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are determined and the values of zk are taken from (5). 
Given the coordinates xi, Yi, and zk, the n numerators  
of (6) and (7) m a y  be calculated and stored on mag- 
netic tape together with the weight which is deter- 
mined, using the tabula ted  values of R. These steps 
are repeated unti l  the numerators  and weights for each 
of the m a points have been stored. The crystal  volume, 
which is s imply  the sum of all the weights, is also 
determined in Par t  I. 

In  Par t  I I  the angles 0 and Z for a par t icular  re- 
flection are subst i tuted in (2) to obtain c~ and fl, and 
these are used to calculate the 2n denominators  of 
equations (6) and (7). Then, using the numerators  
from magnetic  tape, the in tegrand for each point  is 
evaluated as described above and summed with the 
appropriate  weight (also from magnetic  tape) to 
yield the integral A. The calculations of Par t  I I  are 
repeated for each reflection of interest. 

The steps involved in obtaining the absorption cor- 
rection factors m a y  be summarized as follows: (1) A set 
of axes is f ixed to the crystal  and the equations of 
planes which approximate  its faces are obtained. This 
can be done, for example,  by  measuring the oriented 
sample with a toolmaker 's  microscope to determine the 
coordinates of its corners, and solving for the coeffi- 
cients of the planes which pass through these points. 
(2) The absorption coefficient, re, is found experimen- 
ta l ly  or from tabula ted  cross-sections. (3) The Bragg 
angle, 0, and the interplanar  angle, Z, are calculated 
for each reflection of interest. This step is a necessary 
pre l iminary  to obtaining in tens i ty  da ta  using count- 
ing techniques. (4) The above information is read into 
the computer,  which calculates a value of A for each 
reflection. 

Wi th  m -- 8, the computing t ime for a crystal  with 
six faces is 19 sec. for Par t  I and 31 sec. per reflection 
for Par t  II.  The lat ter  t ime should be approximate ly  
proportional to nm a. 

The precision of the integrat ion was tested by  con- 
structing problems of simple but  varied geometry 
which could be integrated analyt ica l ly  and which gave 
A's  in the range from 0-50 to 0.62. Nineteen such cal- 
culation~ with m = 8 gave values of~l which compared 
with the true values with a s tandard deviat ion of 0-2 ~o 
and a m a x i m u m  deviation of 0.5%. Rough tests in- 
dicate tha t  an accuracy of 1 or 2% can be obtained 
with m as low as 4 or 5. 

The accuracy of this routine is several t imes better  
than  tha t  of an earlier version, which averaged over 
points on an isometric lattice weighting them equally. 
I t  is believed tha t  the inaccuracy of the older method 
was pr imar i ly  due to the improper weighting of points 
near  the sample surface. 
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The Crystal and Molecular Structure of Pyrazine 
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(Received 1 October 1956) 

The crystal structure of pyrazine has been determined by three-dimensional Fourier methods. 
The crystals are orthorhombic, Fmnn, with two molecules in the unit cell. The molecular symmetry 
is 2/m. The dimensions of the molecule are: C-N = 1-334 A, C-C --- 1.378 ~, N-C-N = 122.4 °, 
C-N-C = 115.1 °. The C-H distance was found to be 1.05 /~. Nine three-dimensional refinement 
cycles were carried out, the last five with the object of determining anisotropic thermal parameters 
for the carbon and nitrogen atoms. The motion of the molecule, considered as a rigid body, has been 
discussed in terms of the crystal packing. Corrections have been made to the bond lengths for the 
effect of the thermal motion. The final R factor is 8-3 %. 

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

:Cox, Cruickshank & Smith  (1955) have shown tha t  a 
systematic  error m a y  occur in the lengths of bonds 
as a result of anisotropic thermal  motion. The effect 

is par t icular ly  impor tan t  in simple p lanar  molecules 
such as benzene and the azines. The correction to the  
C-C length in benzene was of the order of 0.015 /~, 
and this is confirmed by the discrepancy tha t  exists 
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in s-triazine. Wheatley (1955) found a value for the 
C--N length of 1.319 A, whereas the figure obtained 
from an analysis of the rotational Raman spectrum 
(Stoicheff, 1956) is 1.338 /~. Since a similar error is 
likely to arise in pyrazine (I), 

