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Automatic  Diffractometer Programs 
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(Received 18 October 1962) 

Programs have been written to control the operation of an automatic diffractometer, to check its 
performance, and to compute the magnitudes and standard deviations of all the structure factors 
from the angular and intensity records measured by the diffractometer. Statistical analysis of 
equivalent structure factors leads to mean structure factor values and averaged standard deviations. 
The logical structure and an outline of the various programs are given. The approach used in these 
programs is readily adaptable to different types of automatic diffractometers. 

Introduct ion 

Unt i l  recently,  most  X- ray  in tens i ty  measurements  
were made  b y  photographic  methods.  W i t h  the  re- 
in t roduct ion  of counter methods,  i t  again  became 
necessary to calculate the  angles a t  which both  the 
crysta l  and  the  counter should be set in  order to 
measure  the diffracted beams. So long as these angles 
were set m a n u a l l y  on the  diffractometer ,  i t  d id  not  
appear  inappropr ia te  to hand-calcula te  these values. 
Similar ly,  the intensi t ies  were usual ly  measured  either 
a t  a few points  along the reciprocal la t t ice point  
profile or else they  were obta ined by  cumula t ive ly  
sweeping through the  reflection. I n  ei ther  case, the 
common pract ice was to process the  resul t ing in tens i ty  
informat ion  m a n u a l l y  in  order to arr ive at  the  cor- 
responding s t ructure  ampli tudes.  For most  crystallo- 
graphers,  the  t ed ium of these m a n u a l  operations was 
sufficient  to restr ict  to a m i n i m u m  the  counter 
measurement  of intensi t ies  diffracted by  single crys- 
tals.  

Opt imal  use of fu l ly  automat ic  digi ta l  diffracto- 
meters  such as PEXI~AD* (Abrahams,  1962) requires 
adequate  means  both  for communica t ing  wi th  the  
dif f ractometer  and  for processing the  result ing infor- 
mat ion.  Programs for these two purposes have been 
w r i t t e n t  for the I B m  7090 computer  under  the names  
P E X R A D  I N P U T  and P E X R A D  OUTPUT.  The 
logical s t ructure  and  an  outl ine of each program 
together wi th  some short  per ipheral  programs will be 
presented in  the  following sections. 

Logic of P E X R A D  I N P U T  p r o g r a m  

The object of P E X R A D  I N P U T  is to compute and  
arrange,  in the most  efficient form, the  informat ion  
required by  P E X R A D  for measur ing the  integrated 
in tens i ty  of every allowed reflection in  each allowed 
reciprocal level. The geometrical  conditions to be 
satisfied for any  given hkl reflection are i l lus t ra ted  in 

* Programmed electronic X-ray automatic diffractometer. 
A user's manual and program listings are available on 

request. 
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Fig. 1. Geometrical conditions for reflection of the reciprocal 
lattice point hkl, rotating about the c-axis. 

Fig. 1. The counter mus t  be placed at  the  angle 
v+vo (vo is an  in s t rumen ta l  constant).  The crysta l  
is then  rota ted  about  the e axis to the angle ~ - A ~ + qo 
(qo is also an  ins t rumenta l  constant) and  the in tens i ty  
is measured  at  this  position. The crystal  is nex t  
ro ta ted  through the  smal l  angular  increment  A ' q  
and  the  in tens i ty  is again measured.  This step-wise 
in tens i ty  measurement  is repeated along the  pa th  AB,  
at  in tervals  of A ' ~  un t i l  the  f inal  crystal  angle 

+ A rp + cpo is reached. 
The t r igonometr ic  relat ions between the reciprocal 

cell constants  and  v, cf and # = -  v (the equi-inclina- 
t ion angles) have been derived previously  by  Buerger  
(1942) and  by  Prewi t t  (1960). 

