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ment. Several possibilities of hydroxyl  bonding arise 
in this structure. 0 I I I  has two near oxygen neigh- 
bours other than  those attached to the same Si atom: 
O V at a distance of 2.5 J~ and 0 11 at 2.7 J~. The 
bond 0 I I I -O  V, being the shorter, is perhaps more 
likely to be the hydroxyl  bond, although the difference 
is hardly significant at  this stage. 0 V has three close 
oxygen neighbours other than  0 I I I .  From a con- 
sideration of the valency angles of 0 V, a hydroxyl  
bond between O I I s  and O V  can be excluded. 
Hydroxyl  bonding of 0 V to either 0 1 or 0 IV e is, 
however, equally probable. 

The structural  formula of dicalcium silicate ~- 
hydrate  is Ca~(SiO30H)OH. 

The author wishes to thank Prof. J . D .  Bernal, 
F. R. S., Dr J.  W. Jeffery, and Mr R. W. Nurse of 
the Building Research Station, for their constant 

advice and criticism. The work was carried out as 
par t  of a programme of extra-mural research for the 
Building Research Board and is published with the  
permission of the Director of Building Research. 
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The construction and performance of an X-ray monochromator using an aluminium single crystal 
with double curvature is described. The point-focus obtained in this way is used for taking powder 
photographs of the Guinier type. The gain in intensity is about 16 times as compared with a 
monochromator using a quartz crystal with single curvature and polished surface, all other 
conditions being equal. 

1. In troduct ion  

As far as we know, point-focusing monochromators 
using crystals with double curvature have not yet  
been used in practical X-ray work, although the 
principle and advantage of such monochromators 
have been recognized for many years. Shenfil, Daniel- 
son & DuMond (1951) have constructed a point- 
focusing monochromator using two cylindrically curved 
quartz crystals with their axes at right angles (the 
geometry of this design was described by DuMond 
(1950)). This monochromator was intended for the 
s tudy of low-angle scattering, but its intensity is 
rather low for several reasons (among others, the 
losses at  the two reflexions). 

The bending of a crystal plate to a surface with 
double curvature can probably be effected only by 
means of plastic deformation, which greatly reduces 
the number of possible substances. I t  may be quite 

possible to use sodium chloride, but  we have chosen 
aluminium for our trials. We hoped to take advantage 
of the high intensities reported by Cauchois, Tiedema 
& Burgers (1950) for spectra from aluminium single 
crystals. For the case of transmission these authors 
found the intensities of spectra from aluminium single 
crystal lamellae to be 5--10 times as great as from 
quartz lamellae. For reflexion we have found tha t  
about 4 times as long an exposure is required with a 
quartz monochromator (plane 1011 and with polished 
surface*) as with an aluminium monochromator 
(planes 100, second order, or 111) in order to obtain 
the same integrated intensity (estimated visually) in 
powder photographs, all other essential conditions 
being equal. 

* It  is known that the integrated intensity of reflexions 
from quartz is lower if the surface has been polished than 
if it has only been ground. 
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2. P r i n c i p l e  

Let  Fig. 1 first i l lustrate the case of a cyl indrical ly 
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:Fig. I. The plane of the focusing circle. C, centre of the focusing 
circle of radius R. S, X-ray source. O, centre of mono- 
ehromator crystal. F, focus. G, centre of Guinier camera 
with sample P and powder line at L. For the arrangement 
actually used (Cu K0~ radiation and the reflexion 200 from 
aluminium) R ---= 170 ram, o~ = 5 °. AD ---- 48.5 ram., BE = 
41.5 ram, corresponding to a length of the monoehromator 
arc AOB = 40.0 ram. The resulting maximum aperture 
ASB---- 6.7 ° is never used in practice but is reduced by 
slits to about 4-5 ° . 

g round and  bent  monochromator  in an asymmetr ic  
position. M is then  the  centre of curvature  of the 
cyl indr ical ly  curved, reflecting latt ice planes. The 
angle  OMC (= a) determines the distances SO = 
2R sin (0- -a)  and OF :- 2R sin (0A-a). 

If  the reflecting latt ice planes of the monochromator  
crysta l  form a surface with double curvature  generated 
by  the  focusing circle ro ta t ing around the  chord SF, 
the  focus F will be a point  focus. 