H~C~c/H 
I I H/C~//C~H 

N 

(I) 

a ' large part  of this investigation has been devoted to 
obtaining accurate thermal parameters. A knowledge 
of these parameters, apart  from enabling an estimate 
of the requisite bond-length corrections to be made, 
helps to give an insight into the molecular motions 
at  temperatures a little below the melting point. Since 
benzene and s-tetrazine (Bertinotti, Giacomello & 
Liquori, 1956) crystallize ~vith the planes of adjacent 
molecules roughly at  right angles, whereas s-triazine, 
pyrazine and pyrimidine pack with the planes of the 
molecules approximately parallel, significant differ- 
ences in the principal thermal motions might be ex- 
pected in the two types of structure. 

The X-ray structure analysis 
The molecule is required to have symmetry  2/m. 
Thus there are seven positional parameters to be 
determined, one for the nitrogen atom and three each 
for the carbon and hydrogen atoms. The length of [b] 
implies tha t  the molecule will lie roughly in the ac 
plane, and this is confirmed by the weighted reciprocal 
lattice shown in Fig. 1. The general disposition of the 
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Fig. 1. The hOl weighted  reciprocal lat t ice.  

Experimental 
Pyrazine melts at 54 ° C. and sublimes, like all com- 
pounds consisting of small symmetrical molecules, very 
readily. The crystals used in this work were, therefore, 
grown in thin-walled Lindemann glass capillaries of 
0.3 mm. internal diameter. Crystals grew preferentially 
with the shortest axis coinciding with the length of 
the tube, and the crystals were invariably twinned. 
A crystal grown by slow sublimation over a period of 
three months also showed twinning, so tha t  all the 
intensities obtained were from crystals twinned on 
{101}. Cu Kc~ radiation and the multiple-film tech- 
nique were used to take Weissenberg photographs 
round [b] and [101] at  20 ° C. The relative intensities 
were estimated visually by comparison with a standard 
scale, and the different sets of photographs were 
placed on the same relative scale by correlation 
through common reflexions. A total of 207 independent 
reflexions were observed. The systematic absences of 
hO1 reflexions for h + l  -- 2n+1,  and of hk0 reflexions 
for h + k  -- 2 n + l ,  give P m n n  and P n n  as the possible 
space groups. The centrosymmetric P m n n  (No. 58) 
was employed from the start  and this choice has been 
confirmed by the subsequent analysis. 

The length of [b] was found from rotation photo- 
graphs, and [a] and [c] were determined by the 
Straumanis method, yielding the following results: 

a=9"316+0.003, b=3.815±0.005, c=5.911+0-003/~.  

These cell constants give a calculated density of 
1.266 g.cm. -a, assuming two molecules in the unit cell. 

molecule required by the space-group symmetry  is also 
confirmed. I t  should be possible to derive a value for 
the tilt  of the molecule about [a] from Fig. 1, but a 
more reliable value can be obtained by considering 
the spacing in s-trJazine. Here the molecules are 
stacked parallel at a distance of 3.64 • apart, so that  
the tilt in pyrazine should be cos -1 (3.64/3.815) ~ 18 °. 
If the carbon and nitrogen atoms are assumed to lie 
at the same distance from the centre of the ring as in 
s-triazine, there is now sufficient information to obtain 
approximate values for the coordinates of the nitrogen 
and carbon atoms, as follows: 

x/a y/b z/c 
N 0.147 0 0 
C 0.075 0.114 0.179 

These coordinates were used immediately to cal- 
culate a set of three-dimensional structure factors. 
The scattering factors employed were those of Hoerni 
& Ibers (1954) modified by an assumed isotropic 
temperature factor of 3.7 /~2. The reliability factor R 
was 17-5%. I t  was apparent that  the reflexions 101, 
110 and 011 suffered heavily from extinction, and 
these three reflexions have been omitted completely 
from all subsequent stages of the analysis. 

The positional parameters were then refined by four 
successive cycles on the Manchester University elec- 
tronic computer, using the programmes described by 
Ahmed & Cruickshank (1953). The R factor at this 
stage had dropped to 10.2%. The hydrogen atom was 
next located by means of a restricted three-dimen- 
sional synthesis, using the differences between the 
observed and calculated structure factors as coeffi- 

13" 
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cients in the  Fourier  synthesis. The height of the  
hydrogen peak was 0.39 e.A -3. 

