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Fig. 3. Positions of the naphthalene molecules in the unit cell. 

Table 9. Close intermolecular approaches 
(Distances in A) 

Atom in reference 
molecule Atom M neighbourhlg molecule 

H E '  2.66, H-A'(0, 0, 1); 2.86, H-A(½, --½, 1); 
3.07, H-B(½, --½, 1) 

H-A 2.66, H-E(0, 0, 1); 2.86, H-E'(½, ½, 1); 
2.40, H-B(½, --½, 1) 

H-B 2.95, H-D'(0, 1, 0); 2.40, H-A(½, ½, 1), 
3-07, II-E'(½, ½, 1) 

C 2.82, H-D(½, --½, 0) 
D 2.82, H-D(½, -½,  0) 
H-D 2.95, H-B'(0, 1, 0); 2-82, C(½, ½, 0); 

2-82, D(½, ½, 0) 

approached directly are C and D, and C' and D'. 
C and D are both 2.82/~ from the hydrogen D of the 
molecule at (½, -½, 0), which lies almost immedia te ly  
above C and D, so causing the negative deviations of 
these atoms from the mean  molecular plane. 

The shortest H - H  distance which is presumed in 

naphtha lene  is 2.40 A, as compared with 2.50 A in 
anthracene. T h e  explanat ion of this extra  shortness 
seems to be tha t  the next  shortest in naphthalene ,  
2.66 /~, is considerably larger t han  the next  shortest 
in anthracene,  2.54 A, so tha t  the total  energies of 
molecular interaction are roughly comparable. 

I t  is a pleasure to acknowledge the great help given 
by Miss Diana  E. Pill ing in running m a n y  of the cal- 
culations and drawing out the difference map ;  by  
Prof. J .  M. Robertson in correspondence and discus- 
sion; and by  the Manchester Univers i ty  Computing 
Machine Laboratory in making their Ferranti Mark I 
electronic computer available. 
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A simple analogue computer is described with which crystal and counter settings for a three-circle 
single-crystal diffractometer can be determined. I t  is shown that  the accuracy attainable is quite 
adequate for the measurement of integrated intensities by a rocking-crystal technique. 

I n t r o d u c t i o n  crystal  diffractometers in which the  motion of the 
Furnas  & Harker  (1955) have described two schemes counter is restricted to a plane. The one referred to in 
of data-collection for use with three-circle single- this note is theso-caUed 'cone diffractometer '  method,  
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which permits the survey of an entire hemisphere of 
the reciprocal lattice with a single mounting of the 
crystal. I t  is illustrated in Fig. 1. 

~ V e r t ~ c a l  
( i  _ o- 

. ~  I ~ ~ X-ray 
, t "  

I / beam 

~ I / Fig. 2. Analogue computer for determination of crystal and 
counter settings. 

O ~  is superimposed. Protractor A thus represents the 
w-circle. The reciprocal-lattice diagram is drawn on 

Fig. 1. Diagram showing crystal and counter settings for such a scale that  protractor B, pivoted about its zero 
three-circle X-ray diffractometer, at 0, represents the circle of reflexion, i.e. 1 r.l.u. 

equals the radius of this protractor. 
The crystal is mounted with its unique axis, if it This device is sufficient to determine the settings 

has one, coincident with the axis of the goniometer for hOl reflexions, q, the vertical-circle angle, is set 
head, i.e. with the axis of the w-circle. Any reciprocal- at zero so that  the hO1 reciprocal-lattice net lies in the 
lattice point S may then be brought into the equa- horizontal plane. In order to determine eo(hO1) the 
torial circle of reflexion in the horizontal plane, the point P is made to coincide with the point hO1 in the 
plane in which the counter moves, by the adjustment reciprocal-lattice diagram" w(hOl) is then read directly 
of three angles. The w-circle is used to bring the from protractor A at A 1, the intersection with the 
reciprocal-lattice vector into the plane of the vertical a* axis. The angle 20(hO1) is read from protractor B 
circle, the q-circle. ~ is adjusted to bring the vector at the point in its circumference which can be made 
into the horizontal plane and the whole vertical circle to lie over the point hO1 in the reciprocal-lattice dia- 
ls turned about its vertical axis through the angle 0, gram. 
the Bragg angle, in order to bring S into the equatorial The settings for a reflexion hkl are determined by 
circle of reflexion. The counter is of course set at 20. a simple elaboration of this method, w(hkl) is the same 
In order to set the instrument to measure any re- as w(hO1) since at this setting all reciprocal-lattice 
flexion, therefore, it is necessary to know the angles points in the row hkl with h and 1 constant lie in the 
w, ~ and 0. plane of the vertical circle. In order to determine q~ 

and 20 the point P is again set at the point hO1 in 
An analogue computer  the reciprocal-lattice diagram and the line PQ, at 

For crystals of monoclinic or higher symmetry, these right angles to RP, is marked out in intervals of b*. 
angles may be determined quite conveniently by the A radial line OB 1, conveniently the diameter of 
use of a simple analogue computer. Such a computer, protractor B, is set to lie over the point corresponding 
made out of two 360 ° protractors and a celluloid sheet, to the appropriate value of k on the line PQ, and 
is sho~zi in Fig. 2. I t  will be described with reference q;(hkl) = A POB1 is read at A2 on protractor A. The 
to the method used in determining the settings for a angle 20(hkl) is again read on protractor B at B 1, 
monoclinic crystal mounted with the unique b axis the point on its circumference which can be made 
coincident with the axis of rotation of the co-circle, to lie over the point hkl. 
The orientation of the crystal with respect to the If 10 in.-diameter protractors are used with a re- 
co-circle, which must be determined, is assumed to be ciprocal-lattice diagram drawn on the scale 1 r.l.u. = 
such that the reciprocal lattice vector a* lies in the 5 in. the angles can easily be read to an accuracy of 
plane of the vertical circle when w = 0. +0.2 °. For crystals with large unit cells (e.g. proteins) 

