I V .  

T 

"MBER OF T 

refei-s to t h e  por t ion  of s c a t t e r i n g  angles covered. 

i s  the sequence nixiber of the run over a parti.culal- 

seci,ion. 

i s  th:: s i z e  of i h e  divergence s l i t .  

i s  t h e  t i m e  i n  minutes necessary t o  I-ecord a fixed 

number of accumulated counts f o r  a g i w n  s c a t t e r j n g  

angle (Format 9~8.2). 

i s  t h e  number of angles contained i.ii a sec t ion .  

Sect ions containing more than one run overlap adjacent  

sec'Lions; here  each rui i  goes over (number of T)/(nuinbe.r 

of runs) angles .  

3.1.2 SUMMA€SY OF DATA AN:) COl33E!? IONS REFORE: NOm4LIli;AII'ION 

iWMT3EII OF RUNS i s  t he  nixnber of repeat  runs over a p a i t i c u l a r  s ec t ion .  

NLTMRER OF THETAS 

DELTA THETA i s  t h e  angul-ar Tncrement . 
THEJA Mil'i,T'HhTA MAX are t h e  angles a t  which a s e c t i o n  starts and ends. 

i s  tiit: number of amgles contarined in tlie sec i ion .  

NlJMBER OE' COUNi'S i s  t h e  accumulated count taken ai, each 8 

HACIKGXOUNU is tlie background i n  counts per  mtnute. 

12 2%AWrn*W i s  t h e  rinpiit for' the penetrat ion co r rec t ion  2 CX p, 

with a the  width of the beam a,{; ;,he sample sui-face, 

and p t he  l i n e a r  absorpt ion c o e f f i c i e n i .  

5.1. a 3 NOBNLCZJATION 

s w  I ' ION r e f e r s  here t o  a17 pori ions of s c a t t e r i n g  angles covered. 

H 

w i l h  the same s i z e  divergence s1.j.t. 

i s  t h e  f a c t o r  which sca,l.ea a seekion t o  a standard s i z e  

divergence s l i t .  
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3.1.4 F3LATIVE INTENSITIES 

s 
THETA i s  half the  s c a t t e r i n g  angle i n  degrees. 

D I  i s  the  r e l a t i v e  in t ens i ty ,  not as yet normalized t o  

i s  %lie value ( 4  “/A) sin e. 

the independent atomic sca t t e r ing ,  but correc ted  Tor- 

ERROR 

J 2  penetrat ion,  p o l a r i z a t i o n  and background r a d i a t i o n  . 
The atomic absorption c o e f f i c i e n t s  for oxygen and 

15 hy(1rogen were obtained from t h e  l i t e r a t u r e  . 
i s  Lhe s t a t i s t i c a l  e r r o r  associated with D I .  
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DATA FOR D,O at  4OC 

b K '  "I' 

................ .................... SFCi P I N  I ,  T J F  I a ,--*---nFr; ', \, 

WrrPlrrEH l r  I - \  

___I-.. 

............ ......... I - T....... ....., T 

~. - - ....... T- -~.-. .. -pT... .............. !f .... -.- ....... f". ........ -7- ..... 

2 2 . 9 9  I 9 . H 7  1 6 . 7 4  1 4 . 0 6  11.54 9.67 8 .13  / . I 7  6 . 5 6  5.65 
I m r  ................ ............................ ... . . .,~ ............ ...~ l~ 

6.94 7 . 5 n  R . ? I  9 . 1 n  9 . 9 4  1 0 . 7 5  .. f6 1 1 .  771L. 
__.~ 

12.37  ' 2 . 4 8  1 7 . 9 7  1 3 . 7 6  t 5 , 5 1  1 7 . 7 2  2 0 . 5 5  ..E4.t2-t-- 2 7 . 5 3  3 1 . 0 9  
3 3 . 6 0  7 6 . C 9  3 7 . 8 4  

.. 



GRVtJP 7 
,. 

s l 3 3 m l v 4 r m 1  > L # S .  z MI.. I I I V .  

MrtPtB@?n_P----t i s Y 
-. .. .- .............. ....................... .... __I 

4".r .... .... ............ T p - , __ ............ -t ................... --e--- 
7 0 . 6 7  73.911 7 7 . 9 4  6 6 . 2 6  59.31 7 2 . 1 6  h 5 . S f l  6 9 . 0 2  7 1 . 7 2  

G R O U P  5 

12.43 13.05 1 3 . 4 0  14.29 1 4 . ~ s _ _ ~ 5 . 4 4  1 6 . ~ 8  1 1 . 2 3  1 8 . 1 5  19.117 , . I . 7 , . ?i . , 1,9 7 47qV~25-~-3T--'----"- ..................... 27 .... ......... 

2 8 . 1 7  2 8 - 8 0  7 9 . 2 5  3 0 . 0 0  30.81 31.53 32 .00  32.81 3 3 . 4 0  33.66 
3 4 . 8 4  3 5 . 3 1  15.73 15.88 3 6 . 3 7  36 .21  36.70 3 6 . 9 6  3 t . 2 1  27.4i.l 
37 .14  37 .11  

. .  ....... --- 
26.01 . '  

__--....___._.I___. ................................ 

G R R l l P  I @ ____ ..... .. . 

S E C T I f l N  5, ? U Y  3 ,  4 IIFG. OIV. 

NUMBER OF' T IS 4 2  

1 2 - 3 7  1 2 - 8 4  1 3 - 3 5  14.07  P4,hP l 5 r 4 2  l 6 . I I l  / / S O 5  1 7 . 3 7  1 3 * 7 4  
1 9 - 5 6  2 0 . 7 7  21.47 7 2 . 4 4  7 3 . 3 4  2'4.21 1 4 . 8 3  27 .37  2 6 0 2 t l  2 5 . 9 1  

NLJMBER 7F  T IS 42 
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37.72 t 7 . 5 r l  



SEr;Tl?N 7 .  ?!:N 3 ,  4 ~ K G .  i ) I J .  
........ _ - _ _  ....... ........... .......... 

N i J M R E R  4F  T I S  I 5  



1.2 
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:, P i r  , , I I ',I 

.... .. ........................................................ .......... ...Sf...X.rTrS Tt; - . . . .  

-~ .... . .  . ........ . . . . . . .  NffMHF?~T?F-TE I A Y 

1 1 4  , Y t l H  1 rp - -  . 11 

I 'r 

I ................. ............ ..... ......... 

y+ fm*T+.+ f l .B  ......................... ___ ........................................... . . . . . . . . . . . . . . . . . . . . .  

f.'4F..jcn .... M.*x-..zj-. <. . ................. __ ...................... .............. . . . .  

mi.:,? 7t. 'w ILtV I s i- ,. " i: . F 

13hm^ftflYMf ...... p...28...- .......................................... - ................... - .. . . . . . . . . . . . . . . . . . . . . . . . .  ... 

.. 
c 7  ?i 1 1 

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

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

f m w - m  L ... : * . I  6.47n-n- ~ --l__-___.l. 

D,O at 4°C 
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D,O ot 4°C 
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DATA FOR H,O at P C  

i i  H LJ r 1 

tb ~~ ................ ..... ........ . ... .... ...... m-r .Tls.p .... *. a. 
*ytm 

.mm...T .... Tr __ . . . .  ..__ ~. ......... - . . . . . . .  __ ......... . rs 



18 



19 



20 

- .. . .  ....... ............... I 3 ........ ...-+ .... I r------------ .- .- &-. _-__ ._ 
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H20 at 4OC 
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H,O at 4°C 
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H,O at 4OC 



H,Q at 4 O C  
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DATA FOR H,O u i  2 5 T  

....... ............... Î .̂ __._ _ _ _  ____---__I 

h U P B t i a  OF T I S  17 

......... ... ̂ -._-.I_...-_.... ............... . ... ..____ ... _________.. .__._..__I 
C R O U P  4 

I-I,O o i  25°C 
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_ll_l_l_ .... .......... - -_ ......................... -. - . . _. . 
T T T T T T T T I 

H,O at 25°C 
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......... . ._ . .__. ._ 
T T T T -i T T T T T 

__^I .......... ................... __ _____ 
G R f l U ?  1 4  

H,O at 25OC 
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-___I 

t T -  T T T T T T T T 

T ? T T T T T T 

T T P T T T T 

H,O at 2 5 T  
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CHIllJP 25 
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~. SUNMARY OF UATA AND CBRRtCTl fJNS BEFERE NBRMALlZATf€lN L 

S E C T I O N  I 
~~ .. . . ~ . ___ ... . .. . . . .. . . .. ~~ - _~ ~ ~ -. -. .. . . 

NUKRER OF R U N S  IS I 

NUWBER ClF THETAS !S I 6  

D E L T A  THETA 1 0 3 3  

.................... ~ -..... ~ -. . ...- .... . .. 

