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set  a t  the  approximate  angle, the reflection found and 
t h e n  the  tubes were reposit ioned to give the  highest  
count ing  rate.  Tests show t h a t  displacing the counting 
tubes  by  0.8 ° from the  79.3 ° posit ion changes the peak 
R by  2-½ sec. However  we will go to scinti l lat ion 
counters  when we can get small enough ones. We then  
count  for a fixed t ime, generally 20 sec., increase R 
by 20 sec. of arc and count for 20 see., etc. Generally 
we do not  correct for Geiger tube dead t ime because 
th is  does not  shift the peak al though it  f la t tens it. 
I f  we join successive points by s t raight  lines and then  
form a curve from the points  midway between these 
points and  the  opposite connecting lines (at the same 
in tens i ty  level) we find t h a t  this derived curve is 
near ly  straight.  I t  cuts the  profile at  a point  we shall 
call  ' the midchord peak. '  

A cal ibrat ion supplied with the clinometer shows 
irregular errors as high as 5 see., with a symmet ry  
plane near  a reading of 50 °. Hence to minimize errors 
we make 50 ° the midpoin t  between the first pair  of 
curves. This is done by turning the crystal  carrying 
shaft  in its hole in the  clinometer shaft  and relocking it.  
We then  repeat  with 50o+90  ° as a midpoint ,  etc., 
giving four pairs of curves dis t r ibuted evenly about  
the  circle. As a test  case we take  silicon as shown in 
Table 1. 

(The tempera ture  correction was made using the 
expansion coefficient 2.33 × 10 -6 per deg.cent. This is 

the value found by  D. Gibbons of Bell Labs. by  an  
interferometer  method  (Gibbons, 1958).) 

Discuss ion  

If  we weight these three values propor t iona l ly  to 
t an  0/s.d. we get 5.4197695 kXU.  The most  reliable of 
the  three measurements,  the  (444), differs from this  
by less t ha n  a par t  in a million while the  worst differs 
by less t ha n  four parts  in a million. 

The peak widths are roughly  correct for a p r imary  
beam width  of 0.8 min. at  half  max plus a 'wavelength 
spread' 300 × 10 -6 tan  0. 

In  computing the s tandard  deviat ions we have 
t rea ted  the systematic but  compensat ing errors as 
random. This should be conservative. 

This ins t rument  can be used to measure direct ional  
affects such as a comparison of d160 in the growing 
direction of a cubic crystal with d010 perpendicular  to 
the growing direction. We have used crystals but  l i t t le  
over 1 mm. square and also crystals half an inch in 
diameter.  
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T h e  P r e c i s i o n  D e t e r m i n a t i o n  of  L a t t i c e  P a r a m e t e r s  

As has been reported in Acta Cryst., 12, 1054-1055 
(1959), the Commission on Crystallographic Apparatus 
held a very successful series of conferences in Stockholm 
during the period 9-12 June 1959. I t  had been arranged 
that  the papers presented at  the Conference on Precision 
Lattice-Parameter Determination would be published as 
a group in Acta Crystallographica. However, about half 
of the speakers have not provided manuscripts for 
publication, and the eight papers printed below are all 

that  are availabe in the form in which they were pre- 
sented. They have been prepared for publication by the 
Chairman of the Commission on Crystallographic Appa- 
ratus (Dr W. Parrish), and the Editors of Acta CrystaUo. 
graphica are grateful for his help. One other paper 
appeared in expanded form (p. 814). 

The final report of the Commission on its lattice- 
parameter project is published on p. 838 of this issue. 
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of the X-ray beam by the sample follows from a simple 
The absorption correction geometry. Hadding (1921) derived an expression for the 

The displacement of Debye-Scherrer lines as well as of correction A 0 of the Bragg angle 0 assuming that  the 
reflections of a single rotating crystal due to absorption sample was completely opaque: 



T H E  P R E C I S I O N  D E T E R M I N A T I O N  O F  L A T T I C E  P A R A M E T E R S  819 

A 0 --fr cos = 0 , (1) 

where  r is the  radius of the  sample in m m  and  f a factor  
conver t ing  m m  into degrees. The same equa t ion  was also 
der ived and  discussed la ter  by  Buerger  (1942). B y  means  
of equat ion  (1), AO of a line can be ca lcula ted  and  sub- 
t r ac ted  f rom the  Bragg angle measured .  As this calcula- 
t ion is only approx imate  (the t rue  absorpt ion of a sample 
is difficult to compute) ,  o ther  ways  for the  e l iminat ion 
of A 0 were considered. 