Wi th  the  positions of the atoms established within 
nar row limits, anisotropic t empera ture  factors were 
introduced for the carbon and nitrogen atoms, and an 
a t t e m p t  made  to refine them {Cruickshank, 1956a) 
by  using only those planes with sin 0 > 0.65. As in 
the  case of benzene (Cox, Cruickshank & Smith,  1957), 
this failed for a reason which is not  apparent ,  but  which 
is probably  due to a systematic  error in the est imation 
of the  intensi ty of high-order reflexions. Consequently 
the thermal  factors were refined by using all 204 re- 
flexions and by making the  observed and calculated 
peak heights and the  observed and calculated curva- 
tures equal. An isotropic t empera ture  factor  of 5 . 0 / ~  
was used for the hydrogen atoms, and the ref inement  
of the  positional parameters  of the carbon and nitrogen 
atoms was continued as the ref inement of the  thermal  
parameters  progressed. Table 1 shows the final values 

BII 
B19. 
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TI:IE CRYSTAL AND MOLECULAR STRUCTURE OF PYRAZINE 

Table 1. Final thermal parameters 

N C N C 

2-70 A 2 3.63 A 2 B92 5.78/~ 4.89 A 2 
0 -- 0"35 B2a 0.70 0.32 
0 --0.32 Baa 4.69 3.81 

of the t empera ture  factors for the carbon and nitrogen 
atoms, the  t empera ture  factor  being defined by  the 
expression 

fi  = f0 exp [ - (Blzh 2 + 2Bz2hk + 2B18hl 
-~- B22k 2 + 2B23kl + B33/9)] . 

The final peak heights and curvatures  are shown in 
Table 2 and the final coordinates in Table 3. 

Table 2. Final curvatures and peak heights 

Nitrogen Carbon 
^ ^ 

Obs. Calc. Obs. Cale. 

Ahh (e.A -5) --83"60 --83"16 --65"49 --65'77 
Akk (e.A -5) -- 60'49 -- 60"37 -- 57"89 -- 58"03 
Az/ (e./~ -5) --71-50 --71.16 --65-34 --65.48 
o (e.A -a) 7.55 7.53 6.51 6.51 

Table 3. Final atomic coordinates 

x/a y/b z/c 

0.14850 0 0 
0.07288 0.11135 0.17331 
0.1301 0.192~ 0.3171 

N 

12°.31122, 

N 
C 
H 

Fig. 2. Molecular dimensions, before corrections for the effect 
of thermal motion have been made. 
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Fig. 3. Pyrazine: projections of the structure (a) on (010), 
(b) on (001) and (c) on (100). In each case a right-handed 
set of axes has been chosen, and the shaded molecule is dis- 
placed by half a translation in the positive vertical direc- 
tion, i.e. upwards in (a) and (c), downwards in (b). 

The molecular dimensions, before applying any  
correction for the thermal  motion(Cruickshank,1956c),  
are shown in Fig. 2, and the closest intermolecular  

contacts  in Fig. 3. These contacts  are between hy- 
drogen and hydrogen atoms,  and between hydrogen 
and ni trogen atoms. The position of the  hydrogen 
a tom is determined with much less cer ta in ty  t han  t h a t  
of the ni trogen atom. In  part icular ,  the  hydrogen 
a tom is d rawn in towards  the ring in the  manner  
usually observed in X - r a y  analysis (Wheatley,  1953), 
so t ha t  the C - H  distance is shorter  t han  expected. 
In  pyrazine,  however, as opposed to benzene (Cox 
et al., 1957), there is no need for the  hydrogen a tom 
to be located radial ly  from the centre of the ring, so 
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that, even though the C-H len~h were known ac- 
curately, the position of the hydrogen atom would 
still be in doubt. Moreover, there is no good reason 
to think that  the intermolecular separation is deter- 
mined by the position of the atomic nuclei, and the 
location of the hydrogen atom as determined by X-rays 
may give a more reliable figure for the separation. 
For these reasons it seems more realistic to retain the 
hydrogen atom coordinates given in Table 3, rather 
than to confuse the issue by selecting a more plausible 
value for the C-H internuclear separation. Despite the 
fact that  the intermolecular distances are subject to 
greater errors than the bond lengths, the general 
nature of the packing is undoubtedly correct. 