Outl ine of P E X R A D  I N P U T  p r o g r a m  

The informat ion  required for this  program consists 
of a table  of Vmax versus /x (as ~t increases from 0 ° 
to 60 °, Vmax decreases (Abrahams,  1962) from 142 ° 
to 50°), a t i t le  card, a*, b*, c*, cos a*, cos fl*, cos y*, 
v0, ~o, gl~, AI'~ and  the  space group restrictions. 
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The lattice constants used in this program are always 
transformed so as to name the actual rotation axis 'c'. 
All v and T angles are given to the nearest 0.01 °, 
then multiplied by 100 to convert the angle to integer 
form. The first section of PEXRAD INPUT system- 
atically generates by /th layers all the combinations 
of + h, + k, l which are permitted by the restrictions 
on # and by the space group. The angle # for a given 
crystal varies only with l, so that  the value of 1 
hence determines Vmax. The angles vj for the allowed 
(hlcl)j reflections in each / th  layer, already computed 
in the test on Vmax, are stored and the corresponding 
TJ angles are then computed. PEXRAD INPUT 
now orders the (hkl)j points (for each successive 
/th layer) to make ]v~+l-vi[ T ]TJ+I-- TJI a minimum. 
The reciprocal lattice point for which vj + T~ is smallest 
is chosen as (h/d)1, the starting point. This criterion 
applies to PEXRAD since the v and T shafts rotate 
with equal angular velocity. At the same time the 
(hlcl)i points are ordered, the corresponding rotation 
sense between the j t h  and (j + 1)th point is computed 
for v and 9. The output from this program is printed 
and put on punched cards. The punched cards are 
used to produce the paper tape input to PEXRAD. 
The output includes ,u (for each lth layer) followed by 
(hkl)j, v~ + vo, rotation sense of v-shaft, T J -  A T + T0, 
sense of T-shaft, A'T, TJ+ A T + ~0, and sense of 
T-shaft. 

Communication with PEXRAD is accomplished by 
means of perforated 5-channel paper tape. The format 
required by the records on these tapes imposes format 
restrictions on the punched cards from PEXRAD 
INPUT. Standard output formats are inadequate. 
A separate output program was written in FAP 
to provide the punched cards in the correct format. 

Logic of PEXRAD O U T P U T  p r o g r a m  

PEXRAD OUTPUT is designed to check the per- 
formance of PEXRAD and then to compute the 
fully corrected structure factors from the integrated 
intensity of each measured reflection. The three angles 
v + v0, T - / I  T + T0 and T +/1 T + T0 (Fig. 1) defining 
each reflection, actually reached and recorded by the 
diffractometer, are compared with the computed 
values. Differences of more than 0.02 ° are indicated 
,~s described in the following section. The succeeding 
(2/I T//l 'T) + 1 intensity values 2V1, which comprise 
the profile through the reciprocal lattice point in a 
direction across the central lattice line, are scanned 
for statistical and other errors. Such errors are in- 
dicated in the printout. 

The numerical value of each intensity in counts 
per second is then replaced by the corresponding 
value from a 'linearity' table. This is an exper- 
imentally determined table of true count rate versus 
recorded count rate. Differences are caused by 'dead- 
time' losses in the count system of about 1/~sec 

(Abrahams, 1962). The area under this corrected 
profile is calculated from the expression: 

I(hk/) = 2V~ - ~ + , 

where t is the present time in seconds for each intensity 
count, and the second and third summation terms 
sample the background, provided that  neither term 
contains any trend that  would vitiate theft" use for 
background measurement. The presence of such a 
trend is detected and a comment is printed. The 
variance in the resulting integrated intensity is taken 
to be: 

o~(f(hkl)) 

o 

In case I(Mcl)< 3~(I(hkl)), the value 3a(I(Mcl)) is 
substituted for I(Mcl). This estimated intensity is 
preceded by a special symbol on the printout to show 
that  this value is greater than or equal to the true 
but not measurable intensity. 

The integrated intensity I(hkl), and the standard 
deviation in this intensity (assuming the only source 
of error to be a Poisson distribution in each 2Vj) are 
corrected for absorption, A, extinction, E, and the 
Lorentz, L, and polarization, p, factors. The absorp- 
tion correction is obtained by a machine integration of 

llSl 
_4 = -~ exp [ - -#(p+q)]  dxdydz (Bond, 1959) 

at 5 ° 0-intervals. In this integration, the /~R of the 
actual crystal is used, and the value of A for a given 
0 is obtained by interpolation (Sautter, 1961). At 
present, the extinction correction is replaced by unity. 
The final structure factor is calculated as 

F(hkl) = [I(hkl)/A . E . L .  p]½ 

and the standard deviations in F2(hkl) and F(hkl) as 

(~(F2(hkl) )= aI(hkl)/A . E . L .  p 
and 

(~(F(hkt)) = ~(~'~(hkZ))/2F(h~Z). 

Outline of PEXRAD O U T P U T  program 

The input data for this program include a table of 
absorption correction factors versus Bragg angle. 
A separate program~ is used to produce this table 
(Sautter, 1961). This is followed by a character card 
containing the symbols used as error flags in the final 
printout. Next are tables of corrected and the cor- 
responding uncorrected intensities, on a count per 
second basis, followed by a title card, a*, b*, c*, 

t This table need be computed once only for a given crystal 
and then used repeatedly with successive sets of data from 
that crystal in PEXRAD OUTPUT. 



