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An exact analytical method is presented which permits correcting cylindrical diffraction film 
measurements for sample eccentricity. This method is based on measuring the camera radius in 
three directions and using these measurements to calculate the eccentricity vector (P, a), the true 
camera radius R, and the eccentricity corrections A~0 or/30. Radius measurements can be made and 
P can be calculated to about +__ 0.001 ram. using standard high quality dial indicators, micrometers, 
and gage blocks. For eccentricities normally tolerated in precision cameras (about 0"01 ram. in 
cameras 50 to 150 mm. in diameter), the exact corrections may differ significantly from those 
obtained using the approximate method of Bradley & Jay, depending on the orientation of the 
eccentricity vector. Exact eccentricity curves are given for a camera especially built for the accurate 
determination of lattice parameters. 

1. I n t r o d u c t i o n  

Bradley & J a y  (1932) developed an approximate  
method for making eccentr ic i ty  corrections on films 
from cylindrical powder cameras by assuming t h a t :  
(1) the component  of eccentr ici ty perpendicular  to the 
pr imary  X-ray  beam is negligible, and (2) the p r imary  
beam consists only of parallel  rays. Wi th  improve- 
ments  in powder camera construct ion and measuring 
techniques (Straumanis  & Ievins, 1940, 1940a) so t ha t  
diffraction angles could be measured on film with 
higher precision (about ±0.001 o):~ i t  seems worth- 
while to re-evaluate existing correction procedures. 
I t  will be shown tha t  the assumptions of Bradley & 
J a y  restrict  the accuracy of their  correction procedure 

* This work was performed under Contract AT-(33-2)-1 
with the U.S. Atomic Energy Commission. 

t Paper  I, Bcu, Musil & Whitney (1962). 
~: 9~ is defined according to the Bragg equation in the form: 

n3, = 2d cos q~. 

when using the  ±0-001 ° criterion. Averbukh  & 
Tolkachev (1957)el iminate  the perpendicular  compo- 
nent  assumption but  still base their  der iva t ion  on the 
parallel beam assumption.  S t raumanis  (1940b) by- 
passes both  assumptions exper imental ly ,  but  his 
method cannot  be used to calculate eccentr ic i ty  cor- 
rections as a funct ion of diffraction angle. Thus, an 
exact  eccentr ici ty correction procedure as a funct ion  
of diffraction angle seems desirable. 

I t  is a purpose of this paper  to present  a rigorous 
der ivat ion of the eccentr ici ty correction which in- 
cludes both  perpendicular  and  parallel  components  of 
eccentr ici ty and which is based on the  usual ex- 
per imenta l  condit ion of a coll imated but  divergent  
p r imary  X-ray  beam. The results are presented as 
correction curves of _/J q9 versus 9~ or A0 versus 0 
even though diffract ion measurements  are usually 
made in terms of 20 or 4~. A0 or glq~ corrections can 
be made direct ly on calculated 0 or q~ values after 
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they  have been corrected for other systemat ic  errors 
and before d or latt ice parameter  values are calculated 
from the Bragg equation. 

This eccentrici ty correction procedure was devised 
in connection with the likelihood ratio method (LRM) 
for the precise and accurate dcterminat ion of lattice 
parameters  (Beu et al., 1961, 1962a). The L R M  re- 
quires corrections for individual  systemat ic  errors at 
each diffraction angle of interest. 

2 .  D i s c u s s i o n  

A. A new approach to the eccentricity problem 
This new approach is based on making  accurate 

measurements  of the camera radius in three directions* 
using dial indicators,  micrometers,  and gage blocks 
which are accurate to 04)001 in. or better. These data  
are used with the analyt ical  procedure described below 
to calculate the cccentrici ty vector (P, a), the true 
camera radius R, and the corrections /Iq~ or gl0. 
For cameras in which the film is mounted  in terna l ly  
to the fi lm cylinder, (P, a) and R are calculated from 
radius measurements  obtained using a dial indicator 
fastened to the sample spindle with the indicat ing 
probe contacting the f i lm cylinder. The procedure is 
s l ight ly more complicated for cameras in which the 
fi lm is external  to the fihn cylinder. Details on these 
and other points  are avai lable  in a comprehensive 
report  on this topic ( B e u &  Scott, 1962b). 