The standard deviations of the atomic coordinates, 
obtained by the method of Cruickshank (1949), are: 

a(x) (A) ~(y) (A) a(z) (A) 
N 0.0024 0 0 
C 0.0030 0-0028 0.0028 

These figures give a standard deviation of 0.003 /~ 
for the C-C and C-N bond lengths, and a standard 
deviation of 0.3 ° for the C--C-N and C-N-C angles. 

The molecule is tilted by 22 ° 3' around [a], and the 
equation of the plane through the molecule is 

-0.9237y+0.3830z = 0 ,  

the coordinates being expressed in _~mgstrSm units. 
The hydrogen atom lies at a distance of 0.038 J~ from 
this plane. The final reliability factor for the 204 planes 
was 8.3 %. 

After completion of the refinement of the positional 
and thermal parameters, an attempt was made to 
discover if any significant regions of electron density 
remained. Seven sections were computed with the 
differences between the observed and the final cal- 
culated structure factors as coefficients. The sections 
were chosen so that the effects of bonding electrons or of 
the lone pair of electrons on the nitrogen atom should 
appear. In these sections the electron density ranged 
from -0-19 e.A -a to +0-18 e./~ -a, but no features of 
these difference maps could be associated with the 
molecule. At the centre of the ring, i.e. at the origin, 
the electron density had a value of -0.03 e./~ -a, so 
that  no 'hole' appears in the middle of the molecule. 

The t h e r m a l  mot ion  

The relevant values for the Bi/tensors for the carbon 
and nitrogen atoms are given in Table 1. These tensors 
are defined with respect to the original crystal axes, 
and to obtain information about the molecular motion 
it is necessary to transform to molecular axes. We 
define three new axes, therefore, (1) the axis (L) 
passing through the nitrogen atoms, which is coin- 
cident with the original [a], and has direction cosines 
(1, 0, 0); (2) the normal to the molecular plane (N), 
with direction cosines (0, 0.9238,-0.3830); and (3) 
the transverse axis (T), perpendicular to the other 

two, and with direction cosines (0, 0.3830, 0-9238). In 
order to maintain the necessary symmetry, and to 
give the requisite weights, we need to consider three 
atoms: two carbon atoms and one nitrogen atom. We 
select the original nitrogen atom, the original carbon 
atom, now labelled C1, and the carbon atom, which 
we label C2, related to C1 by the twofold axis. The 
thermal parameters of these three atoms in the molec- 
ular axes (L, N and T) are given in Table 4. 

Table 4. Thermal  parameters in terms of molecular axes 

N C 1 C 2 

CLL 2-70 A ~" 3.63 A_ 9 3"63 A ~ 
CL2g 0 - - 0 . 2 1  0.21 
CLT 0 - -  0"43 0.43 
CN~, 5.12 4.51 4.51 
CNT 0.88 0-61 0"61 
CTT 5.35 4"19 4.19 

For the nitrogen atom, the figures in Table 4 give 
directly the parameters for the motion tangentially 
to, radially in, and normal to, the ring. The values 
for the carbon atoms can be obtained after the neces- 
sary transformation. These figures are given in Table 5, 
together with the weighted mean. The last column in 
Table 5, therefore, gives the average values of the 
three important molecular motions. 

Table 5. Thermal  parameters of  the atoms relative to 
the ring 

W e i g h t e d  
N C1, 2 m e a n  

T a n g e n t i a l  5.35 A ~ 4.17 A ~" 4.56 A ~ 
R a d i a l  2 .70 3.66 3.34 
N o r m a l  5.12 4.51 4.72 

Assuming that the molecule is a rigid body, we may 
now determine the rotational and translational vibra- 
tion tensors (Cruickshank, 1956b). As in benzene (Cox 
et al., 1957), it is not possible to determine all the 
coefficients. Table 6 lists the values that  can be ob- 
tained. The absolute values of tOLL, OT~, and TN~ v 
cannot be determined (although the sum of WLL? 2, 
e0TT~ 2 and T~,~v must equal 4.72 A 2, from Table 5), 
but the following relation exists: 

l '18wrT-eozz = 0.497. 

Table 6. Coefficients of  the translational and rotational 
vibration tensors 

TLL 2"74 /~2 O,)LL 
TL~V 0 toZ~v 0 
TZT 0 toZr 0 
T ~wv ~ o~,v_~- O. 71 
T•,T 0.48 ~oNT -- 0.23 
TTT 3.91 eOTT 

These figures enable us to discuss the thermal motion 
in relation to the packing of the molecules in the 
crystal. 

