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rum,  in order to reduce absorpt ion of the  radia t ion  
by  the europous salts. 

Diffract ion pa t t e rns  of EuS04 and EuCO3 were 
indexed, and in both cases the uni t  cells were found 
to be orthorhombic.  The lat t ice constants  and den- 
sities are given in Table 1 and  compared with the  
respective constants  for the s t ron t ium salts. Paul ing 's  
values for EuS04 are also given in brackets .  Calculated 
and  observed 1/d~ values are given in Table 2; good 
agreement  between these values has been obtained.  

F u r t h e r  examinat ion  of the  pa t t e rns  shows t h a t  
EuS04 is isomorphous with  SrS04 and has the  BaS04 
s t ruc ture  type  with  space group P n m a  (D~) and four 
molecules in the  uni t  cell, while EuC08 has a KNO~ 
type  s t ructure ,  the space group being Pmcn  (Pnma) 
(D '6~ and  four molecules in the  uni t  cell. 2h]~ 

Discuss ion  

Comparison of the  la t t ice  constants  of EuS04 found 
in this work with  those obta ined by  Paul ing shows 
t h a t  dimensions of the uni t  cell of EuS04 are some- 
wha t  smaller  t h a n  repor ted  by  him. Paul ing himself 
pointed out t h a t  there is some unce r t a in ty  in his 
results.  On the  other  hand,  as there is good agreement  
between the s t anda rd  p a t t e r n  and  our measurements  
on SrSOd, i t  m a y  be assumed t h a t  there  was no 
absorpt ion error in our case to cause deviat ion of our 
resul ts  f rom those of Pauling.  Moreover, the good 
agreement  between the observed and calculated values 
of 1/d 2, as well as of the densi ty,  leaves li t t le doubt  
as to the  rel iabi l i ty  of the  present  results. 

Crystal  d a t a  of divalent  europium compounds have 
been used by  m a n y  authors  to calculate the ionic 
radii  of Eu  ~+. Pauling,  who found the lat t ice constants  

of EuS04 to be higher than  those of SrS04, assumes 
the  ionic radius  of Eu 2+ to be 1-17 J~ (Sr2+= 1-13 A). 
Ke te l aa r  also lists a somewhat  higher value f o r  the  
ionic radius  of Eu 2+ (1.14 /~) t han  for Sr 2+ (1.10 /~) 
(Ketelaar ,  1958). On the other  hand,  the lat t ice con- 
s tan ts  of the sulphide, selenide and tel luride (Klemm 
& Senff, 1939) and the oxide (Eick, Baenziger  & 
Eyring,  1956) of divalent  europium, all with an NaC1 
type  s t ructure ,  were found to be sl ightly smaller  t han  
the lat t ice constants  of the corresponding isomorphous 
s t ront ium compounds. Hence the ionic radius  of Eu 2+ 
given by  the above invest igators  is smaller  by 0"03 A 
than  t h a t  of Sr ~+. 

The la t t ice  constants  of EuS04 and EuCO~ in the  
present  work indicate t h a t  the ionic radii  of Eu  2+ 
and Sr 2+ are equivalent ,  t ha t  of europium being 
somewhat  smaller,  certainly not larger,  t h a n  t h a t  of 
s t ront ium.  
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A note on the determinat ion of phases  by anomalous  dispersion.  By G.A. SIM, Chemistry Depart- 
m~nt, TM University, Glasgow, W, 2, Scotland 

(Received 11 March 1964) 

The differences which arise between the intensities 
I(hkl) and I(~k/), when anomalously scattering atoms are 
present in a non-centrosymmetric unit cell, offer access 
to the phases of the reflexions. Two solutions, a I and a 2, 
are normally obtained for each independent reflexion 
and it appears to be customary to decide between these 
alternatives by adopting the value closer to the heavy- 
atom phase, aH (see, e.g., Dale, 1962; Hall & Maslen, 
1964). While this undoubtedly selects the more probable 
phase for each reflexion it does not necessarily lead to 

the best electron-density distribution. To minimize the 
mean-square error in electron density each phase solution 
should be included with a weight proportional to the 
probability of its being the correct choice (cf. Woolfson, 
1956; Dickerson, t(endrew & Strandberg, 1961). 