One of the  mos t  successful me thods  was proposed by  
Taylor  & Sinclair (1945) and  independen t ly  by  Nelson 
& Riley (1945). Now, it is in teres t ing to plot  against  their  
~-function not  the  lat t ice cons tants  as measured ,  bu t  those 
as calculated for a cer ta in  substance,  assuming t h a t  the  
absorpt ion shifts the  lines according to equa t ion  (1). The 
subs tance  itself is no t  impor tan t ,  because complete  
absorpt ion is assumed,  bu t  only  the  radius of the  sample.  
I n  Fig. 1 such a a-~ plot  for a l u m i n u m  is given. 
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Fig. 1. Theoretical a-~ plot for A1. The constant a----4.04954 A 
(not corrected for refraction) was distorted by subtracting 
amounts, calculated from equation (1) and the Bragg 
equation for various 0 angles. Cu-radiation. Dotted lines 
lead to extrapolated values of lattice constants. 

Fig. 1 shows clearly the  dependence  of the  lat t ice 
constants  on the  d iamete r  of the  samples and  on the  
reflection angle:  H a v i n g  th in  samples (about  0.1 mm.  in 
diameter)  the  constants  t end  to level out  a t  high 0-angles. 
Comparing Fig. 1 wi th  the  curve  obta ined  in real mea- 
surements ,  Fig. 2, the  s imilar i ty  of bo th  curves becomes 
obvious. Thus,  it  can be concluded,  absorpt ion corre- 
sponds closely to the  geometr ica l  mechan i sm proposed 
by  Hadding .  

The unce r t a in ty  of the  s t ra ight  line ex t rapola t ion  
using the a-~ plot  can clearly be seen f rom Fig. 1 (dot ted  

lines): The ex t rapo la ted  value  of the  cons tan t  depends 
upon  the  d iamete r  of the  sample and  is larger t han  the  
initial  one. The only w a y  to recover  the  original cons tan t  
(4.04954 A) is to d raw a parallel  to the  abscissa th rough  
the  last  point  (Fig. 1, dashed  line). The unce r t a in ty  of 
ex t rapola t ion  is grea ter  in cases of ac tua l  measuremen t ,  
because of increased sca t te r  of the  exper imenta l  points.  
The ambigu i ty  in lat t ice constants  can be e l iminated by  
the  use of ve ry  th in  and  semi t ransparen t  powder  moun t s  
(below 0.2 mm.  in diameter) .  I n  such cases the  a-~ curve 
levels out  a t  high Bragg angles and  the  mos t  reliable 
cons tan t  is calcula ted from the  last sharp or strong 
interference (O above 70°). Because of the  vanishing ab- 
sorpt ion shift no correct ion except  t ha t  for refract ion is 
t hen  necessary (Straumanis ,  1955, 1956). To calculate the 
precision of de te rmina t ion ,  several  pa t te rns  of the  sub- 
s tance should be m a d e  and  measured.  The constants  
calcula ted from lower reflection angles are meaningless 
for the  whole de te rmina t ion .  This solution (Straumanis  
& Mellis, 1935; S t raumanis  & Ieviq i ,  1936, 1959) was 
found 10 years  before the  publ icat ion of the  Tay lo r -  
Sinclair and  Ne l son-Ri l ey  ext rapola t ion  method .  

The  20 ang le  

The usual  procedure  is to measure  on the f i l l  the  small 
4¢~ angles. However ,  there  are methods  which measure  
only the  20 angle. I t  is ev ident  t ha t  such methods  have  
a lower precision by  a t  least a factor  of two, and also 
there  is an addi t ional  error  involved by  a possible non 
uni form radia t ion  in tens i ty  dis t r ibut ion within  the  pri- 
m a r y  beam.  The spots of the  upper  row of Fig. 3 were 
obta ined  by  i r radia t ing a film, which was placed about  
7 cm. from the  end of the  1 ram. aper ture ,  by the p r imary  
X - r a y  beam for a fract ion of a second. I t  can be seen 
clearly t ha t  the in tens i ty  is no t  uni formly  dis t r ibuted in 
the  beam, a l though efforts were made  to get  a spot of 
even in tens i ty  on the screen. The same is obta ined wi th  
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Fig. 2. a-~ plot for Au powder. Diameter of the sample about 
0-20 mm. Co-radiation. The upper curve is obtained from 
the lower by addition of the refraction correction. 
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Fig. 3. Spots produced by the primary beam of a powder 
camera on a film. 

Top row: 1 mm. aperture. 
2nd row: 0.5 ram. aperture, powder mount (W) 0.12 ram. 

in diameter in the camera. 
3rd and 4th rows: 1 ram. aperture, the same mount. 
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avoid these changes and,  s imultaneously,  to make  t h e  
specimen semi t ransparent  to X-rays  is to stick the  
powder  to a th in  Lindemarm glass fiber (about 0.08 mm.  
in diameter) ,  coated with  a th in  layer  of a non-dry ing  
adhesive (Straumanis  & Ievir}i, 1959, p. 30-35). 