-_____ 
.... ........... ~_ ~ _ ~ _ _  .___ ~- ~ .- .. 

... ... . ... .... .............. ~~ 

THETA M I N  , 1 6 7  .~ . .. 

THETA M A X  , 6 6 7  

~- - .__ 
THETA M I N  1 , 1 6 7  
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- - -  _ 

h l J V O E Y  R F  C O U N T :  IS 6 0 0 0 0 , O O  

H,O a? 25OC 
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6 6% K G H BUND 

T H E T A  
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ti 2Q at 25OC 



H,O at 2 5 T  
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38 

1 5 , 2 3 5  I 4 9 S , 8 3  59,5U 39 6 6 4 2  

....._..._. .... 
1 4 7 5 , 3 3  6 1 1 5 0  3 , 4 4 1 5  

15,684 1467.73 62,50 3,34i -4  

15,559 
p~___ . . . .. .... . . . . . . . . . 

3 ,  I 7 0 3  1 5 . 9 5 9  l45E.16 6 4 , 5 0  
__  _ _ _ ~  

Ir lUPRER OF P O I N T S  1 s  182 

H,O ut 2 5 T  



DATA FUR H,O at 50°C 

-- 
h l J C R E R  PIF T I S  7 4  

--- .----I__... ....... ......................... ____ ..... 
T T T T T T T T T T 

............... - -. __ . -. GliPUP 2 

k U h R E R  nF T IS 74 

T T T T T T T T T r 

.. .... *" hl - - ~  . ._ ................................................. s E c r i m  I ,  
-~ 

K U M R E R  BF T IS 2 4  

R U M H E R  flF T IS 9 __ .. x__---- .- ............. ...... _._._I- .......... .............._I__ ......................... 

........ ........-...I-_I ............. -----11 ............ ... .............. . .  
GHRUP 5 
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......... .......... ___ .... ___ - ......... ...... tF i f lUP 8 _--__ ___~ __ ___- 
____ ..... ____ - .......... ___ ........ .... ~ .... ~____... ~ E C l I f l l u  5, H U N  I, 2 DEG. D I V .  

.......... .......... hUFl t i tH  nF ’I IS 3 0  

T r T r T T T T T T 

__ ____. ____I.. ......... . 
T T T T T T T T T T 

SE.C.TIqN 5 1  P U N  ? ,  2 U E G ,  n l V .  ........ ...... . .......... ...... _____-.___ . . . . . . . .  . 

__-__ ... ___ ....... ~.___ ...... .... - 
T T T T T 1 T T T 1 

H,O at 50°C 



... ............................... - . . . . . . . . . . . . . . . . . .  ............... - ...... 
ffinl;P 19 

. - ~ ~ . . ~  .._i__...,___l ..l._-.._l_..___l__.......I..... .................... mT9x-7# R U N  ?, 4 
___ ........ ..................... ... - .  -~ -.-- . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
& l l P H E 4  f lF  'T I S  31 

............. . . . . . . . . . . . . .  
T T T T T T t - - - - - - - -  . 7- T- - 

H,O at 50°C 
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EHfil.JP 26  

. . . 
.I_ ,~ , R.~~llB14ilEG -.,- ~~- __ ~ 

. .... ...___.... -. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ... . . . . . . . . . . . . . . . . . . . . . . .  h U P R E U  f?F IS 31 
.......... ......... ....................... -_-__ T -  ................... . .. r T T T T T T T T 
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ERPl,P 32  

H,O ot 5 0 T  



44 



45 





47 

N f l R M A L I Z P T I B N  T O  S U C C E E D l h G  S f G T l f l N S  
___.--I___ -- 

S t C T I B N  I 
............ . 

I I___ .............. ___-__ 
h U ~ B E 4  rrF T H  T A c ~  
-_... L . p - y R ~ . ~  .... ~~~.~~ .... s~~-T1oFS- ........... ....................... __ ....... 
kUM9EQ flF U V t c  3 

mPf3EQ flf BVERLbF P f 7 I m S  WIIH PR ECtU I N G  S t C T I f l N  IS 0 

27 

. .............. ................ --_.. __ - ................................. 
2 *  c1726 R IS 

.... I_- ..... .............................................. ......................... 
S k C T I B N  2 

I __ _-_--I_----__I 

hU#PER c " F T H t f A <  IS 2 3  
............ I____._I hi"nRE4 nF BVt L b P  p.~..i..~JfS...Wi~-~-~..w~Fj.~-"s~71~N ~ . . -  ............. .................. 

hUI.'eER nF BVt L-~-.p...Par ,~ , ITFi ___...-_. .... .... ....... p - R F Z T ~ ~ ~  s-~.cr.~..n.~.-l,s 5; ......................................................... 

--I_ -_l-l- --.I--.__-. 
R IS 2.3Dlb2 

E ~ ~ T ~ ~ . i i I ~  .... ~ ' ~ ~ ~ ~ . . ~ y d 7 . ~ . ~ . ~ . . - -  .................................................. .............................. 

-........_...-I_ .... .................................................... .......................... ~~ ....... .................... c k c r r a N  I 
-I -_._____l_.l___.-_._..---- ____ 

hUPRER flF T H n ~ e  IS 34  
......... _____ ~- ~ , J r B E r 7  PF B V t R L 4 F  ~ .__. pB~fg?jl-.~.~,-- r.~-L-i~fhl.~~'..s..E.C.f.i*.N- ... -4.. 

&UMBER flF OVk8~pPlf~~~ I J I r  k i  P 
"f c E ; 6 . T ~ - ~ ~ ~ . ~ . N  ..... i.T: ......... ... ................... 

_I ----__l 

NSRMALIZRTI f lN  Tf!  PHkCEDIkC SkCTIONS 
..... .................................................................. . . . . . . . . . . . . . . . . . . . . . . . . .  ~__.. . 

SECTION I 
. ...... ........................ ......... 

NUCBER flF T H t T A S  1 s  4 6  

NUMBE9 P F  UVkRLPF P R I N T S  U I r H  T O L L U N I N G  S E C T ~ R N  n 

LUFBER nF B V t H L P F  P f l I N T S  W I T H  PRkCEUIhlG S E c T I a i y  I S  4 

R IS . 4S4J3  

-LI_.--̂ ---__l- ........ ~ . l _ l  . --.---.I__ __ 

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

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

S DI THETA ERROR 
-. ..... . ............... ................... 
1 , 2 3 3  l 6 7 8 C .  I 6  4 . 0 0  4 5, 1 469----- 

1 ,310 I 7 8 9 7 . 7 i i  4,25 9 , 9 4 0 4  

I ,367 2 1 ~ 9 3 4  ,T 4 .50  11.6418 

I ,  4 6 4  246Lj2.34 4 , 7 5  15.7287 

1 ,541 2Y96$,7U 5, ut1 l h , T I J I  

____I__ --__l_.ll__l_._--- . ...--I_ ....... __ 

.-1-1- 

................. _.... ..................... 

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

--_____ __ 
I .6 16 3493 I , 2 /  5 . 2 5  1 9 , 5 0 9 2  

1 , 6 9 5  41212 .85  > ,50  23,0544 
........................ .... 

_I__.._ __ .... ~- ........ .- 
1 , 7 7 1  4 d 1 4 4 . 5 Y  5 . 7 5  26.9755 

-4T- 5.589s .93  b J i T  30.2523 

1 . 9 2 5  CjdUUC,HY 6,25 32.6158 
.lll___ .. ~ ..................... - .. 

H,O at 5OoC 
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H,O ot  $O°C 
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GROUP 7 

SECTION 3D 9UN 3. 

NIJMBER OF T IS 2 6  

T T T T T T T T 

~ - _I 

O N  m m 4 .  
.1pmr@...71s..-~-r ................... ................................................ 

I I I T I I 1 f I I 

6 1 ~ 5 9  64.87 6 8 . 4 4  7 2 . 2 1  ... 7 5 . 7 1  ... 7t3,98 ... ................... II_ ..................... 

GROUP 9 .............. .................. ̂.__.__. ........................... ........ 

SECTION 4 1  PUNS l r Z a 3 1 4 .  I D E E ,  DIV.. 23.0.0,5*24,1,  5 0 K 1  4 RIuNS, 
~. 

__._________~ ._ 
NUMBER tYF t IS 12 . _ ....................... __ .- ..................... _. .- ........ 

T T T r T , ~~~ 
. 2 2 T 9 ~ - ~ - - o ~ ; T 2 - -  

86 4.3 .-s.i-vs vir ..,~~  ti.^ ~ . ~ . .  
-Aa;~..-P.z.,5V--~'j T 7 T i T .... .... .... ........ . .... ........... ~-~~ 

* * 
l_l_ ........... _I_ 

8 9 . 8 7  95.75 
__I._._ .. 

