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This paper  presents the  results of an internat ional  project  
conducted by the I.U.Cr. Commission on Crystallographic 
Apparatus.  The 16 laboratories tha t  par t ic ipated were 
located in the following nat ions:  U.S.A. 4, U.S.S.R. 3, 
Germany 2, U.K. 2, and 1 each in Australia, Canada, 
France, the Nether lands and Spain. Each laboratory was 
given uniform powder samples of diamond,  silicon and 
tungsten and used the same values for wavelengths,  
coefficients of thermal  expansion and refraction correc- 
tions. Most of the  laboratories used various convent ional  
film methods  which are briefly described. The table below 
shows the composite mean  value d in A at  25 °C., the 
s tandard deviat ion a computed from the reported mean  
values and the number  of mean  values used (omitt ing 
one mean  value which exceeded 3a for each substance), the 
approximate  number  of films and observers and the  per- 
cent agreement  calculated from (h ighes t - lowes t ) /mean .  
The agreement  among the laboratories was about  1 par t  
in 104; this includes random and systematic errors. This 
is much  lower than  the precision generally reported by 
the individual  laboratories and often claimed in the  
hterature.  

No. % 
values No. No. Agree- 

5 a used films obs. ment 

Diamond 3.56703±0-00010 6 22 10 0.009 
Silicon 5.43054_+ 0.00017 25 77 33 0.012 
Tungsten 3.16522±0.00009 14 43 20 0.010 

1. Introduction 
At meetings of the  In ternat ional  Union of Crystallography 
Commission on Crystallographic Apparatus held at Ma- 
drid, Spain, April 1956, it was decided to sponsor a project  
on the precision measurement  of lattice parameters  and 
the author  was selected to organize it. The pr imary 
objective was to determine the at tainable accuracy by 
comparing results obtained in several laboratories using 
the same specimens and constants.  Invi ta t ions  to par- 
t icipate were sent to well-known specialists, and secre- 
taries of the various nat ional  groups adhering to I.U.Cr. 
were invi ted to suggest addit ional  participants.  Reports  
were received from 16 laboratories in the  following 
nat ions:  Australia 1, Canada 1, France 1, Germany 2, 
the Nether lands 1, Spain 1, U.K.  2, U.S.A. 4, and U.S.S.R. 
3. The results described in this paper show the importance 
0f scientific collaboration on an international scale. 

The work was carried on from 1957 to 1959, was 
described in two prel iminary reports (Parrish, 1957, 1958) 
and was the  subject  of one of the  Conferences of the  
Commission held in Stockholm, Sweden, June  1959 
(see Acta Cryst. 12, 1054, 1959). The purpose of this 
paper  is to summarize the results of the first phase of 
the  project, which was l imited to measurements  of three 
cubic powder samples: diamond,  silicon and tungsten,  
in order to simplify the interpreta t ion of the results. 
Most of the  work was done using film methods  and con- 
vent ional  procedures which are described in the l i terature;  
see for example, Straumanis & Ievir}i (1940), Klug & 
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Alexander  (1954), Edmunds ,  Lipson & Steeple (Peiser, 
Rooksby & Wilson, 1955), Az£roff & Buerger (1958), 
and Parrish & Wilson (1959). 

There have been m a n y  publications in which a preci- 
sion of 1 par t  in 50,000, or 0.002%, has been reported.  
The highest  precision appearing in the  l i terature is tha t  
of Straumanis & Aka (1952), who report  0.00005% for a 
sample of high pur i ty  germanium. Weyerer  (1956a, b, c), 
comparing four different exper imental  methods,  reported 
a statistical error of +0.0002% and an uncer ta in ty  of 
0.001% in his results. The agreement  among the various 
laboratories in the present  tests was 0-01%, calculated 
from (h ighes t - lowes t ) /mean .  This involves systematic  
and random errors and is much lower than  the repor ted 
precision of the individual laboratories. 

2. Specimens 
Many factors were considered in the  selection of the  sub- 
stances for the tests. The most  impor tan t  factor was to  
have a large enough quant i ty  of the  substance to allow 
distr ibution of uniform samples to all the  investigators.* 
Cubic substances were chosen because they  require the  
measurement  of only a single parameter  and also are 
convenient  as internal  calibration standards.  Indexed  
diffractometer  charts of the  back-reflection region using 
unfi l tered Cu K radiat ion are shown in Fig. 1. 

The specimens were not  ideal in all respects, nor  is it 
possible to find the ideal specimen to fit all the  con- 
ditions. For  example, specimen t ransparency may  be the  
source of large systematic errors, and hence low absorp- 
t ion is desirable for transmission methods  and high ab- 
sorption for reflection. Diamond with only a few lines 
and none at very high angles (for Cu K radiation) made  
it somewhat  unfavorable for extrapolat ion methods,  but  
its extremely narrow lines and high peak-to-background 
ratio were ideally suited for precision angle measure- 
ments .  Silicon had  a larger number  of narrow lines, bu t  
the  tungsten  gave ra ther  broad lines. Nevertheless,  the  
substances used were probably bet ter  than  m a n y  sub- 
stances tha t  would be me t  in practice. 

Diamond powder is widely available throughout  the  
world for various industrial  purposes. I t  is supposed to 
be remarkably uniform because the powder is 'averaged'  
by crushing m a n y  thousands of d iamond crystals. I t  is 
frequently adulterated by the addition of quartz, corun- 
dum and other hard  colorless substances. An unadulter-  
a ted sample of Congo d iamond powder  with crystallites 
between 6# and 12# was used. No chemical analysis was 
made.  

Silicon powder and single crystals are widely available 
for transistor and other solid-state devices. Unfor tuna te ly  
the powder tends to be coated with a th in  layer of amor- 
phous silicon dioxide and its effect on the  lattice para- 
meter  has not  yet  been fully established. Several batches 

* Samples of the silicon and tungsten used in the tests are 
available free of charge by application to the author. 
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Fig. 1. Diffractometer ratemeter recordings of the back-reflection regions of diamond (top), silicon (middle), and tungsten 
(bottom). Cu K radiation, 40 kVp., 20 ma., full-wave rectified, line focus 1.6 × 10 ram. viewed at 3 °, angular aperture 4 °, 
two sets of Seller slits each with 4.5 ° aperture, receiving slit 0.10 °, scanning speed l o 20 rain. -z, scintillation counter with 
pulse-amplitude discrimination. 

of powder  were subjected to (optical) spectrographic, 
chemical and X-ray diffraction analysis. A th in  layer of 
powder in an open fused quartz vessel was placed in a 
fused quartz firing chamber  and hea ted  to 1000 °C. in a 
s t ream of chlorine. The silicon passed out of the chamber  
as SIC14 leaving a non-volat i le  whi te  residue of amorphous 
silica. The residue was tested by X-ray diffraction 
pat terns  sensitive to 0.1% of crystalline silicon. The 
amounts  of crystalline silicon and amorphous silica were 
de termined by weight  differences. Analyses of different 
crystallite-size fractions prepared by  air elutr iat ion 
showed tha t  the  percentage of amorphous silica in- 
creased inversely with crystallite size. Analysis of the  
powder used in this project  was: < 5F, 11.7% amorphous 
silica; 10-20F, 1.5%; 30-50#, 0-63%. Since a large frac- 
t ion of the  powder was < 10~ it was decided to use the 
powder  as received wi thout  air elutriat ion; its analysis 
was 3.5% amorphous silica, 96-5% crystalline silicon. 
Unfor tuna te ly  there  were enough larger crystallites 
(between 40/~ and 60/~) to cause spot ty  lines when the  
specimen was not  rotated.  The investigators were asked 
to use the powder as received, and the  few cases where 
the powder  was sieved are indicated below. Spectro- 
graphic analysis indicates tha t  the sample contained 
trace amounts  of Ca, Mg, Mn, Cu, A1, B, Ti and Fe. 
No a t t empt  was made  to determine the  concentrat ions 

quant i ta t ively,  bu t  it is unl ikely tha t  the  total  exceeds 
0-1%. 

Optical spectrographic examinat ion of the  tungs ten  
powder  showed small amounts  of Ca, Mg, Si, B and Cr. 
The weight  loss on firing in dry hydrogen at  1000 °C. 
to constant  weight  was 0.08%. A wet  chemical analysis 
showed 99-27% W, 0.19% F e t e  3, and 0.06% SiO2. By 
direct chlorination of the  tungs ten  powder 0.08% residue 
was obtained.  Thus the  powder  was between 99.27 % and 
99.92% W. 

3. P r o c e d u r e  

To avoid differences which would occur from the use of 
different constants  in the  calculations, a report  (Parrish, 
1957) was sent to all part icipants  listing the  values to be 
used by all investigators.  All  lattice parameters listed in 
this paper are in ~ngstrSm units at 25 °C. and corrected 
for refraction. 

Wavelengths 
The wavelengths used were those published by Lens- 

dale (1950), who mult ipl ied the values in the  Cauchois 
& Hulubei  Tables (1947) by 1.00202 to convert  k X  to A. 
(This conversion factor now appears to be low and 
probably 1.002037 (Bearden & Thomsen, 1959; DulVlond, 
1959) should be used, bu t  this does not  influence the 
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i n t e r p r e t a t i o n  of  t h e  r e s u l t s  r e p o r t e d  here ) .  W h e r e  t h e  
d o u b l e t  w a s  u n r e s o l v e d ,  t h e  w e i g h t e d  m e a n  ( 2 K a  1 + Ka2) /3  
w a s  u s e d .  M o s t  of  t h e  w o r k  w a s  d o n e  w i t h  Cu  K r ad i a -  
t i on .  

T a b l e  1. Compi la t ion  of  i nd iv idua l  results f o r  d iamond,  
A, 25 °C. 