True 4 9 / / ,  ~ Fdm ,-,,lin,4,r~"x~ ~ 

Divergent 4¢ .-~. / /  \ - -  \ ~ente[,.o_L__ \ \  
X-ray source I i i \, q,~\c ] . . . .  y . . . . . .  I /̂ i 

. . . . . .  = . . . . . . . . . . .  --------z_ - H - !  - - ' ~ ~ , , : ~ : - ~ o  40,-' 
Primary r a y - - - - F ~ ~ " ~ ~ ' . ~ <  z_ ...... ' . . . . .  / , ]  

DiffFac~e'd r a y . /  . /  - ...... ~. ............. . - - - J ° , 'Measured  20 

Fig. 1. True and  measured 20 and  4q~ angles for eccentr ici ty 
vector  P in the general position and  for a diverging beam 
of X-rays.  

Fig. 1 i l lustrates the relat ionships of the corrected 
(true) and measured angles for (P, a) in the general 
position and for a divergcnt  beam of X-rays.  Even  
though this procedure is derived for a point  source, 
the calculated corrections app ly  without  restriction 
to an  extended source, the corrections being purely 
addit ive with respect to any  criterion chosen to 
represent the diffraction line position. 

* Before measur ing tile camera  radii, the roundness of the 
film cyl inder  should be checke(t wi th  a hole gage reading to 
0.0001 in. I f  the out-of-roundness  is more t han  4-0.00005 in. 
the film cyl inder  should be rebored to obtain  a camera  of the 
highest  practical  precision. 

This procedure requires the measuring tools to be 
accurate, the fi lm to be t ruly in contact with the fi lm 
cylinder (Straumanis  & Ievins, 1940c), and the fi lm 
thickness to be uniform. These requirements  are 
readi ly met  to _+ 0.00005 in. (_+ 0.0013 ram.) and this 
satisfies the _+0.001%/° criterion for cameras 50 to 
150 mm. in diameter.  Derivations of expressions for 
P,  a, R, /1  ~, and AI 0 are p r e s e n t e d  below. 

B. Equations for calculating exact eccentricity corrections 
1. Equations for the eccentricity vector (P, a) and the 

true camera radius R . - - T h e  three measured radius 
vcctors are designated (rl, 7), (re, 8), and (r3, e).* 
Then:  

r~+P2-2Pr l  cos ( 7 - a )  = R 2 (1) 

r~+P2--2Pr2 cos (~-- a) = R 2 (2) 

r ]+P2-2Pr3  cos ( s -  a) = R ~. (3) 

Solving these equations for P,  a, and R yields: 

P=(r~-r~)/2[rt  c o s ( 7 - - a ) - r 2 c o s ( ~ - a ) ]  (4) 

a = tan  -1 

- . ,  . . . .  . . . . . . .  ~ - o  . . . .  . . . . .  " ,  = ~  - .  - -  (5) 
× L (r~- ra)rl sin 7 + ( r a -  ri)r2 sm c ~ + (r~ - r~)r3 sm sJ 

R=( r~  +P°--2r~P cos (V-a))½. (6) 

"2. Equations for AO and A F using (P, a) and R . - -  
Referring to Fig. 2: 

2 =20t--20 A20=2Otrue (corrected)-- 0measured m (7) 

2 0 , = a + ~ + f l .  (8) 

S 

X-ray 
source D 2 0  = 8!_ 

~-'~--- =- ---T-:-- ::~ /'~- i 
x Primary ray . . . . . . . . .  l 

Fig. 2. Geomet ry  for calculat ing t rue  (corrected) 20 angles 
for P in the general position and  for a diverging beam 
of X-ra.vs. 

Angle 20t is equal to angle ace. Line ac is parallel  
to line bs, and line co is parallel to line st. Therefore 
angle ace is equal to angle bst, and angle bst is equal  
t o  a+~+f l .  

~ = t a n  --1 [P sin a / ( D - P  cos a)] (9) 
. . . . . . . . . . .  

* For convenience, the radius vectors are measured counter- 
clockwise with respect, to 20 = 0 ° while a is measured counter- 
clockwise with respect to 20 = 180 °. 
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/ ~  COS -1 

P - R  cos a + 1 8 0 - 2 0 m +  ......... 7~R 
. . . . . . .  