I t  has been shown (Sire, 1959) tha t  the probability 
of obtaining a value of (a--al l )  between ~ and ~+d~ is 
given by 

p(~) d~ = exp (X cos ~) d~/2~Io(X ) , 
where 
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x = 2tFI [ F , I / ~ / ~ .  
I t  follows tha t  

Probabi l i ty  of 0~ 1 being correct choice 

Probabil i ty  of a9 being correct choice 
exp iX cos (~i--o~/-/)] 

exp iX cos (o~. -- all)] 

and  the term~ in the  Fourier  series represent ing the  
'best '  e lectron-densi ty  dis t r ibut ion are of the  form 

w[F[ exp ( i ~ 1 ) + ( 1 - w ) l F l  exp (in2) , 

where 
exp iX cos (al --aH)] q/~ __-- 

exp iX cos (al --aH)] + e x p  iX cos (a~--aH)] 

When  the  crystal contains only one type  of anomalous 
scatterer the  phase solutions a l  and  a2 are most  con- 
venient ly  expressed (Ramaehandran  & Raman,  1956) as 

a 1 = O¢-H +:rt:/2 - - 0  

where 0 can be calculated in a direct  manne r  from the  
Bijvoet  inequal i ty  AIF[% I t  can then  be shown tha t  

w = [1 + e x p  ( - 2 X  sin 0)] -1. 
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Double Bragg scattering of X-rays occurs when two or 
more reciprocal latt ice points  intersect  the  Ewald  
sphere so tha t  the  once-reflected beam is diffracted by  
a second set of planes. This produces a reflexion which is 
forbidden by normal  space group considerations. This 
phenomenon,  previously observed in substances like 
d iamond (l%enninger, 1937) and  germanium (Cole, 
Chambers & Dunn,  1962), has now been de tec ted  in 
beryl l ium oxide during a s tudy  of the  effects of neu t ron  
irradiation. 

As B e 0  has the  wurtzi te  s tructure the  forbidden 

reflexions wi thin  the  C u K ~  sphere are those hh2hl 
reflexions for which 1--2n + 1. The crystal examined was 
a th in  flake of basal plane habit ,  which had  been irra- 
d ia ted  to a dose of 2.5 x 102° nv t  at  75 - 100 °C ( > 1 MeV). 
A Buerger precession photograph of the  hO1 reciprocal 
lattice plane showing the  forbidden 001 reflexions as 
well as pronounced streaking along the  reciprocal latt ice 
rods I0l, 20/. The streaking can be satisfactorily explained 
in te rms of extrinsic stacking faults in the  (001) planes 
of the  hexagonal  latt ice (Sabine, 1964). However,  it  
seemed unreasonable t ha t  sharp superlatt ice reflexions 
could be produced by  irradiation. 

A more detai led invest igat ion was subsequent ly  made  
with a General Electric Goniostat  and  a proport ional  
counter.  Reflexions 001, 003, 005, as well as 111 and 113 
were detected.  The intensi ty  distr ibut ion of the  forbidden 
001 reflexions was examined  by rota t ing the  crystal 
about  the  respective scattering vectors of the  reflecting 
planes. A series of peaks was observed, which repea ted  
every 60 ° of az imuth  and  was symmetr ical  about  the  
midpoin t  of each range. The reflexions were identified 
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by  calculation of the  crystal sett ings which gave rise to 
s imultaneous intersect ion of the  Ewald  sphere by  two 
reciprocal latt ice points.  W h e n  one of these reflexions 
was itself forbidden, no peak was observed. The results 
of this examina t ion  are shown in the  Table 1. 

The azimuthal  posit ion of the  mult iple  scat ter ing 
peaks is ra ther  sensitive to a change in lattice parameters .  
Significant shifts from some of the  uni r radia ted  peak  
positions were observed and calculation showed tha t  
wi th in  the  limits of exper imenta l  error these f i t ted the  
lattice parameters  reported by Walker,  Mayer & Hick- 
m a n  (1964). 

The crystal was then  annealed  for one hour  at 1400 °C, 
at  which t empera tu re  other  techniques  indicate tha t  
irradiat ion damage effects disappear (Hickman & Pryor,  
1964). Reflexions result ing from planes with high indices 
could now be detected.  This is in accordance with other  
X-ray  diffraction studies (Walker, Mayer & Hickman,  
1964) in which it has been found tha t  the  higher the  
ratio l~:h2+hk+k ~ for a given reflexion, the  greater  is 
the  radia t ion- induced broadening.  Ident ica l  measure-  
ments  were carried out  on an uni r rad ia ted  crystal of 
similar habit .  Double Bragg scat ter ing was also observed 
in this crystal and  was comparable in in tens i ty  wi th  
t ha t  of the  i r radiated crystal annealed a t  1400 °C. 

To ensure t ha t  recovery of irradiat ion damage was 
complete,  the  crystals were annealed  at  1600 °C. In  both  
cases, the  in tensi ty  of the  forbidden reflexions increased, 
the  increase being more noticeable for the  i rradiated 
crystal. The reason for this increase is not  known.  
I t  seems more probably due to recovery of imperfections 
in t roduced during growth than  to fur ther  recovery of 
irradiat ion damage.  

I t  has been shown by other  techniques (Sabine, Pryor  