G R O U P  I D  
-_ ..................... ......................... ................ . __ ....................... .- ._ --~- -__ __ 
S E C T ~ ~ N  s S  ~ U N  I ,  2 r iEr i ,  n i v . ,  23,0.0~5,38,0, ~ U Y ,  I O  R L I V S ,  

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

FfllMBEH O f  'I IS 31 

G R B U P  I I 

..----II ...... .- ................. -- -_.-̂-.~I.__.._ 
NUMBER BF P IS 31 

.I___ I_^._ 

T T f T T P T T T 

__ GRF)I IP 12 ___ .. .... . . . . . . .  . . . . . . . . . .  ...... 

-. 
SECTION 5~ QUN 3. 

NUMBER flF T IS 31 

T T 

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

- __ ... ~ . ._______x______.._ .... --._I_. 

T 
57. ~ ~ - - -  ~f~.;w--IFT~;'i f l ~  -. ~4 ~-*. o-~- 7T'..5Ti~ 5 .  -. 8;03~28'1 6.4 . .  ... .. .......... 

5 3 9 6 8  56.5s 5 9 s 1 4  . 6 1 . 4 6  6 4 r 5 Q  ............. 6 7 . 4 6  6 9 8 - 5 7  7 3 . 0 8  75,?2 7 7 . 1 6  

T 7 T T T 
* 

T T 
l , A7- . . . ~ . 4 . ~ M ~  

...... 

" 7 .  n5 , , ~ .gB , 1854 i..t 1..~.2 
I__ - __ _I ............................................. 

8 3 . 0 "  46.36 9n,6H 94,49 9 9 , 1 1  , 0 3 * 5  
............... 

1 2 0 * 9 3  

H,O at 75°C 



GROUP 13 

SECTION 5 s  PUN 4 .  

N!JMBER OF T I S  31 
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GROUP i 9  

SECTION 5, RUN 1 0 1  ___ ............ __ ................. __ -. ~ ........ ..... __ ......... 

_____I___ 

NlJMBER O f  T I S  31 

-.....-...___I_ ____ ........... ~ _ _ . _ _ _ _ I  . I 3T-cnm-"T;-ni 5 .  

NUM*FR-?S;fLt-rS ....... ___ __ ...... _ _  .... . . . . . . . . . . . . . . . . . . . . . .  

~ . . ~  ................ T . ~ . . ~  ..... ~ - - ~  ........ ............ ..-t- . . ~ . . . ~  .......... ~.-- . . .  .T.. ......... 

, FI , * oTK6--" , " , I-I , , , ,a r ~ ~ ~ 2 ~  ~ z " ~  ~ - 5 3  

25- 

-4 ,~ 
54,139 55.29 5 6 . 7 9  58.04 39.35 h O . 2 d  . 6 1 . 7 6  62 .64  5 4 . 5 2  6 5 . 6 0  ........ ..... n--4.p... ......... - 

-_LL-*Q_..ZJ.r54-_ 1 L R 9  ......... ?!!.%?!- .... -7_!kf? 3 ............ ................... .__ ..... ~ ............... 

GROUP 2 4  
.......... ............. ............ . . .  ..... . . . .  . . . . . . . . . . .  

__ . .. 
SECTION 7 9  PUN 4 .  

_I..._I__ 

H,O at 75OC 



5 4 

.... ......... - 7 5 , 4 3 7 2 . r . 1 . 4  -ELL!? 1 3  ' 'p 1 7 4 * Q 3 - 
G R O U P  26 

SECTION 7~ ? U N  6 .  

_lll_ ........... NUMBER 3F T IS 2 5  

............. l__l_ . 
_I- 

- I_ 

J ouw d /  

. . - -. - - - ~ . . ~  ~ ~ .~ 
SECTIRN 7D--QUN -7.  

Wf+ffER -zJr p -r-s-- - - - z F  - -  -- - ........................ .................... ........................ __ ........... 

........ 
T Y 1 I T Y - 

b v u u r  C Y  

____._____- ................. ____ ll_l _ ........ SkC110X / s  L(UN Q. 

5 1 . 6 6  5 3 . 1 2  5 4 . 9 7  56.23 .................... 5 7 . 0 2  _ _ _ _  5&44 6O,fl7 , .59 ........ -. 6 0 . 6 3  6 2 . 6 7  63.35 
7 I . 23  9 11;38---72-;-p- .......................................... 

6 5 . 3 8  6 5 . 9 5  h 6 . 9 7  6 7 . 9 9  6 9 . 0 9  6 9 1 5 9  9 
7 2 . 4 7  7 2 . 2 4  71  ' 9 3 2 , 3 6 - ? 2 . 3 4  ~ - ~ ................................. __ ................ 

GRdUP 30 

NUMBER 4 F  T IS 25 

T T T T T T T f T 

H,O at 7 5 T  
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GROUP ST 

'. ....................... 
0 .  ; - m G m r - 5 f - ; ? l  D 1 6 ,-t.f.-#um __-. _ _ _ _  

1 15 14  -- TI.-_ T - 7  .... ................... ................... -I-------- t---- 
72.47 71.59 70.24 69.06 68.07 65.69 ~ , - - 3 . ~ . . . ~ ~  73'62 74* -*.. 0-9 . ....................................... .. 73'64 73'@A -- 

~~~ __ 
63.nJ 6 I .38 

. . .......... .... .-___ - ........................... ____- .. - ~~ SeMm--8-,-- 

m-w.7-.f* ......... ,..~ ............... ~~--____ ...... ........... ~ _ _  

- - 
I r 1 ~ T-- ... ~1--- 

---..3. .......gp...~ . ... ... .. ................ . . . . . . . . . . . . . . . . . . . . . . . .  

.- 

7 1 . 6 5  72122 7 1 . 1 6  7 1 . 6 3  7 0 . 4 0  69.69 68-99 67,91 66.57 6 5 . 3 2  
61.22 5 9  . sr 

m----fS- ..................................... ..... ~~ 

C I S  4 U M  3 .  -.-___l_i I--_ 

... 7 . - 7 - ~ - ~ ~ ~  ............... 7 .......... . ~ ~ f  .................... -.-.- 

.............. 7 3 ~ 6 0  72.96 72.67 72-70 7Iq53 7 I r I Z  7 U , 1 9  69.57 6 8 . 5 8  6;S.ozj . I_ ~ .............................. ..... .- 
64.99 63.86 151.87 60.68 

....... ~ ......... . .  ....... .SFCTTBFJ-EI;- TUN 5 .  

mR...BF-T"TS ...... ................. __ ........... .... ...................... .... __ 7-4 

.......... r - 
I T 1 I 1 T--T- 

. 4  

36 G R f l W - - - - -  

73,TO 73999 73.68 ..... 7 2 . 8 2  7 1 . 9 6  71.59 7 0 . 2 7 ~  69.57 68.47 66.68 ..... -. __ .hSr67 6.3.7 h 2 , 1 9  ~ 0 - - 6 ~  
.. .. .. .......... 

........................................... __-.._____ ........ ...................................... __.-__.____ 

71.45 71 .78  70 .87  70.44 7 0 * u-.. 69.52 68.38 h f , I  I 66.57 5 5 . 1  I ... 
621.44 62.37 60960 5 8 . 9 5  

...... ...... ........................................... -- ~ ... 

.- ~ - ~ - ~ ~ ~ ~ ~ ~ ~ 9 . ~ N . . . 7  

r n t 3 t H  OF T IS 14 

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

_..___ .......... l____l_l___ll_ 

......... .............. ..... ............. ........ ................ ~.~7-.~-,~~-.-----r~..~ .- ~t - ~ - .  - - . ~ ~  f- ................. 

73.13 71.94 71.53 ... 70.75 '90.99 . 4 9 - 9 9  69.22 68.42 66.49 ~~ 6 5 . 1 9  ______ - .- ............................... .... 
63974 6 2 . 3 9  6 0 . 9 4  59.54 

H,O at 75OC 



56 



57 

3 t L  I ION il 

.NDffgE;R .... S f ~ ~ ? T ~ ~ ; r g ' . T S - 4 - ~  ................ -- .............. .................. .. __ -_ ... 

~ g f - T m s - . t "  .... .~ . c , ~  __ .......... 

m t p m  . 3 u c  
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9 

D t l A  M A X  2 4  q u o 0  

NURRER.~ B ~ C f l . ~ N T S  .... rs.-;.n~au.rr .... ~ . - -  . .  .... ................ .p .......... ......... 

*acKliRgrJNpr. 3-20 ................ -~ ............... .............. ... ... -. ..... . . . . . . . . . . . . . . .  ... 

C F W ? E C T W F ~ - ~  I UN 

F~&CTiYfF?UR~~~FZWTFKT 

l_l ............. ___ -_.-_I_ ___._--_I__.___._...- __ ............ 

........ ._________.__-.____I 

. . . . . . . .  ... -1 s----<-6-2J4?J ~ 

.- 

............ ~..SEC.TTPIA ....... ........ . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  

________I. .... . - - I---_.___x -.I._-._ . ..... m o m  m- m 5  1s I O  

NtlHBm..BFmn-T ,...... ~ . ... . . . . . .  p. . .  . . . . .  

~ Z . T a  .. .. ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . T Y F 7 - A ~ .  .;. u . u ~ .  . . .  

Ls.uun --______._--~_.-__.I _^__ .. 
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H,O a t  75°C 
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............ ._____. -___. -. 22.84 .- 7 4 . 7 3  76.35 7f1.79 

. ........... - ............... ............ _____. G F f >  1.! " 2 

S F C r I f l N  1 1  QVP.' 7 .  

.... .... .. 
T T 