180 ( R + D )  D - P e o s a  
R ~ . + P 2 - 2 R P  cos a + 1 8 0 - 2 0 m +  :nR 

Then:  

A 2 0 =  a . + t a n  -1 [P  sin a / ( D - P  cos a)] +cos  -1 M .  ( l l )  

fl is evaluated  as follows" 

Since arc oo' is ext remely small, we m a y  assume 
arc oo' is equal to chord oo' and tha t  xoo' is a r ight  
t r iangle with ( R + D )  the hypotenuse.*  Then chord 
oo' is equal to ( R + D ) t a n  a and 

y~= 180 (R+D)  t an  ~x/z~R 
= 180(R+D)[P  sin a / ( D - P  cos a)]/ztR (10a) 

# = 1 8 0 - ( 2 0 a -  F) (10b) 

~ =  a + # =  a + 1 8 0 - 2 0 ~  

+ [180(R .4, D) (P  sin a / ( n - P  cos a))/~R] (10c) 

Solving the tr iangle in the inset of Fig. 2 yields" 

y =  ( R 2 + p 2 - 2 R P  cos ~7)½ (10d) 

fl = cos -1 [(y2 .4- p2 _ R~)/2yP] 
=cos  -1 [ ( P - R  cos ~ ) / ( R 2 + p 2 - 2 R P  cos ~])½] . (10e) 

Finally,  subst i tut ing for ~ from equat ion (10c) into 
(10e), we obtain  the  equat ion for fl in te rms of P,  a, R, 
and D (equation (10)). A20 is then  given by equat ion 
(11). Final ly,  A 0 = A 20/2. 

+|~ m a y  be obtained by calculating 220 twice, 
once each for the  corresponding diffract ion line seg- 
ments  on each side of 2 0 =  180 °. Referr ing to Fig. 1, 
the net  correction for eccentrici ty along the  film 
cylinder is 

[(arc oa--arc o'a')-4-(arc of--arc o'f')] = A4cf . 

Finally,  /J ~v = A4cf]4. 

= c o s  -1  M .  ( 1 0 )  

rection values. For  example,  if P=0"0005  in. (0.0127 
ram.), a value readily obtainable in precisely built  
cameras (St raumanis  & Ievins,  1940b), and  a = 4 5  °, 
the difference between the approx imate  and the exact  
eccentrici ty corrections varies from - 0 . 0 0 1 4  ° to 
.4-0.0056 oq~ in the range of q~=5 ° to 22.5 °. On the 
other hand,  if a = 0  ° or 90 ° the difference between 

Table 1. /199 versus cf eccentricity calculations based on 
an eccentricity vector P = 0 . 0 0 0 5  in. (0.0127 ram.) and 

various eccentricity angles, a 
( C a m e r a  d i a m e t e r =  57-3 ram.)  

ZJ 90 c o r r e c t i o n  r equ i r ed ,  °q9 
E c c e n -  
t r i c i t y  E x a c t  A p p r o x i m a t e  D i f f e r e n c e  

°q~ angle ,  a m e t h o d  (A)* m e t h o d  (B)* (A)-(B) 

45 0 ° + 0.0126 + 0-0126 0.0000 
22.5 0 + 0.0089 + 0-0089 0.0000 

5 0 + 0.0018 + 0.0021 -- 0.0003 
45 45 + 0 . 0 1 1 6  + 0 . 0 0 8 9  + 0 . 0 0 2 7  
22.5 45 + 0 . 0 1 2 1  + 0 . 0 0 6 5  + 0 . 0 0 5 6  

5 45 + 0 . 0 0 0 2  + 0 . 0 0 1 6  - -0 .0014  
45 90 0 .000000 0-000000 0 .0000 
22.5 90 + 0 .000014 0.000000 0-0000 

5 90 + 0"000007 0"000000 0"0000 

* (A):  Th i s  r epo r t .  (B):  ( B r a d l e y  & J a y ,  1932). 

the approx imate  and exact  methods is negligible 
according to the 0-001 ° criterion (see Table 1). I t  is 
clear, however, t ha t  unless a can be kept  in the 
vicinity of 0 ° or 90 ° , the use of the approx imate  
method  can lead to errors significantly greater  t han  
0.001 °q~ for P = 0 . 0 1  mm. I t  seems preferable to have  
a = 9 0  ° since the  eccentricity error in this case is 
negligible using either the exact  or the approx imate  
method.  