B. B. C E T L I N  AND S. C. A B R A H A M S  945 

cos ~*, cos fl*, cos ~,*, ~o, v0, LJ~, A'q~ and t. Finally 
P E X R A D  OUTPUT reads the data  from PEXRAD.  
Each record of P E X R A D  data  contains (h/d)j, vj +vo, 
~j - d ~ + ~0, K values of Nt and ~1 + A ~ + ~0. These 
data  are converted from paper tape to punched cards 
for processing by  PEXI~AD OUTPUT.~ 

P E X R A D  OUTPUT calculates vj + v0, ~ -  z~ ~ + q~0, 
and ~1 + zJ ~ + ~o from the observed (hkl)~ using the 
same formulae as in P E X R A D  INPUT. Differences 
between observed and calculated angles of more than  
0.02 ° are recorded on a separate magnetic tape. 
All such angle errors are collected and printed out 
at  the conclusion of P E X R A D  OUTPUT, and the 
hlcl entry  in the final pr intout  is proceded by * 
A final angular check is the determination of the 
position of the maximum/V~. The difference between 
the position of the maximum and the theoretical 
midpoint is given in the printout  in units of A'~. 

In  the intensity error check, the N / s  are scanned 
and all the remaining maxima and the minima are 
collected. Each such N~ is then compared with 
(NI_~+N~+~)/2. If the resulting difference exceeds 6a, 
where (r--[(~_~+N~.+~)/2]½, the value of ~1 is con- 
sidered to be in error, l~eflections containing intensity 
errors are preceded by  ** in the final printout,  and 
a separate table is printed, containing for each h/cl 
the specific ~ l ' s  (together with the corresponding 
position in A' ~ units) in error. Corrections for l inearity 
(obtained from the ' l inearity '  table by  interpolation) 
are then made and the area less background obtained 
as in the preceding section. The absorption factor is 
then interpolated from the input  table by the Aitken 
interpolation procedure. The Lorentz and polarization 
factors are computed directly from the values of 
v and v. 

The final printout  includes the title, hkl, integrated 
intensity, absorption factor, Lorentz factor, polariza- 
tion factor, extinction factor, F 2, E, a(Fs), a(F), and 
the difference between the position of the principal 
maximum and the theoretical maximum in the inten- 
s i ty profile, in columns. An error indicator precedes 
each hkl. A blank corresponds to no error: a * to 
an intensi ty error; a ** to an angular error and 
a *** to both angular and intensi ty errors. Separate 
tables in the final printout  contain, respectively, 
all the angle errors with both the observed and 
computed values, and the intensi ty errors with both 
the value and the position (in units of z~'q) of the 
N¢ in error. P E X R A D  OUTPUT also produces 
punched cards containing the error indicators, hkl 
(based on the rotation axis arbitrari ly named the 
c axis), h ' kT  (transformed back to the s tandard cell), 
F2(hkl), and a2(F2(hkl)). These cards are used by two 
additional PEXRAD programs which are described 
below. 

The ava i lab i l i ty  of an  I B M  1011 pape r  t ape  reader  
accessory  for  the  I B M  1401 now permi t s  much  fas ter  con- 
vers ion  f rom pape r  t ape  d i rec t ly  to  magne t i c  tape.  

Stat i s t i ca l  a n a l y s i s  of P E X R A D  
s t ruc ture  a m p l i t u d e s  

P E X R A D  OUTPUT computes magnitudes, variances, 
and standard deviations for every allowed hkl struc- 
ture amplitude. The values of Fe(hkl), aP(F2(hkl)) and 
a(F2(hkl)) are independently measured for each of R 
equivalent positions. 

A separate program reads the error indicators, hkl, 
F2~hkl), and a2(F2(hkl)), and computes/V2, a2F~ and 
aF ~" using the formulae 

And 

- 1 R 
.F~ = ~ .,~ F 2 (hkl)~ , 

1 

- 1 R 

a(F2)  = [ ~ ( F ~ ) ] ~ .  

An additional measure of the variance in the mean 
structure amplitude is obtained from 

v(F~) = ~ 
j=l R -  1 

The quant i ty  V(F ~) estimates the systematic error 
as well as the precision in the counting statistics 
present in the equivalent reflections. In  the absence 
of systematic error, the variance ratio V(FP)/a2(F ~) 
corresponds to the appropriate E-distribution for the 
number o_f degrees of freedom in the two variances. 
Both V(F~)_and the_variance ratio are computed. 

Finally, F and aF are obtained for use in sub- 
sequent  crystallographic calculations, where P =  (p2)½ 
and aF= a(F2)/2F. 

P E X R A D  ba lanced  f i l ter  p r o g r a m  

Current practice with P E X R A D  uses balanced alpha 
and beta filters as well as pulse height discrimination 
to eliminate the harmonic contributions to the ob- 
served intensities. The structure factors and cor- 
responding s tandard deviations obtained by this 
technique are computed in an additional short program 
using the relations 

and 
aeF2(hkl) = a2.F2(hkl)~, + a~F2(hIcl)~ , 

where .F2(hkl)~,,~ and a2F2(hkl)~,,[~ refer to the pre- 
viously averaged structure amplitudes and their 
variances measured respectively with the a, fl filter. 