I t  can easily be shown that ,  in order to obta in  
m a x i m u m  in tens i ty  in this  case, the  crystal  mus t  be 
brought  as close to the source as possible. In  the plane 
of Fig. 1 and for constant  R the  crystal  a lways 
subtends  the same angle at  S. At  r ight  angles to this  
plane, however, the subtended  angle increases as the 
dis tance SO decreases, i.e. as the angle a increases. 
The in tens i ty  factor due to absorpt ion in the mono- 
chromator  crystal  in this  case has  the form 
sin (0-f-a)/[sin (0-~-a)+sin (0--a)]  and, consequently,  
also increases with a.  We have, therefore, used an  
asymmet r ic  position with a value for a which brings 
the  crystal  as close to the exit  slit sys tem of the X- ray  
tube  as is convenient  for the  adjus tments .  This also 
has  the advantage  of allowing good space between 
crystal  and focus for the  camera  wi th  its specimen 
holder and slit systems. 

The following approximate  calculation gives a rough 
value of the increase in in tens i ty  when a mono- 
chromator  with double curvature  is subst i tu ted  for a 
cylindrical  monochromator .  The source S is assumed 
to be a point  and all condit ions except the form of the 
monochromator  are assumed to be unchanged.  

If  the height  (i.e. the  dimension in the axial  direction) 
of the i l luminated  area of the  sample P is h, the 

effective height  of the  cylindrical  crystal  at  0 is 
h.SO/(SO+OP).  

For  the case of the crystal  with double curvature  
it  is assumed tha t  the  focus F is a point .  Then  the  
effective height  of the crystal  in this case is h. OF/PF. 
The ratio of the effective heights of the crystals for 
the two cases can be assumed to be equal  to the  
in tens i ty  ratio. One then  obtains a value  for the gain 
factor of OF{SO+OP)/P.F.SO. In  our case the  
distances are OF = 156, SO : 101, OP = 86, and 
PF-----70 mm. The approximate  gain factor would 
then  be 4.1. 

I t  was s ta ted in § 1 tha t  an a lumin ium mono- 
chromator  gives about  4 t imes  as intense reflexions 
as a quartz  monochromator  of the same form and  
wi th  polished surface. As a consequence, an increase 
in in tens i ty  of about  16 t imes might  be expected, 
if, under  the above-ment ioned conditions, a point- 
focusing a lumin ium monochromator  is subst i tu ted 
for a cyl indrical ly  curved quartz  monochromator .  
As will be seen from § 4, this  figure has  actual ly  
been a t ta ined  under  exper imenta l  conditions. 

3. Preparation of the monochromator crystals 

The prepara t ion  of the a lumin ium single crystals was 
carried out in essential ly the  same way as described 
by  Tiedema (1949) and  by  Cauchois, Tiedema & 
Burgers (1950). 

The s tar t ing mater ia l  was cold-rolled a lumin ium 
sheet of 1 mm.  thickness and  of 99.5% puri ty.  I t  is 
essential  t ha t  the  reduct ion in thickness by  cold- 
rolling is high, in the  range 85-95%. Strips 20 mm.  
wide and about  300 ram. long were annealed by  passing 
them through a tube  furnace at  550 ° C. at  a rate of 
6-10 cm./min.  The strip was then stretched with an 
elongation of 2-2.5%. The nex t  stage was re- 
crystal l izat ion of one end of the strip at 630 ° C., 
passage through the  furnace being at a rate of 3 cm./hr. 
This procedure aims at  forming a single crystal  of 
some cent imetres  length wi thin  the first 5 cm. of the 
strip. This single crystal  must  border on the re- 
main ing  polycrysta l l ine  portion of the  strip. After  
removal  of oxide with 3 % hydrofluoric acid, the size 
of the crystals can be seen after etching with a dilute 
mixture  of ni tr ic  and hydrochloric acid. 

The orientat ion of the single crystal  was determined 
by  means  of a Laue photograph.  The other end of the 
strip (containing polycrystal l ine material)  was then  
bent  into a cylinder of radius 2R by  means  of a mould  
of heat- res is tant  steel made  in two cylindrical ly shaped 
halves. This bending mus t  be effected very  carefully. 
We steadied the end of the strip by  surrounding it 
with two lead plates and fed the result ing sandwich 
in between the two halves  of the mould. After  thus  
obtaining the approximate  radius the lead plates were 
removed and the halves  of the mould were pressed 
together. The whole strip, together with the mould, 
was then  placed in a sort of goniometer in which the 
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Fig. 2. Aluminium single crystal with double curvature  in holder. 
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Fig. 3. Comparison of powder photographs (Guinier method,  Cu K ~  radiation,  45 kV., 25 mA.) from the sam~ sample with 
(a) a luminium monochromator  with double curvature  and the geometrical da ta  given in Fig. 1, (b) cylindrical quartz 
monochromator  (reflecting p]ane 1011, R = 2 5 0  ram., ~=3° ) .  The exposure t ime for series (a) is about  ~-~ of tha t  for series 
(b), which gives approximately  equal integrated intensities for a given sample. The i l luminated area of the sample is 2.2 
times as largo in series (a) as in series (b), which corresponds to an intensi ty ratio of about  16 if all essential conditions 
other  than  the monochromators  are identical. 