Code No. Observa t ions  Lat t ice  pa rame te r  a) 

l a  F i lm 1, Obs. A 3.56673±0"00008 b) 
lb  F i lm 1, Obs. B 680 006 b) 
lc  F i lm 2, Obs. A 607 021b) 
l d  F i lm 2, Obs. B 672 011 b) 
le Avg. la to Id 3 . 5 6 6 5 8 + 0 . 0 0 0 1 3 c )  

3a Film 1, avg. 2 obs. 3"56684 
3b F i lm 2, avg. 2 obs. 682 
3e F i lm 3, avg. 2 obs. 686 
3d F i lm 4, avg. 2 obs. 695 
3e F i lm 5, avg. 2 obs. 690 
3f F i lm 6, avg. 2 obs. 687 
3g F i lm 7, avg. 2 obs. 690 
3h  Avg.  3a to 3g 3 " 5 6 6 8 8 i 0 " 0 0 0 0 3  d) 

6a F i lm 1, Obs. A 3.56706 
6b F i lm 2, O b s . . 4  683 
6c F i lm 3, Obs. A 730 
6d Fi lm 4, O b s . . 4  665 
6e F i l l  5, O b s . . 4  715 
6f Avg. 6a to 6e 3"56700±0"00021 e) 
6g Fi lm 1, Obs. B 3.56717 
6h Fi lm 2, Obs. B 691 
6i F i lm 3, Obs. B 700 
6j F i lm 4, Obs. B 718 
6k Fi lm 5, Obs. B 3.56704 
61 Avg. 6g to 6k 3.56706i0.00009 e) 
6m Avg. 6f and 61 3.56703+0.00006f), g) 

I I Avg. 3 obs. 3-56719 i 0.000061) 

13a  Diffract .  m e t h o d  (a) 3 " 5 6 7 0 9 + 0 " 0 0 0 1 3  h) 
13b  Diffract .  m e t h o d  (b) 3 " 5 6 7 0 5 ± 0 " 0 0 0 0 9  h) 

16 Avg.  7 films 3 . 5 6 6 9 6 1 0 . 0 0 0 0 7 0  

a) See descr ipt ion of each Code for discussion of error limits. 
b) Variance.  
c) Var iance  of variances.  
d) P robab le  error. 
e) 95 % confidence level. 
f )  S t anda rd  deviat ion.  
g) 95 % confidence level l imits :k0.00014. 
h) Method  of comput ing  errors  no t  given. 
i) S t a n d a r d  devia t ion  of ins t rumenta l  and m e a s u r e m e n t  

errors, see text. 
j) Maximum error. 
k) Er ror  limits es t imated .  
l) Devia t ions  of resul ts  of different  readings f rom mean  

value  of a single film. 
Fi rs t  n u m b e r  refers to d iameter  of glass fibre and  second 
n u m b e r  to overall  specimen diameter .  

m) 

T a b l e  2. Compi la t ion  of  ind iv idua l  results f o r  silicon, 
A, 25 oc. 

Code No. Observa t ions  Lat t ice  pa r ame te r  a) 

l a  F i lm 1, Obs. A 5-43052±0.00006 b) 
l b  F i lm 1, Obs. B 116 018 b) 
lc  F i lm 2, Obs. A 054 004 b) 
l d  F i lm 2, Obs. B 062 004 b) 
l e  Avg. l a  to l d  5"43071- t -0"00010 c) 

T a b l e  2 (cont.) 

Code No. Observa t ions  

2a Unicam,  Fi lm 1, Camera 1 
2b Unicam,  Fi lm 2, Camera 2 
2c Unicam,  Fi lm 3, Camera  2 
2 d  Avg. 2a to 2c 

2e Philips, F i l l  1 
2f Philips, F i lm 2 
2g  Avg. 2e and 2f 

3a F i l l  1, Obs. A 
3b Fi lm 1, Obs. B 
3c FiLm 2, Obs. A 
3d Fi lm 2, Obs. B 
3e Fi lm 3, Obs. A 
3f Fi lm 3, Obs. B 
3g F i l l  4, Obs. A 
3h Fi lm 4, Obs. B 
3i F i lm 5, Obs. A 
3j F i lm 5, Obs. B 
3k Fi lm 6, Obs. A 
31 Fi lm 6, Obs. B 
3m Avg. films 1 to 6, Obs. A 
3n Avg. films 1 to 6, Obs. B 
30 Avg. 3a to 31 

4a F i l l  1 
4b Fi lm 2 
4c Fi lm 3 
4 d  Avg. 4a to 4c 

5a Spec. 1, Obs. A 
5b Spec. 2, Obs. B 
5c Spec. 1, 0bs .  A 
5d Spec. 2, Obs. B 
5e Avg. 5a to 5d 

6a F i l l  l, Obs. A 
6b Fi lm 2, Obs. A 
6e F i lm 3, Obs. A 
6d Film 4, 0bs. A 
6e Avg. 6a to 6d 
6f F i l l  2, Obs. A 
6g Fi lm 2, Obs. B 
6h Fi lm 2, Obs. C 
6i Fi lm 2, Obs. D 
6j Avg. 6f to 6i 
6k F i l l  2, Obs. A 
61 Avg. 6b, 6f and 6k 
6 m  Avg. 6e and 6j 

7a Fi lm 1 
7b Fi lm 2 
7c Fi lm 3 
7d  Avg. 7a to 7c 

8 (?) 

Lat t ice  pa r ame te r  a) 

5.43045 
046 
051 

5 .43047  -t- 0 - 0 0 0 0 5 f  ) 

5.43051 
059 

5.43055-V 0 -00007f )  

5.43056 
057 
032 
036 
053 
043 
023 
017 
036 
039 
051 
050 

5.43041 
5.43040 

5-43041 ! 0"00009 d) 

5-43064 
079 
073 

5 .43072  q- 0 -000080  

5.4308x 
07x 
08x 
07x 

5 . 4 3 0 7 6 1 0 . 0 0 0 0 7  k) 

5.42991 
5"43026 

054 
038 

5" d3027 ± O" 00019 e) 
5"43030 
5"42997 
5"42961 
5.43065 
5" 43013 ± O" 00032 e) 
5"43017 
5"43034± O'O0005f) 

5 . 4 3 0 2 0 ±  0-0001 l f )  

5"43092 
O8O 
O86 

5"43086 ± 0"00004 h) 

5"42949 + 0" 00005  h ) 

9a  Avg. 7 films, 2 D.-S. 
cameras  5 .43040  q- 0 .00005  h) 

9 b  Avg. 3 f i l l s ,  Foe. mono.  5 . 4 3 0 5 x q - 0 - 0 0 0 2 x  h) 

lOa Avg. 6 f i l l s ,  coarse coll. 5.4304x~ O.O006x h) 
lOb Avg. 6 f i l l s ,  fine coll. 5.4304x:J: O.O006x h) 
1 0 c  Avg. 10a and 10b 5 .4304x : t :  0"0006w h) 

11 Avg. 3 obs. 5 . 4 3 0 5 2 + 0 . 0 0 0 0 6 f )  

12a  Cr K 5"43056  :]: 0"00015  a) 
12b  Cu K 5 .43061 ± 0 .00015  a) 
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Code No. 

13a 
13b 
13c 

Tab le  2 (cont.) 

Observations Lattice parameter  a) 

Diffract. method (a) 5.43019 ± 0-00015 h) 
Diffract. method (b) 5.43034 4- 0.00015 h) 
D.-S. camera 5.4303X-{- 0. O002X h) 

14a D.-S., Cu, Ni, Co unfilt. 5-43070 
14b D.-S., Cu, Ni, Co unfilt. 071 
14e D.-S., Cu, Ni, Co unfilt. 057 
14d Avg. 14a to 14e 5-43066={=0"00004 a) 
14e D.-S., Cu unfilt. 5.43057 
14f D.-S., Cu unfflt. 052 
14 2 Avg. 14e and 14f 5.43055+0"00004(?)a) 

14h Flat  plato, Cu flit., 
Co unfilt. 5.43068 

14i Flat  plato, Cu fllt., 
Ni & Co unfilt. 070 

14j Flat  plate, Cu tilt., 
Ni & Co unfilt. 067 

14k Flat  plate, Cu tilt., 
Ni & Co unfilt. 069 

141 Flat  plate, Cu tilt., 
Ni & Co unfilt. 069 

14m Avg. 14h to 141 5.43069+0.00001a)  

14n Symm. b.r.f., Cu flit., 
Ni & Co unfilt. 5.43061 

14o Symm. b.r.f., Cu flit., 
Ni & Co unfilt. 055 

14p Symm. b.r.f., Cu flit., 
Ni & Co unfilt. 065 

14q Symm. b.r.f., Cu filt., 
:Ni & Co unfilt. 067 

14r Symm. b.r.f., Cu tilt., 
Ni & Co unfilt. 065 

14s Avg. 14n to 14r 5"430634-0"00002 a) 

15a Peaks 5.43065 
15b Peaks 068 
15e Peaks 068 
15d Avg. 15a to 15e 5"43067±0"00003 h) 

16a Avg. 3 films, Cr Kfl 5.43063+0.000160  
16b Avg. 5 films, Co Koq,2 5.430514-0.000110 
16c Avg. 5 films, Cu Ka l  5 .43058±0-000080 

For explanation of superscripts see the footnote of Table 1. 

Tab le  3. Compi la t ion  o f  i nd i v idua l  results f o r  tungsten,  
A, 25 °c .  