IBM 7090 c o m p u t a t i o n  t i m e  

An important  aspect of any program is the elapsed 
time in solving a typical problem. For P E X R A D  
INPUT,  the complete calculation for 179 reflections 
distributed over 7 reciprocal layers took 0.0039 hour. 
For PEXRAD OUTPUT, the t ime taken to process 
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the  same number  of reflections is 0.0209 hour. Runn ing  
t ime  for the P E X R A D  per ipheral  programs is small.  
In  both I N P U T  and OUTPUT,  pr in t ing  t ime (on a 
1401 machine) is addi t ional  to the t imes given. 

I t  is a pleasure to t hank  Dr M. B. Wi lk  for va luable  
discussions of the s tandard  deviat ion in  the integrated 
intensi ty ,  Mrs G. Hansen  for assistance with the 
F A P  section of P E X R A D  INPUT,  Mr L. J .  Cirincione 
for wri t ing the IBM 1011 paper  tape  to magnet ic  
tape  program, and  Mr J.  L. Bernste in  for running  
m a n y  calculations wi th  these programs on the IBM 
7090. 

Note added in proof.-- The K-values of N¢ are no 

longer necessarily used in calculating I(hkl) and 
a~(I(hkl)). Now, the program integrates from the first 
ten 'good' background points on one side of the 
principal  m a x i m u m  to the first ten 'good' background 
points on the other side of the same max imum.  If 
this criterion is not met, the program then uses all 
K points. 
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The Crystal Structure of a-Ga2S3 

BY J. GOODYEAR AND G. A. STEIGMANN 

Department of Physics, The University, Hull, England 

(Received 22 November 1962) 

The structure of a-Ga2S 3 has been determined from single-crystal and powder diffraction data. 
The unit  cell is monoclinic, space group Cc, a = 11.140, b = 6.411, c = 7.03 s/~, fl = 121.22 °, and Z = 4. 
The structure, which is based on wurtzite with 4 cation vacancies per cell, differs from that  proposed 
by Hahn  & Frank mainly in the disposition of the vacant sites. Shrinkage of sulphur tetrahedra 
around these sites leads to some distortion from ideal close packing. 

1. The unit cell  and space group 

The crystal  s tructure of c~-Gag.S3 was de termined by  
Hahn  & F rank  (1955) as hexagonal ,  the  su lphur  
atoms being in  hexagonal ly  close-packed layers per- 
pendicular  to the c axis and  the gal l ium atoms fi l l ing 
some of the  te t rahedra l  positions occupied by  Zn in  the 
wurtzi te  structure.  Later,  Goodyear, Duff in  & Steig- 
mann  (1961) showed tha t  the space lat t ice rea l ly  has 
monoclinie symmet ry ,  the  uni t  cell being centred on 
the C face. They also pointed out t ha t  the la t t ice  
spacings observed by  H a h n  & F r a n k  were in  fact  
reconcilable wi th  a rhombohedra l  cell closely related 
to their  monoclinic cell. 

Goodyear et al. found tha t  the i r  cell contained 
4 molecules and, because of its shape and size, they 
concluded tha t  the  sulphur  atoms mus t  be near ly  
hexag_onally close-packed in  layers perpendicular  to 
the [101] axis. However, they  did not  consider the 
conventional  and  most  convenient cell, which is 
formed by  tak ing  a new a axis along the [102] direc- 
tion, giving new cell parameters  a = l l . 1 4 0 ,  b=6.411, 
c =  7"03s/~, fl = 121"22 °. The relat ion between the two 
cells is shown in :Fig. 1; the conventional  cell is sti l l  
centred on the  C face and  the close-packed sulphur  
layers would now lie paral le l  to the  (001) face. 

A quant i ta t ive  inspection of the intensi t ies  of the 
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Fig. 1. The unit  cell a-Ga2S s ( - - - -  outline of conventional 
cell, - - - -  outline of cell chosen by Goodyear, Duffin & 
Steigmarm). 

spots on the b axis photographs indexed by  Goodyear, 
Duff in  & Ste igmann has shown tha t  the diffract ion 
pat terns  were not  s t r ic t ly  symmetr ica l  about  the  
zero layer  line, indicat ing tha t  the  crystal  was not  
oscillating about  the true b axis. Consequently,  these 
authors incorrectly indexed reflexions and assigned 
the s tructure to the wrong space group. Because of 
the  near  rhombohedra l  na ture  of the lattice, the  
[110] and [110] directions in the conventional  cell are 