- ~~~ 

1 T 7 
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c P t '  I., P 17 __ .........l.l___.._._..................._ .. .................................................... -_-- 

S E C T I P ) N  5 j  >if$- 7 .  
_I __ ... ...._I.-_____. ..... . . . . . . . . . . . . . . . . . . . . . . .  ~ _ .  ............. ~~ ............ 

_I-.-..-- I 

NIJMBFR PJF ? I S  ? I  

T T r T T T T 
3 4 . 4 6  . > r - . 4 7  4 1 . 6 1  4 4 . 9 7  4 7 . 8 2  3 1 . 5 9  ' 54 .37  

-..~.__̂._.I __I -3 ;.. _I ........ ................................. __ . ................................ 

~ ....-I_ 35 , 4.s - ........ . 7T-..'~P.;F.j ............ ................... ......................... ...................... . .  ........................ 

l I' , 9 4 . 2 4  o(.,sA 1n5.6. :  I I ' C . P ~  I i d . 7 7  1 7 2 . n b  1 2 7 . 1 4  l l i H . 5 5  1 4 1 . 4 4  

T 1 T 

5 6 . 8 1 -  L Z . f . ?  X 3 . 5 2  6Ct.87 7 C . 4 7  7 A e 1 3 5  7 7 . 3 8  9 , ( . 9 2  36.20 9 1 - 8 9  

1 4 5 . 5 5  

H,O at l 0 O T  



-.I_ -_I ___. N I I M H E R  f 3 F  T IS ; s i  
-_.I- 

T T T P T T T 1 7 
_._I_ ..... __._ ~ _ _  ........ . ___ ...... ~ ......... __ ___ P 

3 0 . ~ 1  7 y . c . 7  3 4 . 5 7  3!..72 3F . r16  4 1 . 8 3  4 4 . 4 ~  4 e . 5 5  5 2 . 2 5  5 4 . 5 1  
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S E C T I ~ N  7 .  "i.,b, 3 .  

NUFIBFA PIT 7 IS 7 5  

~~ ... .. . -.. . ........ ._.Î_II____ .... 

..___ ~~. .. - ............................ .......... 

T T T T T T T T T T 

G p r i  P 1 4  

MuvREci  AF f I S  25 __ ................. ...................... .- ~~ ................... 

T T T T T 
5 4  ,~~ 'Tlo 

T 
__._~-~.~"-~~_I.I 

T .I f T 
........ .... ......... 

52.83 7 4 - 1 4  5 5 . 7 7  '77.45 51.61 6 2 .  h.3.7il 6 5 . 7 7  

H,O at 100°C 
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. ........ ... .- ...... . . ~  ... -~ . _. - ~- 

T 1 T T T T T T 

r , K ? L ' P  ;I. 
. . . . . . . . . . . . .  __.__ ~~ ..- .p~- ~ .............................. 

S E C T I n N  7 9  QIs*n  6 .  
. - .................. . . . .  --~--p. -~ . . . . . . . . . .  ._ 

_I_ 

M J M P E R  9~ T r s  25 ___ -_.._ ......... -. . .- 
T T T 1 T T T T T T 

.. .- . . .  . . . . .  ~~- ......... .................... ... 
S E C T I P N  7 ,  ? L > K  7 .  
NUI.lHLi.ij .... q . T . ~ - ~ ~ . . .  ........ ~ ~ 

H,O at 100°C 



I I I I I I I I I 
7 4 , R l  7 4 . 0 3  7 4 . 1 3  7;5,s5 7 2 . 6 3  72.4!1 .. 7 I . 4 f l  ........... 71!.34 h Q . 5 7  ............ 6 2 - 9 5  -.~__..I___-__ ........... I_ 

66.15 6 4 . 7 4  67.65 <,1.51 

T I T 7 7 I T T T 

-s.-.~---- .... ---I_ -.. ................ ..--.I_-.-..... ............ -I___ ...................... ..................... lij-uFf3-m f ~ k  7 T I d  

........ ... ..--_-_I . .................... ....... . . . . . . . . . . . . . . . . . . . .  .................. S C T T r j N  8 ,  Y L I ~ I  

nF 7 1s 14 
__ 

~ - - ~  - .............. ..... ~ ~ - . .  ............... ~~. ............. ~ . . .  . . . . .  . . ~ ~  .... . . ~  . 

H,O at 100°C 



Gr.P(IP 4s 

....... .........-.I....~___...._____I____ _-___l_____l - 
S E C T F 6 ,  ;?i''' 4 "  

;J,,.I.FiEi~. ..iir. ~ - .  ~ 

. . .  l . . ~ - - - ~ .  ........... ~- ........... ...... ...... __ ......... ___ 

........ . . . .......... ......... __._____ 
T 1 1 1 T T T T T T 

..... 7A2-C; ' 'JP.2.J ....... 7 h . 3 "  I'..Z.;>.. 7 4 . 6 2  7 4 . 2 ?  7 7 . 7 7  7 1 . 4  6 7 0 . 3 4  6 9 .  r r r  - 
6 7 . 5 6  6 5 . f . O  h 4 . 7 C  ~ ~ ? * r l  

........ ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~__  .... ~ ....... _________ 
T;F?LP A [  

........... _. . .  ..................... ... ~~ .... ____ ........ ~. ...... __~  ........ __ ......... 
S E C T l R i v  b ,  slb'q I r . 
- __I_._.---.. .___ ___ ....... .... 
NIJMHEH V t  1 : <  1 4  

...... ..~-~I ....... ..... .................. ............ ... __ .......... ___ ........ __ .......... 
1 'I T T T T T 



SF C '  let1 1 )  

........ N,,HAEn ......... ~ ................... .. .. - ........... 

NirMljm-.F-ri;T.Tc;7r ..... 
- .................... .......... .- ........ ...... I 

F H!Ib.S 1' l P  

3 

I__- BE1 TA T H t l k  . C , [ i I  

H,O O t  100°C 
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S DI THETA ERROR 

8.707 25h9-:G 7 9 . 5 r  5,;7979 

5 .-am 8 . 8 4 1  H I .  0 3  3 :  ,m-- -. ....... ~ . 4  ...................... 



M,8 at 100°C 



DATA FOR H,O at 150OC 

G R O U P  3 

kUClBER dF T IS 26 

T f T T T r f 1 P 



H,O ut 150°C 



~ ........._____. ~ . ..._. ..... G F f l l i P  I 3  
~ ......... 

T T T T T T T T 

H20 at 15OOC 



H,O ot 150°C 
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.......... .- ........ ..... S E C f I f l N  7 r  RUN 7. 

H,O at 150OC 
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I 1 T I 1 1 1 r I 

H,O at 150°C 
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H,O at 150°C 



___. ...-.__._._I- --- kUR8E.R R F  RUNS IS 4 

THETA WfN 23,000 

S E C T I O N  5 

S E C T I O N  6 





SECT I B F i  I 
- 

s DI THETA ERROR 

4 , 7 5  10 ,6555  1,164 I IJJ1.3U - - - 

H,O at  150°C 



7,6580 - 

8 - P I 4  2231 ,19  30 .50  5 . 1 7 5 5  

12 , 1-11 

H,O at 15OoC 
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2.61777 

13,445 - 1 0 2 6 ,  I 8  49,5R 2.8374 

13,345 ~ I u 3 5 . 9 0  4 9 , o o  - 

- - 

13,644 IWlC.45 50,50 2,7801 

t 3 , 8 3 8  IWO1.88 51.50 __ 2 , 7 0 5 4  

1 4 . 0 2 8  9 8 7 . 6 2  52.50 2 16263 

- _ _  - 

14,214 971 .71  53 .50  2@5445 

14,395 959.46 54.50 2 , 4 6 8 5  

S DI THETA ERROR 

k U M B E R  UF POINTS IS I 1 9  

H,O at 150'C 
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DATA FOR H,O at  2 W C  

GRWUP I 

N U M B E R  OF T IS 36 

7 
21'. I3 
12.29 
21 s 8 4  
58.1 I 
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H,O at 200'C 
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NUMBER C)F T IS 22  

- __ - - - ~ R B u p  ............ ............................... I._____1_._ ................. 