[To ya~ p. 730 
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mould could be turned around two perpendicular axes 
while the other end of the strip, containing the single 
crystal, was fixed. The mould was then turned (re- 
sulting in bending and twisting of the middle part  of 
the strip) until the cylindrical part  of the strip came 
into the desired position with reference to the lattice 
of the single crystal. Either 100 or 111 can be used as 
the reflecting plane, but we have found that  with a 
strip of the above mentioned length the bend must not 
exceed about 15 °. A twist of 45 ° is permissible and, 
in view of the cubic symmetry, this does not imply any 
limitation. If the monochromator is to be used in an 
asymmetric position it is necessary at this stage to 
take into account the angle ~ (see Fig. 1). 

The strip was then disengaged from the mould and 
the goniometer and passed, with the end containing 
the single crystal leading, through the furnace at 
630 ° C. and at a rate of 2 cm./hr. The single crystal 
then grew into the polycrystalline part of the strip and 
finally into the cylindrically curved end. After that, 
the cylindrical part was sawn off and bent in a new 
mould with a radius of curvature equal to R. An- 
nealing (in the mould) at 630 ° C. for 24 hr. and re- 
moval of the oxide film completed the preparation of 
the cylindrical monochromator crystal. 

The double curvature was achieved by pressing the 
cylindrical crystal in a mould with the final shape. 
The convex half of this mould (forming part of the 
convex surface of revolution generated by the arc 
AOB in Fig. 1 rotating around the axis SF) was made 
of brass in the lathe. The main axis of the lathe 
corresponded to S F  and the tool was mounted on a 
circular feed device with its centre in a position 
corresponding to C. The concave half of the mould 
was made by casting type metal on the convex half. 

After the formation of the double curvature the 
aluminium crystal was annealed at 630 ° C. for 24 hr. 
and after removal of oxide was cemented to the 
concave half of the mould. This was used as a support 
and mounted in a holder with facilities for adjustment 
(Fig. 2). 

4. P e r f o r m a n c e  

As already stated in § 1, a cylindrical alumiuium 
monochromator gives about four times the intensity 
of a cylindrical quartz monochromator with polished 
surface, all other essential conditions being equal. The 
focusing properties, however, were not quite as good 

as.for the quartz monochromator. As a result the lines 
of powder photographs were somewhat broader with 
the aluminium monochromator than with the quartz 
monochromator. 

I t  is rather natural that  the sharpness of powder 
fines obtained with the monochromator with double 
curvature should be less satisfactory. TMs is due to 
inferior focusing in the e.quatorial plane (the plane of 
Fig. 1). The width of the focus in this plane is about 
0.5 mm. (its height in the axial direction is about 
2.5 mm.), while the corresponding width of the focal 
fine from the cylindrical quartz monochromator is 
about 0.25 mm. For a great many purposes, however, 
where a very short exposure time is essential, these 
powder photographs ought to be quite useful. 

Fig. 3 enables a comparison to be made between 
the performances of the new monochromator and a 
cylindrical quartz monochromator. After reduction to 
as far as possible identical conditions, the intensity 
ratio is about 16, i.e. the figure that  was anticipated 
in§2. 

Efforts to improve the focusing properties of the 
new monochromator type are continuing along various 
lines. I t  must be mentioned that  the final result has 
been found to vary considerably even if the same 
procedure of preparation is followed. I t  may well be, 
therefore, that  better monochromators than the best  
we have made could be obtained if a larger number 
could be tested. 

A grant from the Swedish Council for Technical 
Research (Statens tekniska forskningsr£d) provided 
one of us (N. K.) with the opportunity of studying 
the preparation of aluminium single crystals in the 
laboratory of Prof. Burgers in Delft. We wish to 
express our best thanks to Prof Burgers and Dr. 
Tiedema for all kindness and help shown in that  
connection. 
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