Code No. 

la  
lb 
le 
ld  
l e  

2a 

2b 

2c 

2d 
2o 

2f 

2g 

Observations 

Film 1, Obs. A 
Film 1, Obs. B 
Film 2, Obs. A 
Film 2, Obs. B 
Avg. la  to ld  

Unicam, undil, spec., 
90/120m), 1st read. 3.16524 

•nicam, undil, spec., 
90/120m), 2nd read. 508 

Unicam, undil, spec., 
90/120m), 3rd read. 

Avg. 2a to 2e 
Unicam, dil. spec., 

70/130, 1st read. 
Unicam, dil. spee., 

70/130, 2nd read. 
Unicam, dil. spot., 

70/130, 3rd read. 525 

Lattice parameter  a) 

3.16530 -t- 0.00020 ~) 
533 030 b) 
517 018 b) 
520 018 b) 

3" 16525 q- 0"00022c) 

527 
3.16519 + 0.00008 Z) 

3.16522 

515 

Tab le  3 (cont.) 

Code No. Observations Lattice parameter  a) 

2h Avg. 2e to 2g 3.16521±0"00004 z) 
2i Unicam, dil. spec., 

40/260, 1st read. 3.16515 
2j Unicam, dil. spec., 

40/260, 2nd read. 511 
2k Unicam, dil. spec., 

40]260, 3rd read. 503 
21 Avg. 2i to 2k 3"16509+0"00005 Z) 
2m Unicam, dil. spec., 

40/260, 1st read. 3.16496 
2n Unicam, dil. spec., 

40/260, 2nd read. 504 
2o Unicam, dil. spec., 

40/260, 3rd read. 504 
2p Unicam, dil. spec., 

40/260, 4th read. 505 
2q Avg. 2m to 2p 3"165024-0"00004 ~) 
2r  Avg. 2d, 2h, 21, 2g 3 .16513±0-00005f)  

2s Philips, undil, spec., 
110/170, 1st read. 3-16534 

2t Philips, undil, spec., 
110/170, 2nd read. 3" 16537 

2u Philips, undil, spec., 
110/170, 3rd read. 536 

2v Avg. 2s to 2u 3"165364-0"00002 t) 
2w Philips, dil. spoc., 

160/360, 1st read. 3.16525 
2x Philips, dil. spec., 

160/360, 2nd read. 520 
2y Philips, dil. spec., 

160/360, 3rd read. 528 
2z Avg. 2w to 2y 3.16524+0.000030 
2z'  Avg. 2v and 2z 3.16530:JzO.OOOO3f) 

3a Film 1, (400)a 1 3.16509 
3b Film 1, (420)fl 525 
3e Film 2, (400)~ 1 510 
3d Film 2, (420)fl 518 
3o Film 3, (400)c h 512 
3f Film 3, (420)fl 500 
3g Film 4, (400)a 1 509 
3h Film 4, (420)fl 520 
3i Film 5, (400)~1 526 
3j Film 5, (420)fl 516 
3k Film 6, (400)a 1 510 
31 Film 6, (420)fl 514 
3m Avg. 6 films, (400)a 1 3"16513 d) 
3n Avg. 6 films, (420)fl 3.16515 
30 Avg. 6 films, 

(400)a 1 and (420)fl 3.16514 ~: 0.00005 a) 

6a Film 1, Obs. A 3.16500 
6b Film 2, Obs. A 483 
6c Film 3, Obs. A, 1st read. 466 
6d Film 3, Obs. A, 2nd read. 487 
6e Film 4, Obs. A 510 
6f Avg. 6a to 6e 3"16489±0"00013 e) 
6g Film 1, Obs. B 3.16495 
6h Film 2, Obs. B 479 
6i Film 3, Obs. B, 1st read. 518 
6j Film 3, Obs. B, 2nd read. 557 
6k Film 4, Obs. B 505 
61 Avg. 6g to 6k 3"16511±0"000021 e) 
6 m  Avg. 6f to 61 3 .16500±0.000085)  

8 ( ? )  3.16491 + 0.00005 h) 

9a Avg. 7 films, 2 spec. 0" 1 
ram., R K U  95 & 114 3.16531 

A C 13 - -  56 
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T a b l e  3 (cont.) 

Code No. Observations Lat t ice parameter  a) 

9b Avg. 3 films, 1 spec. 0.1 
rnm., R K U  95 3"16530 

9c Avg. 4 films, 3 spec. 0.1 
ram., R K U  95 & 114 3"16527 

9d Avg. 2 films, 1 spec. 0-4 
ram., R K U  95 & 114 3.16532 

9e Avg. 9a to 9d 3.16530=[=0.00004 n) 

11 Avg. 3 obs. 3 . 16523~0 .000045)  

12a  Cu Keel, ~ 3 . 1 6 5 3 1  -}- 0 . 0 0 0 1 0  a) 
1 2 b  W L~ z 3.16532=k0.00010 a) 

13a  Diffract. m e t h o d  (a) 3 .16528:[ :0 .00013 h) 
13b Diffract. m e t h o d  (b) 3 .16517:~0 .00007  a) 
13c  D.-S. camera 3 .16533 :k0 .00030  h) 

16a  Avg. 4 films, CoKa, ,  ,~ 
16b  Avg. 4 film,% CuKal, ~, Kfl 

3.16519-]- 0 .000060 
3 . 1 6 5 2 1  ~ 0 . 0 0 0 0 7 0  

For  explanat ion of superscripts see also footnote of Table 1. 

T h e  X - r a y  spec t r a l  l ines n o r m a l l y  u s e d  for  th is  app l i ca -  
t i o n  h a v e  d i f f e r en t  b r e a d t h s  a n d  a s y m m e t r i e s  ( B e a r d e n  
& Shaw,  1935), w h i c h  m a y  in f luence  t h e  d e t e r m i n a t i o n  
of t h e  r e f l ec t ion  angles ,  a n d  h e n c e  t h e  v a l u e  d e r i v e d  for  
t h e  l a t t i c e  p a r a m e t e r .  I n  fac t ,  t h e  Kal ,  K a ,  a n d  Kfl lines 
f r o m  t h e  s a m e  t a r g e t  u s u a l l y  s h o w  cons ide rab l e  differ-  
ence.  S e p a r a t e  a v e r a g e  va lues  a re  t h e r e f o r e  g i v e n  in 
Tab les  1-2 a n d  Figs .  2 -4  for  each  X - r a y  t u b e  t a r g e t  

3"56730 

2o- , . , _ o  , 720 . 

(+) 

~-s6 -3"sa°3- i t -  -_ )  

69o T J- 6m 
T 16 
3h -2o'- 

580 

3o- 
670 

660 

65O 

l e  
;~'56640 

:Fig. 2. Distr ibut ion of individual  mean  values (heavy short  
horizontal  lines) of latt ice paramete r  of d iamond and _+ error 
l imits (vertical lines) reported by various laboratories 
(Code numbers  on bot tom).  The do t ted  lines show the  
composite  mean  of the  mean  values and the  s tandard  
deviation, Code ~To. le omit ted.  

used ,  e v e n  t h o u g h  th i s  p r o c e d u r e  a l l owed  t w o  or  t h r e e  
v a l u e s  f r o m  s o m e  l abora to r i e s .  H o w e v e r ,  t h e  f o r m a t  of  
s o m e  r e p o r t s  d i d  n o t  p e r m i t  t h i s  s e p a r a t i o n  a n d  in  n o  
case was  i t  poss ib le  to  s e p a r a t e  d a t a  d e r i v e d  f r o m  t h e  
i n d i v i d u a l  s p e c t r a l  l ines  of t h e  s a m e  t a r g e t .  T h i s  p r o b l e m  
wil l  h a v e  to  be  c o n s i d e r e d  in f u t u r e  p rec i s ion  work .  

Thermal expansion* 

I n  m o s t  cases  t h e  e q u i p m e n t s  w e r e  p r o v i d e d  w i t h  
t h e r m o s t a t i c  c o n t r o l  of t h e  s p e c i m e n ,  b u t  in  s o m e  cases  
t h e  a m b i e n t  t e m p e r a t u r e  was  c o n t r o l l e d  a n d  r e c o r d e d  t o  
a p p l y  t h e  t e m p e r a t u r e  co r rec t ion .  Al l  m e a s u r e m e n t s  
we re  m a d e  n e a r  r o o m  t e m p e r a t u r e .  T h e  coef f ic ien t  of  
t h e r m a l  e x p a n s i o n  c~ was  low for  all s u b s t a n c e s :  d i a m o n d  
1-1 × 10 -0 (Sk inner ,  1957); s i l icon 4.2 × 10 -6 ( S t r a u m a n i s  
& A k a ,  1952); a n d  t u n g s t e n  4-3 x 10 -6 (Michel,  1938). 
Al l  va lue s  l i s ted  in  t h e  t ab l e s  h a v e  been  c o r r e c t e d  t o  
25 °C. b y  m e a n s  of t h e  f o r m u l a  

ar~ =aT1[1 + a(T~ - T1) ] . 

Refraction 
All  m e a s u r e m e n t s  w e r e  c o r r e c t e d  for  r e f r a c t i o n  b y  

a d d i n g  to  t h e  l a t t i ce  p a r a m e t e r  o b t a i n e d  f r o m  e x t r a -  
p o l a t i o n  or  leas t  squares ,  etc. ,  a n  a m o u n t  ( 1 - n ) a ,  w h i c h  
can  be  c a l c u l a t e d  for  cubic  c rys ta l s  f r o m  t h e  e x p r e s s i o n  

( 1 - n ) a  = 4 . 4 7  x IO-6(~./a)~XA, 

w h e r e  n is t h e  r e f r ac t i ve  i ndex ,  a t h e  l a t t i ce  p a r a m e t e r ,  
~t t h e  w a v e l e n g t h  in  l ~ n s t r S m  un i t s ,  a n d  27A t h e  s u m  of  
t h e  a t o m i c  n u m b e r s  of t h e  a t o m s  in t h e  u n i t  cell (L ipson  
& Wi l son ,  1941). T h e  co r r ec t ions  for  Cu Kc~ a re :  d i a m o n d  
0-00004, s i l icon 0.00004, a n d  t u n g s t e n  0.00016 A.  