_ _  T IS 21 

qUMBf t?  OF T IS 19 

- T - - T  v -  
3 2 9 9 0  3 5 . 2 5  3 7 . 5 7  
59.11 5 1 . 5 9  65.25 

GROUP 17 

SECTTOM 9 r  Q J N  2. 

NUHBFR bF 7 IS 19 

7 Y 7 
33.35 3 5 , 6 3  3 R . f l A  
6 0 9 0 4  4 3 . 5 3  6 7 . 4 0  

GKPILJP TE 

SECTION 9 s  9 J N  3 .  

NUMBER 3F V IS 19 

v 7 T 
3 3 1 5 5  3 5 . 8 6  38.88 
61184 53.61 6 6 . 0 7  

GROUP 19 

SEC'F16Pd 9 r  QdN 4 .  

NUMBER BF T IS 19 

v T P 
33.51 3 5 . 3 8  S R . € l 5  
(50.52 5 4 . 4 3  -36.34- 

T v --- 7"-- 

..................... .................... ...... _____ 

H p .at 2 O 0 C  
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T Y T -_ I- T t T T 7 

H ,Ji at 20°C 

.... 
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SECTION I 

. . , - . .  -. -. .. .......... 

SECTldN I 

N U M B E R  BF r I S  3 4  .... . .  . . . . . . . . . . . . .  .. 

T 
5 0 . 7 5  
6 9 . 6 4  
8 3 . 7 3  
8 9 . 0 2  

T T 1 
5 2 . 9 9  5 4 . 4 0  5 7 . 3 8  
7 0 . 6 6  7 2 . 4 4  73.83 
84.23 85 .19  8 7 . 2 3  
90.23- 49,53~ 89.56 

GROdP 31 

S E C T I O N  1 1 )  9UV 5 .  

MLJMRER U f  'f IS 34  

T T T 
5D.71 53.13 55.13 

93.53 A 4 . 1 3  R 5 . 0 3  
6 8 . 9 7  7 0 . 4 5  7 1  . e 4  

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

SECTION ! 

MUMBER aF  

QUV 6 .  

Y IS 3 4  _ -  
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A9 2.9 I 88...9." ........ .R.?.*.U?... ,...f3.B.L. !P. . . . . . . . .  ........ ..-.. .............................................. ... 

NUMBER U f  T IS 34 ........................... . -_. ...... -. .......... ............................... ^ .......... -..- ......... . .  I. ... 

NUMBER OF 7 IS 34 
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GROUP 4 _ -  
S E C T I O N  1 3 4  9 U V  4 s  

NUMBER 86 T IS 15 

T T T T 

- 

T T v T t T 
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NIJMBER OF T IS . _  15 



94 



THETA M 1 N  5 0 r 5 0 0  
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S 

I e 2 3 3  

1 . 3 1 0  

1.387 

1 . 4 6 4  

1.541 

I a 6 1 8  

I e 6 9 5  

I . 7 7 l  

1 . 8 4 8  

1 . 9 2 5  

2 . 0 0 2  

D I  

1 4 7 5 . 5 3  

I 7  12.65 

7 4 0 . 1 4  

6 9 6 . 5 1  

802.  I 6  

923.08 

2 0 9 8 . 3 9  

2 2 6 0 . 4 5  

2 3 7  I . 85  

2 4 6 7 .  I I 

2 5 8 7 . 3 %  

THETA 

4 . 0 0  

4 . 2 5  

4 . 5 0  

4 1 4 5  

5 . 0 0  

6.25 

ERROR 

3 r 4 7 7 9  

4 - 0 3 6 8  . 

4 ~ 1 0 1 5  

3 v 9 9 8 7  

. -  4 8 8 4 7 7  

4 8 5 3 2 7  

4 - 9 4 6 0  

5.3279 - - . -- -  

S DI THETA ERROR 

5 * 8 4 7  I ~- 6 . 7 5  
~~ 

2.078 2523. I3 

4 0 5 4 5 2  -~ 

2 . 8 4 2  1220.261 9.25 2 r 8 7 6 2  

H,Q at 2OOOC 



Y'/ 

s DI THETA ERROR 

2.994 I OO5.70 9 . 7 5  2.5705 

3 * 222 7 4 2 . 9 7  10.50 I r7512 

3 . 2 9 0  6 7 7 . 5 1  10.75  1 t l i 9 6 9  - -  

3.525 5 4 8 . 6 5  I I * 5 0  I r e 9 3 2  

3 * ( 5 0 !  5 1 4 . 6 1  I I a75 Is2129 .. .. I ..-.,--. ~ . ~ . _... __^_ 

3 ,752  460.52 12.25 1 .1067  

4.725 - - 1028.81 15.50 ?T1?450 

4 * 8 7 4  9 4 0 . 0 6  1 6 8 0 0  2 ~ 8 5 1 4  

6.337 4 3 6 . 1 7  21.0o 

*- 1 

H,O at 200°C 

S a1 THETA ERROR 

6 . 4 8 0  

-_.. 6 . 7 6 6  . 3 6 5 . 9 4  22.50 * 7 9 a 5  

7 . 4 7 3  $ 5 5 6 2  

7 . 4 7 3  7 9 4 . 7 0  2 5 t U 0  I s 9 3 2 7  

8. I64 5 7 3 . 4 8  27.5u I v I f47P 

5 4 4 . 5 5  28,UO e 9 9 4 2  8 .301  

8 . 4 3 7  5 1 4 . 3 3  28.50 $ 9 3 9 0  

8 . 5 7 2  4 9 3 . 8 9  39,00 :9017 

8,707 4 6 9 . 4 1  2 9 r 5 f l  * 8 5 7 n  

I _  

8 . 8 4 1  4 4 8 . 4 2  3 a r o o  $ 8 1 8 7  

8 9 7 4  4 3 0 . 6 8  5 0 1 5 0  a9863  

9 . 1 0 7  410.95 ~ t . 0 0  a7503 

393.12 31,50 .P I 7 7  9 . 2 3 9  - .  ~ 

9 . 3 7 0  3 7 5 . 5 7  32,90 . #859  

9.500 

9 . 7 5 9  3 3 1 . 7 5  33.511 

9.887 319.38 34.00 e583  I 

10.015 3 0 7 . 6 3  34,5O 

9 . 7 5 9  9 8 4 . 5 4  33.50 I r 3 9 2 4  
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5 DI THETA ERROR 

12.393 584.14 44i50 

12.5U3 . _ _  596.81 4 5  I O U  

12.61 I 5 7 9 . 4 5  45.50 

. .a497 

83354 

,7952 

S D I  THETA ERROR 

13.036 582 a 2  I 47 a 5 0  8 7 9 5  I 

562.69 

5 5 7 . 4 4  

598.15 

- 

556.85 

557.83 

556.41  

5 0 . 0 0  

50.50 

13.838 543.14 51.50 

r7784 14,028 550 .66  52.50 

1 4 , 2 1 4  555.75 55 .50  .7R59 

.. 

14.395 561.45 54.50 ,764C 

1 4 . 5 3 2  5 6 5 . 5 4  55.50 r8004 

14,744 577.17 55.50 r 8  I 6 2  

14.913 594.59 57.50 ~ 8 2 6 7  

15.076 594.69 58.50 8 8 4 1 0  

15.255 604.27 59.50 re574 

15.389 618.41 4 0 . 5 0  .E746 

15.539 632.70 6Ir5C e8948 

15.684 646.40 52-50 b 9  I42 

15.824 h61*68 63150 , 9 3 5 8  
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3.2 Reduced I n t e n s i t y  and Radial D i s t r i b u t i o n  Functions. 

t h i s  program i s  divided i n t o  two p;Lrts.  The f i r s t  part lists the reduced 

inLensity function;, computed from 

'The outpu.; of 

i ( s )  = [ C  (ni - IC) - i f;(s)l (3.2.1) 

i 

whcre D I  i s  1,he r e l a t i v e  i n t e n s i t y  l i s t e d  i n  s c c t i o n  3.1, I Ls t he  COX' -  

r e c t i o n  for incoherent o s  Compton sca t t e r ing ,  C is  t h e  s e a l i n g  f a c t o r ,  
C 

-- 
dlid )' ff(s) is  the  part of the s c a t t e r i n g  due t o  independent atorns, suznrned 

oves b e  stoichiometr ic  un i t  (one water molecule). 'The coherent and inco- 

I-ier.cn.; form factors f o r  oxygen and hydrogen were obtained frorii Lhc l i t e r a -  

Lure . The vahnes of t h c  r e l a t i v e  in tens iTies  were extrapolated a t  low 

angle from 8 e q u a l  t o  4.0 degrees t o  0 equal t o  zero and D I  equal t o  zero 

(except €01- t h e  2 3 O C  data, where all points  are observed). 

w 

15 

T h e  second payt of the progrxfi lists the radial d i s t r i b u t i o n  €unction 

s max 
D(r) = 4nri2p -t- (2r /~t)  s i ( s ) M ( s ) s i n ( s r ) d s  

0 
(3.2.2) 

0 

16 wkre  p is  the uniform number dens i ty  obtained from the l i t e r a tu re  , and 

M(s) i s  a modification funct ion included t o  sharpen the f ea tu res  of the  

radial d i s t r i b u t i o n  Function17. 