6o~,v corresponds to a r,m.s, angular displacement 
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of 5-7 °, assuming an average ring radius of 1.328 A. 
Thus the oscillation about the normal to the molecular 
plane is not such a prominent part of the molecular 
motion as it is in benzene (Cox et al., 1955). The 
motion along [L] is considerably more difficult than 
along IT], because the molecules can slide under each 
other in the [T] direction without causing much short- 
ening in the N • • • H contact of 2.607 J~ or the H • • • H 
contact of 2.615 /~ (Fig. 3(a)). From the relation con- 
necting O,)TT and wzz it follows that  the rotation about 
[T] is considerably easier than about [L], though the 
absolute values of these motions are not known. 
Again this is physically reasonable, since (Fig. 3(c)) 
the hydrogen atom is sandwiched between the nitrogen 
and hydrogen atoms in the [b] direction, thus restrict- 
ing rotation around [L]. 

The motion normal to the plane of the molecule 
cannot be resolved into rotational and translational 
components. If it could, then the rather large value 
of the cross-term T~VT would probably be very sig- 
nificant, as it would give the direction of maximum 
translation, which need not coincide with either [N] 
or [b]. The total motion normal to the plane, after 
allowance for the fact that  the average temperature 
factor in benzene is higher than that  in pyrazine by 
a factor of 5.57/4.21, is seen to be more important in 
pyrazine. Since the mode of packing in pyrazine is 
basically different from that in benzene, it seems un- 
wise to split the motion into rotational and transla- 
tional contributions using the method employed for 
benzene (Cox et al., 1957). There seems to be no 
reason in pyrazine why the rotational and translational 
contributions to this motion should not be approx- 
imately of equal importance. 

Correction to the bond lengths  

From the difference in the values for motion radially 
in the ring and tangentially to the ring given in Table 5, 
we may obtain the correction to the bond lengths re- 
quired for'the motion round the normal to the molec- 
ular plane (Cruickshank, 1956c). The breadth para- 
meter, given by the ratio of the peak height to the 
mean curvature of an atom, is q2 = 0.104 A 2 in pyra- 
zinc. If we assume an average radius for the ring of 
1.328 A, the addition to be made to the bond lengths 
shown in Fig. 3 is 0.005 A. For motion normal to the 
ring the maximum correction, assuming that the aver- 
age figure 4.72 ~2 is due entirely to rotation about axes 
in the plane of the molecule, is 0.029 A. If, as suggested 
above, half the motion is assumed to be rotational, 
as seems reasonable, then the total correction to be 
added to the bond lengths will be 0.0054-0.015 = 
0-020 J~. The best estimates for the bond lengths are, 
therefore, 

C-C = 1.378 A, C-N = 1.334 A.  

These bond lengths have a standard deviation of 
0.003 A due to random errors, and an error of +0.015/~ 

due to uncertainty in the thermal motion. The values 
for the angles shown in Fig. 3 will be little affected 
by the thermal motion, and can probably be trusted 
to 1% 

Discuss ion  of the molecu lar  d imens ions  

The value of the C-N-C angle, 115 ° 8', in pyrazine 
confirms the  observation of Hameka & Liquori (1956) 
that, in heterocyclic rings containing nitrogen atoms, 
the bond angle of nitrogen is less than 120 ° . 

The structure of pyrazine has been determined by 
electron diffraction (Schomaker & Pauling, 1939) with 
the following results: 

C-C = 1.39, C-N = 1-35, C-H = 1-09 _~; 
all angles -- 120 ° . 

With the exception of the C-H distance, the present 
results are probably more reliable. The structure of 
tetramethylpyrazine has also been found by means of 
X-ray diffraction (Cromer, Ihde & Ritter, 1951), but 
the refinement was not carried as far as in the present 
investigation. 

Reliable values of molecular dimensions are now 
available for benzene (Stoicheff, 1954; Cox et al., 
1955, 1957), pyridine (Liquori & Vaciago, 1956), 
s-triazine (Stoicheff, 1956), s-tetrazine (Bertinotti 
et al., 1956) and pyrazine. Pyrimidine and pyridazine, 
the only other known azines, are under investigation 
in this laboratory. 