4.  I n s t r u m e n t a t i o n  a n d  m e t h o d s  

T h e  i n s t r u m e n t s  a n d  m e t h o d s  e m p l o y e d  w e r e  d e s c r i b e d  
in t h e  r e p o r t s  s u b m i t t e d  b y  t h e  v a r i o u s  i n v e s t i g a t o r s  a n d  
are  a b s t r a c t e d  be low.  W h e n  w e l l - k n o w n  m e t h o d s  w e r e  

* Note Added in Proof.--The exact  value of the  coefficient 
of thermal  expansion a of d iamond powder  at  room tempera-  
ture  is no t  known.  Prof. B. Pos t  (private communica t ion ,  
14 Aug. 1960) using a counter  diffractometer  obtained an  
average value 0.33 x 10 -8 on a clear single crystal  plate cu t  
parallel to (111) in the  t empera tu re  range 100 to 300 °K 
and found tha t  a was increasing rapidly in the  vicinity of 
room temperature .  Skinner (1957) reports  an  average value 
of his measurements  on single crystals and powders,  and  
those of others, to be 1.06× l0 -6 at  25 °C; he obtained 
0.844 × 10 -6 for commercial  d iamond powder.  St raumanis  and  
Aka  (1951b) give an average value of 1.32 × 10 -6 for whi te  
clear d iamond be r t  in the  t empera ture  range 10-50 °C., and  
Straumanis  (1953) gives 1.38 × 10 -6 for white d iamond powder .  
Dame K. Lonsdale (private communicat ion,  13 June  1960) 
points  out  1) she obtained values of a=3.56000_+0.00005 to  
3.55942_+0.00010 kX.  on various d iamond single crystals 
using the  divergent  beam method ,  2) d iamonds from diffe- 
ren t  localities m a y  give different values of a and c¢ depen- 
ding on their  impur i ty  content ,  3) synthet ic  d iamond powder  
contains up  to about  4 % of impurities,  most ly  Si and lqi. 

Dame Lonsdale also notes  t ha t  there  are no X-ray  mea- 
surements  of the  thermal  expansion of tungsten.  The  value 
given by Michel (1938) is a = 4 . 3 × 1 0  -6 at  100°C. wi thout  
giving references, exper imental  da ta  or other  justification. 
Nix and Mac Nair (Phys. Rev. 61, 74, 1942) obtained a value 
of 4 .7× 10 -6 for the  range 0 to 27.5 °C. by macroscopic 
m e a s u r e m e n t s .  
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Fig. 3. Distribution of individual mean values (heavy short horizontal lines) of lattice parameter of silicon and _+ error limits 
(vertical lines) reported by various laboratories (Code numbers on bottom). The dotted lines show the composite mean of 
the mean values and the standard deviation, Code No. 8 omitted. 

used the  descriptions have  been l imited to the  informa- 
t ion per t inen t  to the proper  unders tand ing  of the eondi.  
tions employed.  R a t h e r  longer descriptions are given for 
the less wel l-known methods .  The size of the camera  is 
a lways indicated by  the  d iamete r  in cent imeters  or the  
specimen-to-fi lm dis tance in the flat-cassette cameras.  

Cylindrical Debye-Scher re r  cameras  were used for mos t  
of the work:  19 cm. (6 sets of data) ,  11-46 cm. (14), 9 cm. 
(2), and 6.4 cm. (5) ; symmetr ica l  back-reflection focussing 
camera  (4), flat cassette in back-reflection (5), focussing- 
monoehroma to r  camera  (1), and  counter  di f f ractometer  
(5). This section is thus  a compilat ion of the  methods  
cur rent ly  employed with film ins t rumenta t ion  for preci- 
sion la t t ice-parameter  de terminat ion .  

Unless otherwise s ta ted  extrapolat ions refer to the  
l inear ext rapola t ion  of the  da ta  to 20 = 180 ° using the 
function 

=½[(cos ~- O)/(sin 0)+  (cos~ 0)/(0)] 

der ived by  Taylor  & Sinclair (1945) and  Nelson & Ri ley 
(1945). Those eases where  the  higher-anglo reflections 

56* 

were weighted  (Hess, 1951) are indicated.  No t  all the  
investigators used ext rapola t ion methods  and  a t  the  
Stockholm Conferences a n u m b e r  of speakers deba ted  
the  value of such procedures.  

A code n u m b e r  is used for each labora tory  only to 
facil i tate identif icat ion of the  da ta  in the  tables and  
figures wi th  their  source, and  the  n u m b e r  has no other  
meaning.  The code n u m b e r  usual ly is followed by  a 
le t ter  to separate  the individual  sets of da t a  from the 
same laboratory.  

Code .No. 1 

W. G. Perdok,  Kristal lografisch Ins t i tuu t ,  Ri jksuniver-  
siteit, Groningen, the  Nether lands .  

Un icam $70 camera,  19 cm. modified and  cal ibrated 
by  De Boer (1957) for precision measurements .  Specimen 
thermosta t ica l ly  control led at  25 ° _+0.05 °C. Rad ia t ion :  
Cu K~z, 2- 

Visual compara to r  readings of films to 0.001 ram. 
Two films of the  same specimen of each substance  
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Fig. 4. Distribution of individual mean values (heavy short 

horizontal lines) of lattice parameter of tungsten and 
_ error limits (vertical lines) reported by various labora- 
tories (Code numbers on bottom). The dotted lines show 
the composite mean of the mean values and the standard 
deviation, Code No. 8 omitted. 

measured  by  two observers. Lines measured :  d iamond 
(331), (400); silicon (444), (531), (620); tungs ten  (400), 
(321). 

Least-squares me thod  (Cohen, 1935) applied wi thout  
weight ing using 

Aoa~ + Dd~ -- sin ~ 0(ca l c .  ) . 

The error limits in the lat t ice pa ramete r  (Je t te  & Foote,  
1935) were calculated from the  variance of 

/1 s i n  = 0 : s i n  ~" 0 (ca lc .  ) - - s i n  = 0 ( m e a s .  ) . 

The error limits of the average values were calculated 
from the variance of the variances of the different films. 

Code 570.2 

M. H.  F rancombe  (silicon) and  A. A. Balchin (tungsten),  
Research Labora tory ,  The General Electr ic  Co., Ltd. ,  
Wembley,  U .K.  

Two cameras:  Unicam 19 em. and  Philips (Parrish & 
Cisney, 1948) 11.46 cm. Unicam cal ibrated by direct  
measu remen t  of knife edges to 3 par ts  in 105 (Lipson & 
Wilson, 1941). Un icam aper ture  about  1.6°; 'high- 
resolution'  coll imator used in Philips camera.  Specimens 
centered  with  low-power microscope. Room tempera tu re  
control;  es t imate  of specimen t empera tu re  to about  1 °C. 
for silicon and  + 0.1 °C. for tungsten.  Cu Kaz, 3, Cu Kfl. 

Films measured with travelling microscope and vernier 
reading to 0.01 ram. Corrections were applied for film 
shrinkage,  which was assumed to be uniform. Films of 
silicon read by  2 or 3 different observers, each observer 
repeat ing readings twice. Films of tungs ten  read 3 or 4 
t imes by same observer;  readings checked by differences 
and  those wi th  inconsistencies were repeated.  

Silicon mixed with  equal volume of gum t ragacanth ,  
m o u n t e d  on 0.07 to 0.12 mm.  d iameter  Lindemann-glass  
fibres; overall  specimen d iameter  0.20 to 0.28 ram., the 
smaller  sizes used in Philips camera.  Tungsten  prepared  
undi lu ted  and  also di luted wi th  three volumes of gum 
t r agacan th  and  several fibre diameters  used. 

Silicon: extrapolat ions wi thout  weight ing of all values  
of ~<0.33.  Er ro r  limits based on m a x i m u m  differ- 
ence between ext rapola ted  values obta ined by  each 
camera  (Unicam, 0.00006 A; Philips, 0-00008 /~), errors 
in the extrapolat ion procedure  and  those due to tem- 
pera ture  control  (+__0.00002 A). Tungs ten :  extrapola-  
tions wi th  each value weighted (Hess, 1951) proport ional  
to csc~(180°--20) for ~<0 .5 .  Er ro r  limits correspond 
approximate ly  to the deviat ions of results of different 
readings from the mean  value of a single film. The limits 
of the average value of all the  averages was computed  
as the s tandard  deviat ion.  

Code .No. 3 

M. E. S t raumanis  and W. J .  James ,  School of Mines 
and  Metallurgy, Univers i ty  of Missouri, Rolla, Missouri, 
U.S.A. 

St raumanis  (1949) precision 6-4 cm. camera.  Specimen 
t empera tu re  thermosta t ica l ly  control led to 30_+0.02 °C. 
(Straumanis,  1953). 

Precision f i lm-measuring device (Straumanis,  1953). 
Each  film measured  twice, once by each invest igator .  
~-angle given to 0.0001 °, a l though differences exceeding 
0.05 ° are listed for some readings. Six films of the  same 
specimen m o u n t  obtained for each of the three sub- 
stances. D iamond:  Co Kfl (331); values listed in Table 1 
were calculated from the mean  ~-angle obtained by  both  
investigators on each film. Silicon: Cu Ka z (444); values 
listed in Table 2 were calculated from ~-angles measured  
by each investigator.  Tungs ten:  Cu Kal  (400) and Cu Kfl 
(420); values listed in Table 3 were calculated from the  
mean  ~-angle of each reflection measured by  bo th  
investigators on each film. 