I t  has been shown tha t  a large shrinkage of the  film 
occurs a round the hole punched  through it (Jellinek, 
1949). In  precision films the  last back reflection inter- 
ferences are close to the  hole and the  rings m a y  become 
uncontrol lably  displaced due to non uniform shr inkage 
of the film around this hole af ter  development .  The 
danger  of obtaining erroneous latt ice constants  increases 
wi th  lines a t  high Bragg angles (Straumanis  & Weng,  
1956). Therefore, the holes in precision films should neve r  
be punched  but  carefully drilled with sharp circular steel 
drill bits (see Az£roff & Buerger,  1958). 

P 

Fig. 4. Error involved in 2 0' or 2¢" measurement due to non 
uniform intensity distribution in the primary beam P. 

a powder  m o u n t  in the center  of the camera.  Hence,  the 
m o u n t  in case of Fig. 3 is not  uniformly irradiated,  and 
this causes a shift of the  peak  intensi ty  of the diffraction 
lines (Fig. 4), especially when the m o u n t  is thicker.  While 
this effect is averaged out  by  all methods  measur ing 
4 ¢  or 40, it m a y  cause an appreciable error if only 20 
is de te rmined  (see Fig. 4). Thus, using the  20 methods,  
the  uni formi ty  of the X- ray  beam and the position of the 
sample (it should go exact ly  through the d iameter  of the 
beam) mus t  be checked. 

S a m p l e  in the  cyl inder axis  

All exact  cylindrical  cameras should have  a provision for 
easily checking the  position of the powder  m o u n t  in the 
axis of the inner cylinder of the camera  at  any  time. 
The appearance  of the shadow of the powder  m o u n t  
running  through the middle  of the p r imary  spot is not  
at  all an indicat ion of such a coincidence. For  the in- 
vest igator  ano ther  possibility should be provided,  e.g. 
as described for cameras adap ted  for asymmetr ic  films 
(Straumanis  & Ievi~i ,  1959, p. 11 and 19), giving the 
chance for exclusion of new systemat ic  errors. 

E r r o r s  d u e  to drying adhes ives  and to  
ho l e  punching  

For  the prepara t ion  of powder  mounts ,  adhesives such 
as Canada balsam, Duco cement ,  gum t ragacan th  and 
other  amorphous  binders are f requent ly  recommended .  
They  are mixed  with the powder  to be investigated,  to 
a th ick paste  and thin cylinders are rolled of them.  
However ,  the drying binder  puts  the grains under  strain 
and  even deforms them;  this effect m a y  be accompanied,  
a l though not  ye t  proved,  by a change in lattice parameter*  
and  an increase in the line breadth .  The best way  to 

Dr. P. I)erio, Saclay (France) states in a recent letter to the 
author that e.g. the c-constant of ZnO is influenced by 3 to 
4 × 10 -a A by the action of the glue. This is a fairly large effect. 

Conclus ion 

A precision up to 1:200,000 and be t te r  (depending upon 
the sharpness, in tensi ty  and position of the last lines) 
can be a t ta ined  under  the following conditions in the  
measu remen t  of lat t ice parameters  using for comparison 
the averages of two or more de termina t ions :  

1. Precisely buil t  cameras wi th  the  powder  m o u n t  or  
single crystal  exact ly  in the axis of the inner camera  
cylinder.  

2. Constant  and known t empera tu re  of the sample  
dur ing exposure. 

3. Thin powder  mount s  or crystals (below 0.2 ram. in 
diameter)  so tha t  the absorpt ion correction can be 
disregarded for lines at  high Bragg angles. 

4. The grains of the powder  should not  be deformed and 
the holes in the films should be carefully drilled (not 
punched).  

5. The 4¢  and not  the  40 or even 20 angles (on sym- 
metr ic  films) should be measured  (using the densi ty  
max ima  of the lines). 

The precision obtained under  such condit ions per ta ins  
to the reproducibility of the constants  bu t  not  to thei r  
absolute value (because e.g. of the uncer ta in ty  of wave-  
lengths). 

S u m m a r y  

When  using very thin single crystals or powder  moun t s  
( ~  0-12 to 0"17 ram. in diameter) ,  the  absorption shift  
of lines at  high Bragg angles is vanishing, as the curves 
of the a-O or of a-~ (Taylor-Nelson-Ri ley)  plots level 
out  in tha t  region. Generally the exper imental  curves 
agree wi th  the calculated ones, if the Hadd ing  geomet ry  
of line displacement  due to absorption is adopted.  If, 
instead of the 4¢  angles on asymmetr ic  films, the  20 on 
symmetr ic  ones are measured,  addi t ional  errors, due  to 
no t  uniform intensi ty dis tr ibut ion within the p r imary  
X- ray  beam, m a y  be introduced.  Provisions should be 
made  in building cameras so tha t  the position of the  
sample in the axis of the inner cylinder can be inspected 
at  any  time. In  preparing powder  mount s  non-dry ing  
glues should be used. The holes in the films should be 
carefully drilled (not punched) .  