C. Comparison of exact and approximate methods for 
eccentricity correction 
The approx imate  method  of Bradley  & J a y  (1932) 

is sa t i s fac tory  if eccentrici ty corrections need not  be 
de termined to an  accuracy bet ter  t h a n  Aq~=0-01 °, 
provided the magni tude  of P is not  greater  t han  0.01 
mm. in a camera about  150 mm. in d iameter  or less. 
However ,  if corrections on the order of A ~ = 0 . 0 0 1  ° 
are required and P = 0 . 0 1  mm. or larger, then  the  
exact  method  is necessary to calculate accura te  cor- 

* U s i n g  t y p i c a l  v a l u e s  for  a p rec i s ion  57.3 r am.  c a m e r a ,  
(i.e., D = 9 5  ram. ,  R = 2 8 . 8 0 3  ram. ,  P = 0 . 0 0 1  m m . ,  a = 9 0  °) 
,x = 0-000764 ° a n d  ~p = 0 .003290 °. T h u s ,  fo r  t h e s e  c ond i t i ons ,  
th i s  a s s u m p t i o n  causes  an  e r r o r  in y~ of o n l y  0"000015 °. Th i s  
is well  w i t h i n  t he  0.001 ° c r i t e r ion .  

D. Eccentricity measurements on a precision 57-3 mm. 
camera 
A 57.3 mm. Philips camera was rebuil t  as a precision 

camera ( B e u &  Musil, 1962c), the major  rebuilding 
involving the replacement  of the sample spindle with 
a 0.5 in. steel shaft  which was lapped to a precision 
ground spindle hole. The film cylinder was also pre- 
cision ground in the same operat ion as the spindle 
hole. Provisions for t rans la t ion  as well as ro ta t ion  of 
the  sample and spindle were also provided (Garlits & 
Bolt, 1961). The d iameter  and  out-of-roundness of the 
camera were measured with a Federal  hole gage 
accurate  to 0.0001 in. No out-of-roundness was 
detected. The d iameter  was 2.26790 in. a t  the rear  
(sample spindle) plane of the camera,  2.26795 in. 

A C 15 - -  84 
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(57.6059 mm.) at  the central  plane, and 2.26800 in. 
a t  the front  (cover plate) plane, indicat ing a taper  
of 0.0001 in. over the width (about 35 mm.) of the 
film cylinder. This slight taper  has a negligible effect 
on accurate film measurements.  

The eccentr ici ty of the sample spindle was checked 
by fastening a dial gage to the spindle with the probe 
contact ing the film cylinder. :No var ia t ions  in dial 
gage readings were observed when the spindle was 
rotated,  indicat ing the spindle and  the cylinder to be 
concentric wi thin  +0.00005 in. Assuming the mag- 
ni tude of P to have its max imum value of 0.00005 in. 
and  for P to have an undesirable or ienta t ion (i.e., 
a=45° ) ,  AO varies from - 0 . 0 0 2 0  ° to -0 .0021  ° in 
the range of 0 from 45 ° to 85 ° (Fig. 3), while A cf 
varies from +0.0011 ° to ÷0.0002 ° in the same range, 
namely,  ~ from 45 ° to 5 °. I t  should be remembered 
t ha t  these values for A O and Aq~ are based on the 
assumption of unfavorable  conditions for (P, a) and 
t h a t  the actual  eccentr ici ty may  be less t han  indicated. 

0-0025 

0.0020 

~, 0.001.~ 

] 0.0010 
0 

0.0005 

P =  0-00005 in. = 0.0013 mm. 
(maximum value) for all curves. 

/1~ curve. 0":45° 1 l 

---AO curve, o'= 0 ° ~ " 
~cu~ve, ~=0° i T " ' ~  

, 
I Add Aq~to ~ measurea. 

/ [ Sub t rac tA# f rom 0 measured. 
01 1 L .L J 

°8 ..... /*5 50 55 60 65 70 75 80 
°q,--/*5 40 35 30 25 20 15 10 

Fig. 3. A O versus 0 and Aq~ versus q~ using exact eccentricity 
corrections for a precision 57.3 ram. powder camera. 

Ordinarily,  for lat t ice parameter  work using this 
precision camera, q9 angles are measured for ~p less 
t han  45 ° . The eccentr ici ty corrections for these con- 
ditions, again assuming unfavorable values for P and 
a, are not  greater t han  +0.0015 °of in this rangc. 
However,  these da ta  i l lustrate tha t ,  unless extreme 
care is t aken  in building and checking the tolerances 
of a cylindrical camera, the eccentr ici ty error may  

easily become significant and require correction ac- 
cording to the 0.001 ° criterion. I t  should be noted t ha t  
correction curves such as those i l lustrated in Fig. 3 
are val id as long as nothing is done to change the 
sample spindle centering. 

Thanks  are due K. L. Ritchic and F. J .  Musil for 
helpful discussions and to R. R. Garlits for rebuilding 
the camera and making the required measurements.  
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