Finally, two general conclusions may be dra~nr as 
a result of this and similar work. First, in simple cyclic 
molecules, X-ray determinations of the values of 
angles between bonds are more reliable than the bond 
lengths themselves. Secondly, if the main purpose of 
an X-ray analysis is the determination of accurate 
bond lengths, it would be better to work at low tem- 
peratures where the molecular motion is less important. 

I would like to thank Prof. E. G. Cox for his in- 
terest in this work; Miss D. E. Pilling for carrying 
out much of the three-dimensional refinement; the 
Manchester University Computing Laboratory staff 
for use of the computer; Dr R. C. Hirt of the American 
Cyanamid Company for the gift of a sample; and 
Dr D.,W. J. Cruickshank for much assistance, par- 
ticularly with the analysis of the thermal motion. 
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The Structure of Guinier-Preston Zones. II. The Room-Temperature  

Ageing of the Al-Cu Alloy 
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In a previous paper the diffuse intensity diffracted by a Guinier-Preston (G.-P.) zone was ex- 
pressed as a trigonometrical series with the coefficients dependent on the structure of the zone. 
The present paper deals with the determination of these coefficients from the variation of the 
diffuse intensity in relrod (00/) by the method of least squares for the natural aged AI-Cu alloy. 
From these the concentration of copper atoms in various atomic planes of the G.-P. zone, as well 
as the displacements of these planes with respect to the matrix,  were determined. 

1. Introduction 

In  the first pa r t  of this paper  (Toman, 1955) the diffuse 
intensi ty  of X-rays  diffracted by a Guinier -Pres ton 
(G.-P.)  zone was expressed as a t r igonometrical  series 
with coefficients determined by the s t ructure  of the 
zone; the possibility of determining these coefficients 
from the measured diffuse intensi ty distr ibution in 
relrod (00l) was shown. The knowledge of these co- 
efficients enables us to evaluate  s t ructura l  features 
of the  zone, namely  the coppper-atom fract ion in the  
various atomic planes (001) of the G. -P .  zone and 
the  displacements of these planes with respect to the 
matr ix .  

This method is applied in this paper  in a modified 
form to the determinat ion of the s t ructure  of G. -P .  
zones of the na tura l  aged A1-Cu alloy. 

2. Exper imenta l  part 

High-pur i ty  materials  were used for the  prepara t ion  
of the A1-Cu alloy with 3.95 % Cu, the impur i ty  content  
(Si, Fe) being below 0.03%. The wires, made from 
cast ingots, were 1 mm. in diameter  and were con- 
ver ted to monocrystals  by means of the s train an- 
nealing method.  The monocrystals  were quenched a t  
520 ° C. and aged na tura l ly  for 10 days. The aged 
crystals were etched in sodium hydroxide solution a t  
30 ° C. The etched crystals, pr ismatic  in shape with 
cross-section 0.2 ×0.2 mm.,  were used for X - r a y  dif- 
fraction. 
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The Weissenberg pa t te rns  were obtained by using 
monochromatized Cu Ka radiat ion.  The bent  quar tz  
crystal  monochromator  was employed. 

3. Intensity m e a s u r e m e n t s  

The diffuse intensi ty  (001) was measured on the micro- 
photometer  for the values of the continuous variable 
1 ranging from 1 to 5. A series of photographs  was 
taken  with different exposure t imes under  controlled 
conditions on account  of the considerable var ia t ion 
of darkening in the measured interval.  The measured 
intensities were corrected for polarization and Lorentz 
factors as usual. The absorption factor  was deter- 
mined by means of graphical  integration. The diffuse 
intensi ty shows considerable max ima  in the neigh- 
bourhood of the relps of the mat r ix  with the s t reaks 
going out from the diffuse max ima  in the direction 
of increasing Bragg angle. This observation is in agree- 
ment  with t ha t  of Gerold (1954). The diffuse intensi ty  
in relps" (002) and (004) and in their close neighbour- 
hood cannot  be directly measured because it overlaps 
the Bragg reflexion of the matr ix .  The interpolat ion 
in this range involves a certain degree of arbitrariness.  

4. The determinat ion of the structure 

The diffuse intensi ty of X-rays  diffracted by  a G. -P .  
zone can be expressed as a tr igonometrical  series 
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