The present  investigation was sponsored by the Na- 
t ional Science Founda t ion  under  the cont rac t  G 2585. 
Thanks  are expressed to Mr T. E j ima  and Mr H.  W. Li 
for work with the X- ray  films. 
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Any  discussion of errors assumes t ha t  the systemat ic  
errors can be handled  independent ly  of the  r andom errors. 
The two types of error are fundamenta l ly  dist inct ;  the 
possibilities for their  correct ion are completely  different 
(Gauss, 1821). 

The random errors, which appear  as irregular deviat ions 
of the observations from each other,  can never  be com- 
pletely suppressed, bu t  they  can be satisfactorily cal- 
cula ted  by means  of an averaging me thod  if there is a 
sufficient number  of observations.  F rom all observed 
values, a, the mean  d is derived.  Usual ly  the root-mean- 
square error is used as a measure  of the r andom errors _+ m 
( ' s tandard  deviat ion ' ,  'mi t t le rer  quadra t i scher  Fehler ' ) .  
The influences of separate  errors add  quadra t ica l ly  (law 
of the propagat ion of errors). In  this averaging proce- 
dure,  based on the Gaussian least-squares method ,  the 
systemat ic  errors are not  considered, a fact  f requent ly  
overlooked in the l i terature.  

The systematic errors are addi t ional  tmidirectional  
deviat ions of the observations from the t rue  value, and 
add  linearly. In  contras t  to the r andom errors, they  can 
be e l iminated in principle, though they  are more  likely 
to remain  unde tec ted .  Their  el iminat ion or reduct ion  
depends only on the test  procedure  and evaluat ion of the 
experiments ,  bu t  not on a high number  of observations.  
The remaining pa r t  Aa of the systemat ic  errors is un .  
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Fig. 1. l~andom and systematic errors in the extrapolation 
method (schematic); 5 is the mean value of two exposures 
with the same measuring method. 

revised .form 8 January 1960) 

known,  bu t  can be de tec ted  by independen t  comparison 
measurements ,  as discussed below. 

For  the precise de te rmina t ion  of latt ice parameters  the 
precision me thod  of S t raumanis  has led the way (Strau- 
manis  & IeviD~, 1940). By a refined exper imenta l  tech- 
nique the systemat ic  errors could be vast ly  reduced.  Bu t  
it has become evident  t ha t  some residual port ion Aa of 
the  sys temat ic  errors still remains,  in spite of careful 
procedure  and evaluat ion of the experiments .  This is to 
be seen from the fact t ha t  for different  exposures the 
positions and the slopes of the  ext rapola t ion curves differ 
slightly (Fig. 1). Subject ive errors of observat ion in 
measur ing line separat ions are a serious hindrance.  This 
refers to r andom deviat ions wi th  the same observer, bu t  
especially to the systemat ic  deviat ions of several ob- 
servers compared  with  each other.  The difference be tween 
the two values of the lat t ice pa rame te r  calculated from 
the two components  of the Ka doublet  can give an 
indicat ion of the a m o u n t  of the observat ion errors; these 
cannot ,  however,  be separa ted  with  sufficient ce r ta in ty  
from the errors caused by the apparatus .  The appara tus  
errors do not  all have  the  same angular  dependence;  
in general,  moreover ,  they  appear  to an ex ten t  t ha t  alters 
from exposure to exposure and is most ly  unknown  
(Parrish & Wilson, 1959; Weyerer ,  1957). 

The aim of the au thor ' s  measurements  (Weyerer,  1956) 
was to fix the  ext rapola t ion  curve in the back-reflexion 
region as exact ly  as possible. This was done by mult iple  
i r radiat ion of the  same film by  two or three  X- ray  
tubes wi th  different  ta rge t  materials .* For  measur ing 
the lines a dial-gauge measur ing  device operat ing by the  
coincidence me thod  has proved good. 

Though  the ex t rapola ted  values obta ined with  these 
improvements  are re la t ively accurate ,  there  is no guar- 
antee  t ha t  all sys temat ic  errors are really el iminated.  
T h a t  can be proved  only by  compar ing the  results of 
several methods  independen t  of each other  (Debye-  
Scherrer  me thod ;  back-reflexion methods ;  focusing meth-  
ods in cylindrical  cameras ;  d i f f ractometer  method)  
(Weyerer,  1956), all carr ied out  wi th  the same care and  
experience. 

* In accordance with theory, refraction is much less im- 
portant for powder specimens than for single crystals. 