0 

'Phc integral i n  (3.2.2) w s s  evaluated 

tiurnerically, using the t rapezoida l  method; summation was done with the 

increments i n  s and r lisLed. Tbe modification funct ion used i n  t h i s  

study was 

w h e r e  f rePers t o  the coherent s c a t t e r i n g  amplitudes of oxygen alid hydrogen, 

and :mmat ion  i s  again over t h c  s toichiometr ic  u n i t .  'This modification 



1.00 

SI(S) 2 

func Lion removes t h e  average breadth of  t h e  d i s t r i b u t i o n  of elect-ron density 

In  ihe atoms. 

j.n d e t a i l  zlsewhere 

The physical  meaning of the funct:i.on D( I-) has been discussed 

12, lC[ 

'The redinced i n t e n s i t y  curve, comput.ed from (3.2.1), usua l ly  s h m ~ s  a 

more or  l e s s  pronounced l o w  frequency pemurbation. This  per turbat ion rnay 

be caused by inco r rec t  d a t a  treatmen'i, by t h e  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 apparatus funcli.on. It > r i l l  cause a peak a t  s m a l . 1  

d is tances  r in the RDF. 'The perLurbation can be removed by repeat,ed. Fourier  

transformations as discussed i n  ref .  1-2. The basi.c assumpti-on i s  here  t h a t  

t h e r e  a r e  no a t t o m  p a i r  i n t e r a c t i o n s  i n  t h e  PDF a t  dis tances  r shorter- than 

interatomic d i s t ances .  In iiiis s-Ludy, a l l  i n t e r a c t i o n s  i n  the  RDF a t  d i s -  

tances  s h o r t e r  than 2.9 2 we:- ~e eliminatcd. T h i s  5.ncludes 0-I-I i n t e r a c t i o n s  

arounij. 18 about wblich r e l i a b l e  information cannot be obtained by t h e  x-ray 

d i f f r a c t i o n  method, because of the low x-ray s c a t t e r i n g  ampl.i.tude of t h e  one 

e l e c t r o n  ri.n Lhe hydrogen atom. 

In t h e  f o l l o w j x g  t a b l e  the  defj-nit ions of t h e  teims of t h e  program 

a r e  again given i n  the order  of appearance. 

S 

SI@) 1 

i s  t h e  angular va r i ab le  s := (4 s/h)sinQ. 

i s  t h e  i--edixed i -n tens i ty  i ( s )  defined by (5.2.11, r m l k i -  

p l i e d  by s and by t h e  modification funcLion M(s) defined 

i n  (3.2.2). 

i s  the corrccLetl12 reduced i n t e n s i t y  i n  t h e  same -terms 

as SI@) 1. 

i s  the s t a t i s t i c a l  e m o r  associated w i t h  SI(S) 2. 

i s  the d i f f e rence  between SI(S) 1 and SI(S) 2. 

7.5 Lhe rad ia l  d i s - t ame  i n  Angsi;r$m. 

i s  t h e  1WE' D(r), obtained by Fourier  1nversri.on of SI(S) 1. 



G1( R) 

D 2 (  R) 

G2 ( Xi) 

101 

2 i s  t h e  p a i r  c o r r e l a t i o n  funct ion g ( r )  = D ( r ) / h f i r  pot 

obtai'ned f rorn D1( :R) . 
i s  tlie FiDF D ( r ) ,  obtained by Fourier  Fnversiori of 

SI@) 2. 

i s  the p a i r  c o r r e l a t i o n  funct ion g( r), ob-bained from 

D2( r )  . 
D 2 ( R )  are the s tandard e r r o r s  assoeiaLed with t hese  

funct ions.  

The bracketed f i g u r e s  in the colunlns G2(R) arid 

All reduced i n t e n s i t y  and radial  dis  bributiori Tunc t ions  l i s t e d  i n  this  

sec t ion  a r e  i n  u n i t s  c h a r a c t e r i s t i c  of one iriolecule because of the s c a l i n g  

produced by t h e  modification funct ion (3.2.3). 
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S SI(S) 1 SI(S) 2 ERROR DELTA SI(S) 

. d 7 7  - . n 5 c j 4 j  - 0  107s!..? ............. * (1 9 0 u 3 (1 . , 0 5 7 0 7 5  2 
- e 2 1  21  3 7  d l g O I  19 1 1 2 1 9 0  3 . I 5 4  -, " 9 9 9 4 6  

........................ . I 6 3 3 2 6  - . 3 1 2 4 4 7  ' ?.! "70 -. 1 4 8 5 7 1  . 2 3  I 4 
- . I 9 h 1 9 0  -. 4 0 7 8 3 9  . r l n n 4 ~ ~  1 2  I I 5 6 9  5 . 3 0 9  

7 ................. e 2 5 5 4 6  I .I .24;.'F)R7 II_.-_..- - . a 9 8 5 4 9  ~ . . ~ ~ ~  . n u 0 7 6 0  6 . 3 A 6  
. 4 6 3  - . 2 8 Y g h u  -. I f10 I 1 0 5  

........... . 5 4  0 - . 3 3 3 4 6 2  - ' 6 5 2 . 0 0  132 I 33 I 7 5  1 
n g 2 "  I 

8 
, 6 1 7  - , 3 7 7 2 6 "  - ,  7 4 n 6 2 6  , 3 6 3 3 6 6  9 

......................... - .RU9083 ~ 3 8 9 0 7 6  . o r ] ~ s ~ ~  I O  . 6 9 4  - , 4  2 1'1 '1 7 
. 7 7  I -, 4 6  1 3 4 6  - 4 6 3 4 5 4  , n 0 3 z h 3  . 4 0 7 5 0 A  I I  

12 . B 4 8  -.5112363 - , 3 2 Q l 5 7  9 '1 fl?.U.?.? , 4 1 7 7 9 4  
. 9 2 5  - , 5 4 1 4 3 3  - 9 6  1 3 9 0  I O n 4 8 8 2  . 4  I 9 9 5 7  13 

............ ' 4 L!.!!.? . q n 5 8 5 3  _II 

1 4  I * (''12 - , s 9 3 3 n l  - 9 9 3 9 3 0  
15 I .G79 

............ I .  156 ..... - . 6 4 9 3  17 - 1 ' 0 3 7 6  1 7 , r i ~ ! ~  I 6 7  ... .3883r l0  16 
I 7  

1 - J 1 9 ............... r L h8:<971 I__ - I .  r l2Y4tlLl ?44.3.?.9 18 
I 9  I . d R 7  
20 I .464 - .h  1 ' 7 6 5  - 9 4 9 4 ! 5 5  ............. _s_l r Or1652 . 2 8 2 @ 9 n  
21 I . 5 4 1  - , 5 2 4  373 -. 7 h 9  I 6 6  .1gr1&390 , 2 4 3 3 4 3  

..........ll_ 1 I 1 8 4 4 9  ._ 
, I 9 6  I nl5 . 1 1 7 2 1 8  . 0 f l 2  4 0 4 , 0 7 e 3 6 8  

. Z h 9 4 3 4  ........ , n n 7 5 8 8  . 0 4  I 3 3 4  

. 3 4 7 4 8 8  _____.__ . n o 2 9 2  I - e.?..'!.? 
2 . 1 5 s  , 2 6  I 19% . 3 2 3 3 0  I , 1 1 0 2 ~ 4 5  -. U6 I 9 D 9  

- 3 0  .. 2.251 . , I 7  l 5 q 2  ,2661134 ....... , 0 0 2 9 2 2  ____.. - . 0 9 4 3 5 2  

I 3 2  .......... - 2. ,584 ....-.J 4 i 5 5 2 I 9 6 3 2  ' '1 0 3 u "2 .- ............. - * I 4 9 2 7 8  

~. ....................... 