Specimens moun ted  on Lindemann-glass  fibres 0-09 
ram. d iameter  using a th in  layer  of a mixt, ure of ell and  
stopcock grease. Overall specimen diameters  0-12 m m .  
for silicon and diamond,  0-10 to 0.11 ram. for tungsten.  

Lat t ice  parameters  calculated from mean  observed 
C-angles of a single reflection on each f i l l  of d iamond 
and silicon, and two reflections of tungsten.  The error  
limits of the final average value are given in terms of 
the probable error. No extrapolat ions used and no cor- 
rections applied for systemat ic  errors as investigators 
s tate  such errors are negligible in their  method .  For  
fur ther  details of this widely used method ,  see S t raumanis  
& Ieviq~ (1940), St raumanis  (1949, 1953). 

Code No. 4 

J .  Adam,  Metal lurgy Division, Atomic Ene rgy  Research  
Es tab l i shment ,  Harwell ,  Didcot ,  Berks, U .K. .  

Precision 19 cm. camera  cal ibrated to 0.002 ° (Adam, 
1954). Specimen temperature controlled to _+0.2 °C. 
Cu K unfil tered.  

To avoid errors due to non-uni form film shrinkage a 
scale from an accurate  glass negat ive  was pr in ted  on 
each film before processing and was subsequent ly  used 
as a reference. A series of measurements  showed t ha t  
the  greatest  deviat ions from uniform film shrinkage 
occurred a t  the ends of the  film, and therefore are 
probably  associated wi th  the  drying process. F i lm 
measur ing device const ructed in their  labora tory  
uses an i l luminated glass fibre projected  onto the  
film as a reference line. Measurements  were made  wi th  
respect to the pr in ted  scale on each film. Sta ted  accuracy  
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a t t a inab le  ±0.005 mm.  and  reproducibi l i ty  on sharp 
X- ray  lines ± 0.01 mm.  

Specimen powder  placed in thin-walled silica capil lary 
0.3 ram. d iameter  and  10 mm.  long. 

Ex t rapo la t ion  to 0 =90  °. Er ror  limits given as the  
m a x i m u m  deviat ion.  

Code .No. 5 

L. E.  Alexander  and  G .G.  Summer,  D e p a r t m e n t  of 
Research  in Chemical Physics,  Mellon Ins t i tu t e  of In-  
dust r ia l  Research,  P i t t sburgh  13, Pennsylvania ,  U.S.A. 

Norelco 11.46 cm. s t andard  camera  (Parrish & Cisney, 
1948). Tempera tu re  controlled to 22"8 ± 0-5 °C. by regulat-  
ing air-condit ioning of laboratory.  Exposures  12 hr. 
Cu K a l ,  2. 

Device for measur ing films improved over one pre- 
viously described (Klug & Alexander ,  1954, p. 322). 
Precision ±0.01 ram. a t ta inable  bu t  qual i ty  of films 
reduced  precision to abou t  ± 0.02 mm.  Two films of two 
specimen mounts ,  each measured  by  both authors.  

Specimen powder  packed  in thin-walled glass capillaries 
0.3 mm.  inside diameter .  Powder  was ground to el iminate 
larger particles. 

Ex t r apo l a t ed  best  s t ra ight  line based on points wi th  
< 0.8, giving most  weight  to points from resolved lines. 

The  error limits are es t imated.  

Code .No. 6 

Kar l  E.  Beu, Physical  Measurements  Depar tmen t ,  
Goodyear  Atomic Corp., Por t smouth ,  Ohio, U.S.A. 

Norelco 11.46 cm. s t andard  camera  and collimator.  
Line focus of X- ray  tube  used to obtain sharper  rings 
than  could be obta ined wi th  square focus (but no special 
correct ion appears to have  been made  to allow for the 
increased axial divergence).  Room tempera tu re  recorded 
ad jacen t  to camera  dur ing exposure, and  average spec- 
imen t empera tu re  taken  as one-half of the sum of the 
extremes.  Cu K a l ,  2, Cu Kfl .  

Norelco f i lm-measuring device reading direct ly to 
0-05ram. and  est imates made  to one-half this value;  
l ineari ty of scale not  checked. Four  of five f i l l s  prepared 
from one specimen m o u n t  of each substance.  Four  in- 
vest igators measured  the films of silicon and two mea- 
sured the films of d iamond and tungsten.  

Und i lu ted  powders packed in thin-walled glass capil- 
laries 0-2 ram. inside d iameter .  Two s t ra ight  extrapola- 
t ion lines, one of m a x i m u m  and the  other  of m i n i m u m  
slope were d rawn through all points wi th  ~ < 0.33, with- 
out  weighting.  The lat t ice pa rame te r  for each determina-  
t ion was t aken  as the value lying m i d w a y  between the 
intercepts  of these lines a t  ~ = 0. S tandard  deviat ions and 
95% confidence limits were calculated from 10 such 
de termina t ions  each for d iamond and  tungs ten  and 9 
for silicon, and  the  type  of error limits is indicated in 
the  tables;  the error limits in the figures represent  start- 
da rd  deviations.  

Code .No. 7 

B. M. Rovinskij  and  E . P .  Kos t jukova ,  Ins t i tu te  of 
Machine Sciences, Academy  of Sciences of the  U.S.S.R.,  
Moscow, U.S.S.R. 

Precision back-reflect ion flat-cassette camera  wi th  
specimen-to-fi lm dis tance about  6 cm. Collimator consists 
of two parallel slits 0.008 cm. wide and 4 cm. apart .  

Room tempera tu re  control led and  average specimen 
t empera tu re  es t imated  to ± 0.5 °C. in one exposure and  
±0.2  °C. in o ther  two exposures. Specimen and  film 

rota ted .  Emuls ion  on one side of double-coated film 
removed.  Exposures  10 to 16 hr. Cu K a  t. 

Films measured  wi th  compara tor  (I3A-2) to 0.001 ram. 
Diamete r  of each r ing measured  30 t imes on each of 
3 photographs.  Two reflections (533) and (444) were used. 

Powder  mixed  wi th  amyl  ace ta te  binder  and  prepared  
as a flat surface 0.6 cm. diameter ,  0-05 cm. thick.  

Writers  s ta te  the rat io of the diameters  of two arbi- 
t rar i ly  chosen Debye-Scher re r  rings in the back-reflect ion 
region is independent  of sample-to-fi lm distance, f i l l  
shrinkage and  similar factors, so tha t  

dl(hllqll)/d2(h21¢212) = t an  (~ - 201)/tan (~ - 202) = f ( a )  = K .  

A graphical  plot  was used to de termine  K = d(533)/d(444) ,  
using the mean  values of the 30 readings. They  assume 
ins t rumenta l  and geometr ical  errors to cause < 0.00001 A 
error in the lat t ice pa ramete r  and thus no corrections are 
required.  A description of the me thod  has recent ly  been 
published in English (Rovinskij & Kost iukova,  1958, see 
also Rovinski j ,  1940). 

Code N o .  8 

A. F. Ievio~, Chemistry Depar tmen t ,  La tv ian  State 
Univers i ty ,  Riga, La tv ian  S.S.R., U.S.S.R.  

Debye-Scher re r  6.3 cm. camera  (Straumanis  & Ievio~, 
1940) wi th  cylindrical  0.08 cm. d iameter  d iaphragm.  
Measurements  on silicon made  a t  21.8 °C., and those on 
tungs ten  a t  27.25 °C. Cu K a  t for silicon and Ni K a  1 for 
tungsten.  

F i lm-measur ing device s ta ted  to have  precision of 
0"01 ram. 

Silicon powder  m o u n t e d  on L indemann  glass fibre 
0.07 ram. d iamete r  and overall specimen d iamete r  was 
0.1 mm.  

No extrapolat ions  used. Lat t ice  pa ramete r  de te rmined  
from single line: (444) for silicon, (331) for tungsten.  

[Author 's  note :  No details are available as to the  
n u m b e r  of f i l l s ,  calculat ion of error limits, wavelengths  
used, etc.] 

Code N o .  9 

M. M. Umanski j ,  Z. K.  Zolina and V. V. Zubenko,  De- 
p a r t m e n t  of Solid State  Physics,  Moscow State  Univer-  
sity, Moscow, U.S.S.R.  

Three types of powder  cameras  were used:  

R K U - 9 5 .  Debye-Scher re r  cylindrical  camera  9-56 cm. 
wi th  St raumanis  film mount ing .  Collimator consists of 
two 0.8 ram. d iameter  d iaphragms 5.5 cm. apar t ;  two 
0.5 ram. d iameter  d iaphragms 4 cm. apar t  used for angles 
> 174 ° 20. Line b read th  0-1 to 0.2 ram. and Ka-doub le t  

separat ion becomes apparen t  a t  about  80 ° (20). Tern- 
pera ture  of air in camera  controlled to 0-1 to 0.2 °C. 
wi th  po ten t iomete r  and thermocouples  in contac t  wi th  
camera  body;  t empera tu re  read with  glass t he rmomete r  
to 0.1 °C. Specimens prepared by packing powder  into 
celluloid(?) capil lary 0.10 to 0-15 ram. internal  diameter ,  
moun ted  on goniometer  head,  and ro ta ted  by  motor  
outside thermosta t .  Tungs ten  measurements  made  on 
large camera  of similar d e s i g n - - R K U - 1 1 4 ,  11-46 cm. 
diameter .  