RPQ denote the celluloid sheet, which is con- and when Mo Ka  or other radiation of short wave- 
strained to move along the diameter AoOAs of the length is used it is convenient to adopt a larger scale, 
protractor A. This protractor, with zero at A 0, is say 1 r.l.u. = 100 cm. The diameter of the circle of 
pivoted about its centre at O, the origin of the diagram reflexion is then inconveniently large, but it is not 
of the hO1 reciprocal-lattice net upon which the device necessary to use the full circle since reflexions in such 
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circumstances are not generally measurable at higher 
angles than  20 = 40 °. The protractor B m a y  then be 
replaced by a rectangular  piece of 'perspex' on which 
an arc of the reflexion circle graduated from 0 to 40 ° 
is engraved. Wi th  such a scale it is easily possible to 
determine 20 to within *0.02% 

Accuracy of setting 

The accuracy with which the angles need to be set 
depends on the dimensions of the diffractometer and 
its various slit systems and also on the technique 
adopted for measuring the integrated intensities. 

Thus when the crystal is oscillated or turned through 
the reflecting position the setting of 0 m a y  be less 
critical t han  it is when the crystal is set at  the reflect- 
ing position. The present discussion applies in partic- 
ular to the use of a method in which the crystal, 
mounted in a parallel beam of X-rays, is rotated 
through the reflecting position over the angular range 
0 - ~  to 0+~. The counter, with a wide entrance slit, 
is set at 20 and kept  stationary.  The accuracy with 
which 0 and 20 need be set is determined by the 
ampli tude of scan (2s) and the size of the counter 
slit, and these m a y  be chosen to give reasonable 
lat i tude in setting so long as they  provide adequate 
resolution of the reflexions and good peak-to-back- 
ground ratios in the intensi ty  measurements.  The 
ins t rument  in use in this laboratory gives adequate 
resolution of the reflexions of Cu K a  radiation from 
all crystals with linear cell dimensions less than  about  
65 A when the ampli tude of scan is 2% Most of the 
in tensi ty  in any  given reflexion is recorded within 
±0.3 ° of the peak so tha t  a 2 ° scan includes measure- 
ments  nearly at background level over some 0.7 ° on  
either side of the reflexion. Good integration of the 
reflexion intensi ty  is obtained when the total  effective 
error in 0 does not exceed 0.5 °. The size of the square 
counter entrance slit is such tha t  the m a x i m u m  allow- 
able deviation of the reflected ray  from its correctly 
set direction is about 0.3 ° . 

I t  is clear tha t  the conditions for a reflexion to take 
place are upset by mis-setting of co or ~. The reflexion 
conditions may,  however, be satisfied for such a mis- 
set crystal  (i.e. the appropriate reciprocal-lattice point 
m a y  be brought into the sphere of reflexion) by turn- 
hag the vertical circle so tha t  it no longer exactly 
bisects the angle between the incident and reflected 

beams. The angle between the normal to this circle 
and the incident beam is then no longer 0, the Bragg 
angle, so to avoid confusion it is referred to henceforth 
as O, where 0 = 0 for a correctly set crystal and 
6) = O+A6) for a mis-set crystal brought into the 

reflecting position by an ad jus tment  A O. The direction 
of the  reflected beam from such a mis-set crystal  
deviates from the direction for a correctly-set crystal  
by  some angle 6. 

A O~ and ~ ,  A O~ and ~ ,  due to small  sett ing errors 
A~ and A w respectively, m a y  readily be shown to 
have the following values: 

AO~ = - t a n  O.Aq~2/2, (1) 

6~ = 2 sin O.Aq~, (2) 

AO~ = cos ~0.Aa~, (3) 

~ = sin 0 .s in  2~0.Aa~2/2. (4) 

The m a x i m u m  0 obtainable with the present instru- 
ment  is 45 ° . 

A O~ and ~ are negligibly small  for all reasonable 
errors, so tha t  the m a x i m u m  errors which can be 
tolerated in setting ~ and w are determined by (2) 
and (3) and m a y  be considered independent ly.  

~ ,  the deviat ion in reflected-beam direction due to 
a small  error A q~, lies very nearly in the vertical plane 
determined by the reflected-beam direction for a cor- 
rectly set crystal and the vertical axis about which the 
counter moves. The component deviat ion in the hori- 
zontal plane is negligibly small. I t  is possible, there- 
fore, to treat  the errors due to mis-setting 20 (the 
counter angle) and ~0 independently.  Clearly 20 must  
be known to within ±0.3 ° , s tated above to be the 
m a x i m u m  allowable deviat ion of the reflecte~ I beam 
from the correctly-set direction. Similarly 6~ should 
not exceed 0.3% Equat ion (2) shows that ,  for re- 
flexions observed at the ins t rument  l imit  (0 = 45°), 

must  be determined, therefore, to within about 
±0.2 °, while for reflexions at lower angles, including 
all those observed from protein crystals, greater 
lat i tude in setting may  be tolerated. 

A reasonable m a x i m u m  value for A O~ to allow for 
the possibili ty of small  errors in setting 0 is again 0.3 °. 
(The ins t rumenta l  error in the circles is negligible by  
comparison.) Equat ion (3) then shows tha t  when 

= 0 the m a x i m u m  allowable error in setting w is 
Aw = ±0.3 °, and tha t  greater errors m a y  be tolerated 
at other values of ~. 

These considerations show tha t  the angles deter- 
mined by means of this analogue computer are quite 
accurate enough for use with the rocking-crystal 
technique, even when no hunt ing for the reflexion 
maximum is allowed. 
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