................. - , * 
-. ....... ____ 

................................... _______ 

........................... ............................... -.___ 

-, 6 1 5 3 5 4  - i'; 0 1 9 9 9 2  , 0 0 6 Y 4 4  - 4  0,5 3 38 
I_ .- 

I . 2 3 3  c . 6 8 1 5 5 0  - I  . 0 ~ n 2 n 2  II 0 C 7 0 6  , 5 6 3 5 5  1 . r l g r 1 ~ 6 4  ........................ 
- . 6 6 5 4 7 8  - . 9 r j l 3 0 5  , r l g n 4 ~ 4  - 3 1 5 3 2 6  

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

1 . 6 1 9  - ,  3 8 8 4 4 8  - ' 5"E!  .... . f l 0 1 1 9 6  ~- , 2 0 2 4 9 2  
I . h 9 5  -, 2 0  I 3 ? 5  - . 3 6 l % b ?  I O  n 1392 1 6 f I 0 4 2  
I . 7 7 !  .......................... ,3097 I 5  ~. -. I o 9 6 3 4  

22  
2 3  
2 4  
2 5  I . 8 4 8  

27 
28 
2 9  

I 

' '1 0 7 rJ I 2 

3 4 3 4  6-~ 
I____ 26 _.I I . 9 2 5  $ 3  I I ?6Y 

2.302 . 3 5 2 9 6 A  , 0 0 2 8 6 2  . 0 0 6 4 5 2  
%.L '78  . 3  I 9 j n s  ................... 

, I 1 2 3 7 %  , 2 3 5 4 7 5  .r)OP948 - . 1 2 4 l f l 4  

2 . 4 6 1  , , 7 5 0  .23?220 . o n 3  I 7 7  -. 1683644 
, 1 3 9 5 6 4  , 2 Y  I 8 3 8  - .............................. t .? .?Le _ - 182.284 

2 . 6 1 4  . 1fJfJ7n2 3 6  I 3 0 9  , 0 0 3 5 3 9  -. 1 9 1 5 f l 7  
........... -. I 9 8 5 2 4  2 . 6 9 0  

31 %..1Ll9 

I____ 3 4  2 . 5 3 7  
0 7 ' " -  3 3  

35  
3 6  
3 7  
38  
3 9  

_I_ 

.-.*.??!LE3 -.!. %j .?L , n osus5 I__ ..... ............ 
2 . 7 h 6  , 4 1 5 1  12 . 5 2  l 5 ? 7  .'11)4 I 9 2  - . 2 0 5 5 9 5  
2 . 8 4 2  , 5 6 9 5 q L j  ' 7 8 7 1 9 4  ............. . BQ497.3 -. 2 13 I 0 9  
2 . 9 1 6  , h 4 9 ? 7 2  . 5 7 n 4  I 2 . 001842 - . 2 2 1 1 4 0  

..................... r?D4.?5o _ ____. -. 4 0  2 . 9 9 4  II____ , 6 2 4 1 3 3  I 8 5  I 7 5 0  
4 1  3.117u .44?Y* I , 6 7 3 6 4 7  I Oil48 I 5  - . 2 5 i l 9 0 5  

....... 3 . 2 9 8  -, 59776 I - *  1 8 1 8 4 0  ............. * n o 3 9 4 9  _.___ -.2 I 6  I 2  I 

................................. -. .___~ 7 7 9 6 5 6  , 7 0 5 6 4 3  -. 2 3 6 5 0 2  

- ' 3 0 7 5 3  

-, 7 1'13 I 9  -. 3 3 5 4 5 9  r!l..Q9.1 !!!-- - . 3 7 8 9 6 0  

. - , 2 2 7 7 2 7  

2 0 z5! ,429733 . '1 I1 4- - ' ? ? . 9 . ! . . 9 L p  4 2  3 .  1 4 6  
4 3  
4 4  
4 5  
4 6  3.458 - . 6 ij 1 112 I 9 Llil36 I 9  4 7  
4 8  
4 9  
511 -. 7 2 7 7 3 6  
51 3 . 9 7 8  
5 2  4 . 1 2 8  

. I 7 l - 7 5 7  4 * 4 7 7 5 4  
5 5  4 . 5 7 6  
5 6  4 * 7 2 5  - *  0 8 5 4 9 4  * 5 2 2 8 3 6  
5 7  1.974 -.08?97I 5 6 6 6 6 7  - 17 ............... ' 5 1 4 0 1 5  .. . ' I  I 5 8 r i 9  -. 6 8 5 9  I 7  _I_ 5 8  5.1122 

5.  170 - .28C41 rl , 4 3 2 8 7 2  9 0 1 6 6 6 7  - . 7 1 3 2 9 3  5 9  

6 0  5 ' J 1 7  - , 4 7 1  j 0 8  , 2 5 2 5 5 0  * 0 1 7 2 4 5  .... 7 2 4 Q 5 8  
61 5 . 4 6 4  

6 3  5 . 7 5 7  
6 4  
65 
6 6  
5 7  6 . 5 3 7  
5 8  
6 9  
7 0  6 . 7 6 6  

3 . 2 2 2  - , 0 8 4 4 6 5 $  , I  5 s n n  I . O J ~ Y ~ I  s 2 2 3 4 5 6  

3 . 3 7 4  - . 6 2 7 3 4 h  - . 4  I ? 4 7 0  . n 0 3  1 5 5  - . 2 1 0 9 7 6  
___I_ 

....................... 1 ; ; ; i Z 4 L - - - - .  - I%rll-? 
-.,.7.~4-T-2y _. 3 . 5 2 5  - ,Q44!753 .003381 

3 * ! j q l  - I . 0 1 5 7 7 9  

~ _ _ _ _ _  

.................... - - 0 7 9 4 q 2 9  . O @ f r Z 1 2  - I  2 5 8 9 4 9  
I 7 Q 6 Y 3 0  

-, 8 9 4  165 - e 5 5 2 6 2 8  , n ~ 7 ~ 4 5  - . 3 4 5 5 3  7 

- 4 2 6 4 7 7  - .32 I1 3 7 4  -. 1 6 5 3 1  IJ * 3 7 0 4 2  I *'112Y66 - , 5 5 6 2 3 0  

_I-__ __._..__ 
5 3  4 . 2 7 8  - . 4 8 3 i l f i 7  -. 0 6 2 5 2 7  , rl I i t4  I 8  

...................................... ' fl  I !.m - 4 9 I&._.____- ....................... 

........ ___ d l  I 4 I SA - 6 0 8 3..?.2-. 
.I1 I 5  I 0 4  - , 6 4 4  JHB 

- .ha I 21% 0 0 3 6 7 8 2  a (1 I 7 8 3 1  -. 7 I 7 9 6 4  
62  5 . 6 1 0  I ......... - . R l ? ? n l  - I  I r 2 2 n 8  . 1 I d t, 3 4 - a 7 0 1 3 9 3  ___ 

........................... 5 . 9 n 2  - I ,  1 4 4 7 ' 2 3  - 4 9 3 5 0 2  . , 'I 2 I1 ;? 1 9 - 0 6 5 1 4 8 3  

6 .  132 . - I ,  n 3 J  307 II - . 4 ~ j ? 5 n o  * q23 I 14 .......................... - . 5 8 1 ] 9 3 8  ___ 
-, 92'3 5 7 5  -, 3 7 7 2 8 0  , 0 2 4 6 5 5  5 5  I 2 4 5  

6 . 4 9 0  - ' h Y B ? 7 5  .......... - 0  I 5 5 U 9 5  7 2 6 6 7 9  . ' 5 26 6Z-9 
6 . 6 2 4  -. 5 0  3 7 7 6  n I I f198 I l l 2 8 3 3 8  -,SI 1 9 7 4  

- I ,  03.5sq5 -. 3 5 ~ 4 6 a  I ' 1  1 9 2 6 3  - - 6 8  2 I 4 
-- 

6 . 3 4 7  - I .  I I 2 3 4 5  - , 4 9 5 9 7 5  .I2 I > P 8  - e  5 1 6 3 7 0  

- 

=. 3 5 6 4  I 9  . 1 4 5 9 0 4  . r13oz 15 - * 5 0 2 3 2 4  

D,O a: 4°C 
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H,O at 413 
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H,O nt 4°C 
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S SI(S) 1 SI(S) 2 ERROR DELTA. SI(S) 
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S SI(S) 1 S1(S) 2 ERROR DELTA SI(S) 
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._ I- -- _- 

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



S SI(S) 1 SI(S) 2 ERROR DELTA. SI(S) 

.................... .......... -. - - 8  I 2 5 2 6  _.-_. O04665----- . g o 4 2 8 2  4 4  3 . 5 2 5  
4 5  3 . 6 7 6  ,I1860 I 3  , 7 9 7 8 0 2  .13n499c , 8 8 3 8  I 5  