R K . F - 8 6 - - T / 2 .  Symmetr ica l  back-reflection focussing 
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camera  (Zubenko & Umanski j ,  1956). Ent rance  slit 0.2 
by  0-2 ram. on focussing circle and line widths up to 
0.3 ram. Angular  range 120-176°(20). Ent i re  camera 
together  wi th  specimen and film are placed in a thermo- 
s ta t  which controls tempera ture  to ± 0.1 °C. Effective 
camera d iameter  de termined from two pairs of light 
marks  recorded on film at  the tempera ture  of the  in- 
vestigation. F i lm pressed against camera body but  ends 
not  rigidly fastened to allow for thermal  expansion of 
film. Double-coated film used and the  back emulsion 
removed.  

K M S P / 1 .  Focussing quartz crystal (10.1) monochro- 
m a t e r  wi th  camera body diameter  17.19 cm. (2zR--54 
cm., 1°0--12 ram. on film), in symmetr ical  focussing 
ar rangement  (Kvitka,  Kolontsova & Umanskij ,  1952). 
Effective camera diameter  de termined from pairs of light 
marks. No thermostat ic  control and only those films 
used in which the  tempera ture  variat ion was < 1 °C. 
during the exposure as de termined from measurements  
of the camera body. 

Films measured with a comparator  having a precision 
of 0-001 ram. and a magnification of 2 × or 6 x .  Each  
line was measured 3 to 10 times by each of the three 
investigators. The m a x i m u m  differences did not  exceed 
0.03 ram. and the average observed 0-angles were used 
for the calculations. The average deviat ion of lines 
measured were: R K U  10 to 20 sec., R K F  30 sec., KMSP 
20 sec. The effective film length was measured twice, 
before and after measuring the  lines, to a precision of 
0.02 ram. Calculations done with electric desk calculator 
and seven-place tr igonometric tables. 

Silicon: Two R K U  cameras used to obtain 5 films with 
Cu K and 2 films with Co K at various temperatures  
around 25 °C. Extrapolat ions used for lines with ~ < 0.32. 
R K F  films not  used because the lines were too spot ty  
for accurate measurements .  The KMSP camera was used 
for 3 films using Cu K and the  extrapolat ion function 
T tan  ~(<0"5).  Tungsten:  Three series of films obta ined 
using RKU-95-114  and l~KF-86 cameras, 0"1 and 0"4 
ram. diameter  samples for former two and flat sample 
for latter, Cu K, 25 °C. Each film was measured 3 or 6 
times, the  average 0 for each line calculated from each 
series of films and extrapolations used to determine the  
lattice parameters.  

Code .No. 10 
J.  L. Amores,  C£tedra de Cristalografi£, Museo de 

Ciencias Naturales, Madrid, Spain. 
Standard Philips camera, 11.46 era. Six films using the 

'coarse' and 3 films with the 'fine' collimator were mea- 
sured. Best  line drawn through experimental  values of a 
p lo t ted  against 20 and extrapolated to 20 = 180 °. 

Code _No. 11 

C. F. Kempter ,  Los Alamos Scientific Laboratory,  Los 
Alamos, New Mexico, U.S.A. 

Norelco symmetr ical  back-reflection focussing camera, 
12 cm. Tempera ture  about  25 °C. Cu Kal ,  2. 

Norelco film-measuring device with fluorescent tube 
subst i tuted for Lumfline lamp. Fi lm allowed to come to 
constant  tempera ture  with uni t  on for one hour before 
measuring. Fi lm shrinkage determined from fiducial 
edges of camera which are in contact  with  film. Double- 
coated film used and back emulsion removed (Parrish, 
1955). Three investigators measured each film. Diamond 

(400), (331); silicon (620), (533), (444); tungs ten  (321), 
(400). 

Powder  screened through 325-mesh screen and th in  
layer sprinkled on cardboard coated with rubber  cement .  

The lattice parameters  and their  s tandard  deviat ions 
were de termined on an I.B.M. 704 computer  (Vogel & 
Kempter ,  1959) assuming all systematic  errors in a were 
directly proport ional  to ~ tan ~. 

Code .No. 12 

C. M. Mitchell, Physical Metallurgy Division, Depart-  
m e n t  of Mines and Technical Surveys, Ottawa, Ontario, 
Canada. 

Modified Norelco 11.46 cm. camera (Mitchell, 1952). 
Collimator is a 3 ° tapered slit wi th  smallest opening 0-11 
by 3"0 ram. set at  film cylinder. Source-to-specimen dis- 
tance R 1 was equal to the camera radius R 0. The square 
focus of the X-ray tube is used. A small auxiliary camera 
a t tached to the exit  port  is used to photograph the  
emergent  beam in order to check axial a l ignment  and to 
measure irradiated specimen length. Camera specimen 
shaft concentrici ty checked to +0.005 ram. Specimen 
moun ted  in universal specimen chuck containing thermo- 
couple, and aligned with cathetometer .  Wi th  specimens 
of high absorption, sharp ('focussed') lines are obtained 
over the  low-20 range. The op t imum value of specimen 
diameter  for min imum exposure t ime is four t imes the  
slit width for slit widths with aperture < 0-2 °. Accuracy 
of line-center measurement  in the low-20 range is in- 
dependent  of specimen diameter  and proportional to slit 
width.  Specimen temperature  regulated to ±0-10 °C. in 
the range 30 ° to 31 ° for periods of 24 to 36 hr. Silicon: 
Cu and Cr Kal ,  2, Kfl;  tungsten Cu Kal ,  2, W Lal(). = 
1.47635 h). 

Films measured with Cambridge Universal Measuring 
Machine accurate to 0.002 ram. Each film measured twi0e 
with forward- and back-reflection regions reversed. The 
diifraction-line centers and film axis were checked ~or 
systematic errors produced by film misal ignment  in the 
camera. All lines on each film used. 

Powder  packed in Lindemann-glass capillary of 0.01 
ram. wall thickness and diameter  tapered less than  0.005 
ram. per cm. of length. Specimen densi ty de termined by 
weighing and dimensions of capillary, and linear absorp- 
t ion coefficient calculated. 

Systematic errors are assumed to be caused primari ly 
by specimen absorption effects. Ass, lining symmetr ical  
intensi ty distributions in the source and the  characteristic 
X-ray lines, the Warren (1945) (first equation below) 
correction can be applied directly. The %( = 1/a 2) value 
for a was corrected for each (hkl) line, plot ted against 
the Warren relation and resulted in a straight  line with 
small negat ive slope, The residual slope is believed to 
have been due to inaccurate measurement  of the specimen 
diameter  arising from the particle sizes. The exper imental  
data  show tha t  direct extract ion of the absorption dis- 
p lacement  te rm gives precision values over the whole 
pat tern,  approaching the  l imit  set by the  accuracy of the  
film measurements .  The systematic absorption error 
relations (Mitchell, 1960) used were 

~q 

F(O)= cot 0. 7 sin 0 --C-os ~ Ol-~e tan (¼g + ½0) 
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cot 0.~ sin ~ 0 cos 0 ] 
A(O) = sin 0 - c o s  ~ 0 loge tan  ( ~ + ½ 0 )  - c o C  0 cot 2 0 

where  rs is the  specimen length, /~rn the  mass absorption 
coefficient and Q the specimen density.  

The r o o t - m e a n - s q u a r e  deviat ion of d was ~d/d= 
I/I5,000 for 20 > I00 ° and 1/5000 for 20 >40 °, except  
for silicon wi th  Cu K at  the  l imit  #r ~ 1 where 1/2000 
for 20 > 40 °. 

Code No. 13 

1Vf. Tournarie, Commissariat  de l 'Energie Atomique,  
Centre  d']~tudes Nucl6aires de Saclay, Gif-Sur-Yvette, 
S. et  0. ,  France. 

Norelco diffractometer  (Parrish, t t amacher  & Lo- 
witzsch, 1954) wi th  Philips generator. C u K ,  angle of 
view 3 ° , angular apertures 0.5 ° , 1 ° , 4 ° , receiving slit 0.15 ° . 
Angular  calibration wi th  knife edge (Tournarie, 1954a). 
:YlEC1 Speedomax recorder modified for automat ic  mark-  
ing of angles in 0.1 ° or 0.02°(20) increments  by rapid 
lateral m o v e m e n t  of recorder pen. Geiger counter,  scan- 
n ing  speed 81°(20) min. -1. Ra teme te r  (int6grateur C.E.A.) 
modif ied  so ~hat 2% probable-error f luctuat ion is ob- 
t a ined  when the  full-scale reading is 1000 counts sec. -1 
wi th  a 5-6 see. t ime constant ,  and 300 counts sec. -1 wi th  
a 19 sec. t ime constant.  Each  reflection corrected for 
t ime-cons tant  displacement (Tournarie, 1954b). 

Thin specimens < 50¢t were prepared by mixing the  
powder  wi th  amorphous Seccotine and  spreading on a 
glass plate. The position of the effective reflecting surface 
could be es t imated to be t te r  than  25/x. The correction for 
d isplacement  of the  specimen surface from the genie- 
m e t e r  axis of rota t ion was made  by  extrapolat ion of 
~2/2a 9 of each reflection against  cos ~ 0/sin 0. If  the  slope 
of the  extrapolated line indicated the displacement was 
> 20/x, the  specimen was t ranslated the  required amoun t  

and  direction. (This me thod  is susceptible to considerable 
error if the  angular calibration is incorrect.) This me thod  
is listed as 13a, and  in an al ternat ive me thod  13b, the  
specimen position was adjus ted  wi th  a micrometer  prior 
to making  the recording. 

When  the  Kax. 9 doublet  was fairly well resolved, the  
center  of a horizontal  chord drawn at  60.3% of the  peak 
height  of the  K a  1 line was taken  as the  reflection angle. 
The author  states this point  corresponds sufficiently 
well wi th  the  centroid of the  reflection. (The wavelengths 
used, however,  are the  same as those used by  the  other 
investigators.) 

A Phflips 11.46 cm. powder  camera modified for regu- 
lating the  specimen tempera ture  to _+ 2 °C. was also used. 
The  square X-ray  focus was viewed at  6 ° . 

Code No.  14 

H. Weyerer,  Physikal isch-Technisehe Bundesanstal t ,  
Braunschweig,  Germany.  

Used three camera methods  and separate results were 
repor ted  for each. 

1) Debye-Scherrer ,  5-7 cm., Straumanis  f i l l  mount ,  
coll imator design of Parrish & Cisney (1948) wi th  0.3 by 
1.2 ram. slit and 0.5 ram. d iameter  diaphragm. Specimen 
m o u n t e d  on 0-09 ram. Lindemarm-glass fibre wi th  overall 
d iameter  0.2 rnm. Cos 9 0 extrapolation.  For  fur ther  
details see Weyerer  (1956a). 

2) F la t  ro ta t ing specimen and flat film back-reflection 
method .  Single slit 0.3 by 1-2 ram., f i lm-to-specimen 

distance 5.01 cm., film shrinkage de te rmined  from light 
marks  to 0.01 ram. T a n ¢ . s i n 4 ~  extrapolation.  For  
fur ther  details see Weyerer  (1956c). 

3) Symmetr ical  back-reflection focussing camera, 5.7 
cm. with 0.2 ram. wide slit. Specimen oscillated during 
exposure. Specimen surface moved  back 0.21 ram. to 
compensate  for film emulsion thickness. Cos ~ 0 extra- 
polation. For  fur ther  details see Weyerer  (1956b), where, 
however,  ~0 tan  ~0 extrapolat ion was used. 

Cameras placed in vacuum thermos ta t  regulated to 
-+0.02 °C. (Weyerer, 1955); exposures made  nearly a t  
25 °C. so tha t  no tempera ture  corrections were required. 

Five films were obtained wi th  each me thod  and mea- 
sured on a precision device (Hoffrogge & Weyerer,  1954). 
Three different observers measured each line five t imes 
and the measurements  were repeated after several weeks. 
The differences among the  observers were less than  the  
systematic errors. The average values were used for the  
calculations. 

I n  most  cases all films were exposed successively to 
unfi l tered Ni K and Co K radiations and Cu K with  Ni 
filter. A single extrapolat ion line was drawn through all 
reflections from all the  wavelengths for each film. An 
average refraction correction of +0.00005 was then  
applied to the extrapolated value. The averages were 
calculated as the  ar i thmetic  mean.  In  comput ing the  error 
limits the  extrapola ted value from each film was given 
a weight  equal to the  number  of X-ray tubes used to 
obtain tha t  film, i.e., 1 for Cu tube filtered or unfiltered, 
3 for Cu, Ni and Co, etc. In  the  tables and figures it was 
not  possible to separate the  values obtained with the  
different radiations, except in the  one case where only 
Cu K was used, and hence the  mean  values are separated 
only on the basis of methods  used. 

Code No.  15 

R. A. Coyle and R. I. Garrod, Aeronautical  Research 
Laboratories, Melbourne, Australia. 

Philips diffractometer,  angular aperture 4 °, receiving 
slit 0.2 ° . Zero angle calibrated with knife edge (Tour- 
narie, 1954a) and drift  was less than  0.001°(20). Cu K a  1. 
Mullard MX 118 Geiger counter.  Manual goniometer  
settings and  f ixed-t ime measurements  of lines, each set 
of lines measured three times. Specimen ro ta ted  in its 
own plane and  tempera ture  main ta ined  to +0.25 °C. 
during measurements .  Silicon mixed with collodion di- 
lu ted wi th  amyl  acetate, packed into 9/16 inch d iameter  
Perspex mount ,  0-020 inch thick, and levelled after 
drying. Peak  angles used. Cos ~" 0 extrapolat ion of (444), 
(533), (620) and (531) lines. Some a t t empts  were made  
to reduce the  axial ( 'vertical ') divergence and to use the  
centroid instead of the  peak;  these results are not  in- 
cluded because they  were preliminary.  

Code No.  16 

M. Wilkens, Ins t i tu t  fiir Metal lphysik am Max Planek  
Ins t i tu t  fiir Metallforschung, Stut tgar t ,  Germany.  

Back-reflection flat-cassette camera. Horizontal  and  
vertical divergence of pr imary  beam l imited to 0.4 ° 
(semi-angle) to avoid corrections. Specimen and f i l l  
planes adjus ted parallel to each other  to be t te r  t han  
0.05 ° by means  of two flat mirrors which take their  place 
during al ignment.  Specimen-to-film distance (about 6 
cm.) measured to 10/~ with a vernier  bar fixed to the  
cassette and a glass slide in place of the  specimen, whose 
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posit ion could be ad jus ted  unt i l  a plastic film could be 
m o v e d  be tween  the vernier  bar  and  glass slide wi thou t  
excessive friction. Specimen m o u n t e d  in holder  which 
permits  -+ 2 ° precession about  an axis in the specimen 
plane,  and  ro ta ted  cont inuously  dur ing exposure. Double- 
coated film used and only front  side developed. Fi lm and  
specimen m o u n t e d  in brass cover whose hollow walls are 
w a r m e d  wi th  wa te r  and  t empera tu re  kept  cons tant  to 
a t  least wi th in  0.05 °C. a t  about  25 °C. 

A sys tem of reference marks  was exposed on the film 
before deve lopment  and  was measured  wi th  a compara tor  
to 3/~. The films were measured  wi th  a special glass rod 
hav ing  1 ram. divisions and  a dial micrometer  reading to 
10/z. The rod was posi t ioned wi th  the  upper  par t  of the 
markings  lined up wi th  the diffraction ring. To el iminate 
the  effect of film graininess, each film was measured  a t  
5 different  d iameters  at  or near  the equator  and  each 
measu remen t  consisted of 5 to 10 detai led measurements .  
W i t h  strong sharp lines and  5 different exposures of each 
specimen the ring radius could be de te rmined  with  a 
s tandard  deviat ion of approximate ly  50/z. 

Specimens prepared  by sprinkling powder  on a flat 
glass slide covered with  a glue to make  a t rans lucent  layer  
20 to 30# thick. 

The errors were es t imated  as follows: fi lm-to-specimen 
distance -+ 0-4 x 10 -5, film shrinkage _+ 0.4 x 10 -5, r ing 
radius -+ 0-7 x 10 -5, for a total  of -+ 1.5 x 10 -5. 

D iamond:  Co Kfl (331) 7 films; silicon: Cr Kfl (333/511) 
3 films, C o K a l ,  2 (531) 5 films, C u K ~  1 (444) 5 films; 
tungs ten:  Co Ka l ,  2 (222) 4 films, Cu Ka l ,  9 (400) 4 films, 
Cu Kfl (420) 4 films. 

5. Resu l t s  

The repor ted individual  results are listed in Tables 1, 2 
and  3 for d iamond,  silicon and  tungsten,  respectively.  
The b o l d - f a c e  values are the  ar i thmet ic  means  of one 
or more  series of values for each code number  used for 
Figs. 2-4 and  to compile the composite averages given 
below. W h e n  a laboratory used two or more different  
techniques or X- ray  tube  targets,  two or more  separate  
average values were listed for t ha t  code number ,  as for 
example 13a and 13b in Table 1. However ,  if two or more  
cameras  of the  same type,  films, samples, observers, etc., 
were used, these averages are shown in italics, but  such 
averages were not  used separate ly  in compiling the com- 
posite averages;  see for example  6f and  6l in Table 1. 
I n  some cases the original repor ted  da ta  could no t  be 
separated into these two categories and  are repor ted  as 
a single average value, as for example  14d in Table 2. 
The use of two or more average values from the same 
laboratory instead of only one value had practically no 
effect on the composite averages;  d iamond and  tungs ten  
were unchanged  and the  silicon value was changed by 
only 1 in the fifth decimal.  

The lat t ice parameters  were general ly repor ted  to five 
decimal  places and  when  the  fifth decimal was no t  re- 
por ted  an x was inserted to avoid confusion. The -+ error 
is t ha t  repor ted  by the  invest igator  and is explained in 
the  footnote to the tables. The s tandard  deviat ion ~ used 
below for the composite averages was calculated from 
the  formula 

= [1/(n- l) ~ (xj-~p]½, 
1=1 

where  x is the  ar i thmet ic  mean  and  n is the  n u m b e r  of 
independen t  measurements  (Kendall ,  1946). 

D/amend 

Six laboratories reported,  five of which used cameras  
to obtain about  22 films read by 10 observers. Using 
seven average values the composite ar i thmet ic  mean  and  
s tandard  deviat ion were 3.56697 + 0-00018. The difference 
be tween the largest and smallest average value was 
0.00061 (0.017%). One value ( le)  devia ted  from the  
average value by  greater  t han  3a, and if this is omi t ted  
the values become:  

3.56703 +0 .00010  (0-009%). 

Some previous precision measurements  on d iamond  
powder  have  been repor ted by  Riley (1944), 3.56687 + 
0.0001x; S t raumanis  & Aka  (1951), 3-56679+0-00016; 
and  Skinner  (1957), 3"56688+0"00009; the  average of 
these three measurements  is 3.56685, or 0-005% lower 
than  the composite average value given above. 

Silicon 
Sixteen laboratories repor ted and only two of these 

used the diffractometer .  About  77 films were read by  33 
observers. Using 26 average values the composite arith- 
met ic  mean,  s tandard  deviat ion and  % agreement  were  
5.43050_+0.00026 (0.025%). If  value (8) is omi t ted  
because of its large deviat ion from the  mean,  the  values 
become: 

5-43054 +0 .00017  (0-012%). 