4 7  3 . 9 7 8  , 4 2 2 5 7 3  - a 4 8 7 1 6 6  e 0 0 6 1 9 2  , 9 0 9 7 8 6  

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

4 6  ....... 3 . 8 2 7  . , 7 0 7 9 3 9  - a 6 8 2  0 9 7  ' 0 0 5 5 1 P  .................. ~ 8 9 0 0 3 4  ......... 
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1.20 



1-21 

t i p  ot 50T 
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S SI(S) 1 SI(S) 2 ERROR DELTA Sl(S) 
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12'7 

W,O at 7 5 T  
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S SI(S) 1 SI(S) 2 ERROR DELTA SI(S) 
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H,O at 150°C 
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14.4 

4. DISCUSSION 

4.1 Reduced _--- k t c n s i t i e s  . The reduced 5.ntensi.Ly fimci;ions for l i q u i d  water 

a r e  showii in Fig. 3. 'There i s  i n t e r f e rence  throughout t h e  observable range 

of' t h e  i n s t r m e n t ,  t o  s = 16, at room temperature. With inc reas ing  temper- 

a ture ,  -the osc i l l a t jo i i s  are resolved only t o  srrn1-k-c' values of s. Also, the 

f i r s t  two s i ( s )  peaks merge comp1eLeI.y a t  Lhe higher  temperatures. The 

I- 

m a  

meaning of t h i s  nlerging i s  made c l e a r  by Fig. 4, i n  wnich the  1i'ourj.er t r ans - .  

forms T(s) of the  RDb' D ( r ) ,  defined by (3.2.2), are p7.otied f o r  decreasing 

valucs of' t h e  upper  ri.ntegration l i m i t  . It i s  c l e a r  from F ig .  I+ tinat t h e  

double peak i n  the reduced intei is i ty  funct ions o f  F ig .  3 i s  produced by t h e  

1-onger ra,nge inzerac tions i n  liquid. water, 'l'he disappea2rance of t h i s  f e a t u r e  

m 

a t  temperatures .t > 1.00"C i nd ica t e s ,  therefore, ',he p mgressive disappearance 

0 o f  l ~ m g  rangc (5-10 1;) order- a t  these temperatures. 

4.2 

for l i q u i d  water a r e  shown in Pig .  5. There are deviai;Lons from a ixi form 

disLribut ion of dis ta .nces  ou~t to 8 8 a t  room texperature. 

Hadial.. ..-__....__I___ I ) is t r ib .ut ion Functions. _I The i-adial d i s t r i b u t i o n  funct ions D(r) 

The first  promi- 

nent nlaxiinum i n  the RDF, corresponding t o  nqarezt neighbor in t e rac t ions ,  

shirts  sradually from ?-82 8 a t  4°C L O  ?,3)- 8 ai 200°C. From the area under 

t h i s  peak, a. coordination nimbcr of  4.4 can be computed, which remains 

constan% over the wnole temperature range c o v r e d  by our experinenis.  Maxima 

around 11.5 and  '( 4, corresponding t o  secon-i atid t h i r d  neighbor i-nterarlions,  

are quiie distinct a t  room temperature, but  disappear gra.dual7.y w i t h  increas  - 
i n g  temperature. 

i d e n t i c a l  within experimental e r r o r .  There i s  no s i g n i f i c a n t  diff 'erence i n  

The curves f o r  light and heavy water at 4 ° C  are a3mosL 

the  ar*rangernent of oxyger?. atoms at L h j  s temperaiure . 
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Fig.  3 .  Reduced Intensi ty  Functions f o r  Liquid Waters 
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Fig. 4 -  Analysis of Reduced In tens i ty  Function (K 0 25OC). The 
so1i.d curves show the Fourier  transforms of increasing por  2 Lions of the 
experimental radi.al_ di.stri.buti.on funct ions I t o  i nd ica t e  the significance 
of various Features of the  reduced intensi.t;y CUII 'V~S . 



I I I I - ‘A - *-*eo Corrected D ( r )  

Fig. 5. Radial D i s t r i b u t i o r i  Functions for  Liquid Water. 
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4.5 Compa.-rison with Previous Xork. 

e a r l i e r  d . j f f rac t ion  s t i tdies  of l i q u i d  water, wi th  the  exception of tilose or 

t h e  Amsterdam have confirmed -the results o f  Morgan and Warren . 

A s  rrientioneA i.n section 1, a l l  o f  Lhe ......................... ..I_x_ 

5 

It i s  ihere€oL,e s u f f i c i e n t  t o  discuss  only -Lilese iwo studies. It i s  p e r t i -  

f r a c t i o n  d a i a  a r i s e s  from thc  absence OS experi-mental d a t a  f o r  s c a t t e r i n g  

angles g:r-eal;er than a l i m i t i n g  angle .  

extendel over t h e  whole range i n  which t h e  integi-and. i s  differeni ;  Prom zero, 

i~ i he  integrrati.on iii (3 .2.2)  i s  not 

the r e s u l t i n g  RDF' shows cer'Lain spuri.ous iiiaxirna and minima which may make 

i t s  i n t e r p r e t a t i o n  very laborious (. Fig. 6 sho7ws D( r )  curves, computcd from 

our water da i a  for decreasing values of i l l ?  upper i n t e g r d t i o n  l i m i t  i n  

(3.2.219 a i l - e  from s - 16 t o  smax = 14 ' h e  changes in t h e  KI)$ shape max 

are negl igible ,  they become significant,  f o r  lower va,lues of s AS max 

expected, t h e  yesolution of WE i'eatirres, most pronounced i n  t h e  r e g i o n  

below 4 8, becomes poorer with decreasing s . Also, ihe f i r s t  XDF max 

maximum s h i f t s  f r o m  2.82 8, f o r  smax = 1.6 t o  2.314 8 for s rnax = 8, and Lo 

3.20 8 f o r  smax = 4 (40~). 

Our r e s u l t s  are i n  essent ia l  agreement w i t : ,  thosc of Morgan and 

Warren, whose da ta  extended LO an s o f  12 a t  room temperature. Slight, max 

differences a r i s e  from ihe  higher  r e so lu t ion  of our work. The disagveellient 

bekeen  Morgan an;! Warren's work and that of the Amsierdaai group is thuc, 

conl'imed. Fig.  6 shows c l e a r l y  tha t  an s of 8, as used i n  t h e  iun;tei.ifam 

work, y i e lds  r ad ia l  d i s t r i b u t i o n  functions which, for water, show erroneous 

max 

f e a t u r e s  i n  t h e  regi.on of short radial .  d is tances .  

__ 4.4 Conclusions. We have compared t h e  experimenial r a d i a l  4istributian 

fuLnct ions wi th  curves computed. from proposed models of water s t ruc tu re ;  
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Fig. 6. Effect  of Cut-Off on the Radial D i s t r i b u t i o n  Function of 
Liquid Water ( 4 O C ) .  

. 



1 4 this work w i l l  be pi2esented elsewhere , and only a br ie f  summary i s  

given here.  

I a t e n s j t y  fwictions were computed Tor a model based on an anri.so- 

trop2xall .y expanded i c e - 1  structuye; occupancy of some of t h e  l a rge  

d.odecahcdra.1 c a v i t i e s  which occur i n  th5.s st-mcture was pelmitted . 'Yhe 

model i n t e a s i t y  functions a r e  i n  agreemeni; w i t h  Lhe x-ray da ta  over t h e  

whole raiiee of s c a t t e r i n g  angles. Radial dj~stributriori fu-nc Lions obtained. 

by Four i e r  inversion o f  -the model- 5.nLcnsity fuiictions are in agreenicnt with 

Lhose derived from experirnent t o  dis tances  of 10 8 a.nd beyond.. 

model, with pi-oper ad, jus tmeni; of nea res t  neighiuor dis ta;-nccs, t h e  rnca;r~-sq1rare - 

dispSacements of these an& longer range dj.sta.ilces, and %he d-egy-ee o f  occu... 

pancy oT c a v i t i e s  explains  t h e  x-ray data, over t h e  whole tempersLure range 

covered by our experiments. 

18 

The sa,mc 

Agreement of t'nis mode1., w i t h  t h e  diTf ractri.on d a t a  presented. here  

i s  necessary but riot in litself sufficteri t  f o r  proof of i.t,s reality. Lii  

similar ma.nnc:r, othe-tr proposed rnodels of' water which have a su.ffi.cien-tly 

d e t a i l e d  geometri-c b a s i s  'LO permit computation of' r a d i a l  d i s t r i b u t i o n  a n d .  

inie'tisi L y  f unc Lions c a n  be t e s t e d  aga3.m t Lhe d i f f r a c t i o n  dais, with agree- 

m e t i t  s necessary condjtion f o r  t h e  model. t o  be l;ena,bl.e. 

- 
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