Some previous precision measurements  on silicon 
powder  have  been repor ted  by  J e t t e  & Foote  (1935), 
5"43077 _+ 0.00034; S t raumanis  & Ieviq~ (1940), 5-43074 _+ 
0.00005; Lipson & Rogers (1944), 5.43072+0.00005; 
St raumanis  & Aka  (1952), 5.43097-+0.00003; and  Sma- 
kula  & Kalna js  (1955), 5.43068 -+ 0-00001; the average of 
these five values is 5.43078, or 0.004% larger t han  the  
composite average value given above. 

Tungsten 
Ten laboratories reported,  and only one used the dif- 

f ractometer .  About  43 films were read by 20 observers. 
Using 15 average values the  composite ar i thmet ic  mean ,  
s tandard  deviat ion and  % agreement  were 3-16520-+ 
0.00012 (0.013%). If  value (8) is omit ted  because it 
deviates  from the mean  by more than  30, the values 
become:  

3-16522 -+0.00009 (0.010%).  

Some previous precision measurements  on tungs ten  
powder  have  been repor ted by  J e t t e  & Foote  (1935), 
~}'16475 +_0-00012; 8 t raumanis  & Ievir]~ (1936), 3"1651x ± 
0.0002x; Lu  & Chang (1941), 3.1650x; Swanson & Tatge  
(1953), 3.1648x; the average of these four values is 
3-16491, or 0.01% smaller t han  the  composite average 
value given above. 

6. Conclus ions  

The percent  agreement  or spread of the  repor ted  m e a n  
values for each of the three  substances was about  0-01%, 
a surprisingly poor agreement  considering the experience 
of mos t  of the part icipants .  The reported small -+ values 
of most  of the individual  mean  values indicated t ha t  mos t  
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of the  laboratories had  much  more  confidence in thei r  
results t h a n  was justified by  the  spread among the  
laboratories.  Of course mos t  of the results were repor ted 
wi thou t  the  knowledge of the  reports  of the others.  

All the par t ic ipants  made  great  efforts to minimize the  
accidental  or r andom errors and  their  small _+ values are 
main ly  a measure  of the reproducibi l i ty  of their  deter- 
minat ions .  They  also tr ied to reduce the systemat ic  
errors by  use of ext rapola t ion procedures,  special ex- 
per imenta l  methods  and  other  means,  and  it is likely 
t ha t  in this case they  were less successful. The large 
spread among the repor ted mean  values indicates tha t  
the  systemat ic  errors were not  in all cases proper ly  t aken  
into account .  The s tandard  deviat ions calculated for the 
composite  averages are thus a measure  of the systemat ic  
and  r andom errors and  probably  are pr incipal ly system- 
atic errors. 

There is always a question as to the significance in 
applying statist ical  analysis to a relat ively small n u m b e r  
of observations,  par t icular ly  if the form and na tu re  of 
the  error distr ibutions are unknown.  Nevertheless,  the 
s t andard  deviat ion serves as some measure  of the  confi- 
dence one should place in the determinat ion .  In  the  
present  results 3 of the 7 mean  values of d iamond devia ted  
by  more  than  o from the  composite average;  8 of 26 
mean  values of silicon and  4 of 15 mean  values of tungs ten  
exceeded o. In  each substance one value exceeded 30. 
One should expect  about  one-third of the  de terminat ions  
to exceed o in a normal  error dis t r ibut ion and  the distri- 
but ion  of mean  values is no t  inconsistent  wi th  such a 
distr ibution.  I t  would thus  appear  t ha t  the  individual  
t r ea tmen t s  of the  systemat ic  errors resul ted in a normal  
error distr ibution.  This m a y  mean  tha t  the  computed  
composite  averages are close to the 'correct '  lat t ice 
parameters ,  a l though the confidence in these values 
should not  be greater  t han  t ha t  indicated by the s tandard  
deviat ion.  There is even a possibility tha t  the 'correct '  
value lies outside the s t andard  deviat ion.  

A s tudy  of the  da ta  separa ted  on the  basis of methods  
and  ins t rumenta t ion  failed to reveal  an obvious reason 
for the  large spread, nor  could any  definite conclusion 
be d rawn as to the advisabi l i ty  (or inadvisabil i ty)  of 
using ext rapola t ion procedures,  least-squares analysis, 
etc. A wide range of film ins t ruments  and  methods  were 
used and  no one me thod  could be shown to yield results 
superior to the others. I t  was concluded at  the Stockholm 
Conference t ha t  it would be desirable to s tudy  fur ther  
the  possible sources of the systemat ic  errors before 
cont inuing wi th  this project .  

There also appears to be some confusion as to the 
significance of the reproducibility of measurements  and  
the  accuracy of the data .  I n  this connect ion it appears 
appropr ia te  to recall the  Empero r  of China story at- 
t r ibu ted  to the as t ronomer  K a p t e y n ,  for which I am 
indebted  to Prof. G. Uhlenbeck.  The exact  height  of the 
Empero r  could be obta ined by asking each of the  
500,000,000 Chinese to guess at  his height .  I t  was no t  
necessary for any  of his subjects to have  seen him, or 
even his picture,  because the  applicat ion of statist ical  
methods  to so m a n y  ' individual  observations '  would give 
an answer  for the Emperor ' s  height  to a precision of a 
few microns,  or perhaps a few a tom diameters!  I t  is clear 
t ha t  millions of measurements  of say a table wi th  a me te r  
st ick will no t  give an average measuremen t  accura te  to 
an AngstrOm unit .  

We are indebted  to the  m a n y  investigators who col- 
laborated  in this project .  Members of the  previous 
(1954-57) Commission on Crystal lographic Appara tus  
offered useful suggestions for the organizat ion of the  
project  and  members  of the  present  Commission, D r  
D. W. Smits and  project  collaborators k indly  reviewed 
the  first draf t  of the  manuscr ip t .  Prof.  R. W. G. Wyckof f  
and  Dr  A. C. Simonpietr i  (Office of Foreign Relat ions  of 
U.S. Nat ional  Research Council) a r ranged wi th  the  U.S. 
D e p a r t m e n t  of State  to ship the specimens abroad.  The  
generous suppor t  of Philips Laborator ies  which provided  
funds for the purchase  of the specimens, analyses and  
clerical aid, is deeply appreciated.  Mr R. C. Hughes  and  
Dr  R.  C. Sweet of this Labora to ry  made  the  chemical  
analyses. 
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1. I n t r o d u c t i o n  

There  has  been considerable controversy about  the space 
group of azulene. The absent  X- ray  spectra indicate the 
centrosymmetr ie  space group P21/a and wi th  only two 
non-centrosymmetr ic  molecules in the uni t  cell this 
implies a disordered structure.  A comparison of the 
entropies of azulene and naphtha lene  (Giinthard, 1949) 
provides support  for the possibili ty of disorder in the 
azulene crystal.  

Two independent  invest igat ions of the crystal  s t ructure  
of azulene (Robertson & Shearer, 1956; Takeuchi  & 
Pepinsky,  1956), however, led to an ordered ar rangement  
of molecules in the non-centrosymmetr ic  space group 
Pa with  apparen t ly  sat isfactory agreement  between 
calculated and observed s t ructure  ampli tudes in the 
principal zones. This choice of space group was supported 
b y  a s tudy  (Bernal, 1956) of the morphology of azulene 
crystals .  Moreover Rober tson  & Shearer applied the N(z) 
s ta t is t ica l  tes t  (Howells, Phill ips & Rogers, 1950) to the 
(hOI) in tens i ty  da ta  and obtained results indicat ing an 
acentr ic  dis t r ibut ion of intensit ies and hence support ing 
the ass ignment  of Pa as the  correct space group. 

Subsequent  ref inement  of the crystal  structure,  how- 
ever, using full three-dimensional  in tensi ty  data,  showed 
tha t  the  ordered ar rangement  of molecules gives sub- 
s t an t i a l ly  poorer agreement  between calculated and 
observed s t ructure  ampli tudes  than  does a disordered 
cent rosymmetr ic  a r rangement  based on P21/a as space 

group, the percentage discrepancies being 22.4 for the  
ordered s t ructure  and 13"5 for the disordered s t ructure  
(Robertson, Shearer, Sire & Watson,  1958). 

At  a t ime when the a l ternat ive  s t ructures  gave about  
equally good agreement  between calculated and observed 
s t ructure  amplitudes,  the actual  overall percentage 
discrepancies being 21-4 and 22.4 for the centrosym- 
metrical  and non-centrosymmetr ical  structures,  respec- 
t ively, the applicat ion of in tens i ty  statist ics to the  deter- 
ruination of the space group of azulene was reinvesti-  
gated wi th  a view to providing evidence in favour  of one 
or other of the molecular arrangements .  I t  was found, 
in fact, t ha t  the in tens i ty  dis tr ibut ion obtained from the 
three-dimensional crystal  da ta  definitely favours the dis- 
ordered structure.  

2. P r o c e d u r e  

The X- ray  spectra were divided into five groups wi th  
sin 0 = 0-35 - 0.45 . . . .  ,0"75 - 0.85, a to ta l  of 423 reflec- 
t ions being involved. In  each group (IFol ~) was obtained 
and used to derive values of z =[Fol~/(IFo[2). Values of 
obs.N(z) for z = 0 " l ,  0.2 . . . . .  2.0 were calculated and the  
five values for each z were then averaged to yield the final 
values listed in Table 1, allowance being made  for the  
different number  of spectra in each group. As five 
independent  results were used to derive each final 
obs.N(z) value it  was possible to calculate a s t andard  
deviat ion for each such value. These s tandard  deviat ions 


