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1. Introduction 

1.1. Principles of Powder 
Diffraction 

The principles of diffraction of X-rays 
from a crystalline powder has been 
known for more than 75 years. The dif 
fraction pattern yields detailed informa
tion about the atomic structure of 
crystalline material. The same principles 
apply for neutron beams as demon
strated in the pioneering experiments 
about 40 years ago. However, neutron 
diffraction has some special features: 
Light atoms or isotopes thereof diffract 
as well as heavier atoms and it is often 
possible to locate the position in the unit 
cell of e.g. hydrogen (deuterium) or 
oxygen atoms from a neutron powder 
diffraction pattern. Because of the mag
netic moment of the neutron one can 
determine magnetic structures from 
neutron powder patterns. Neutron 
beams are very penetrating and the 
sample can therefore be placed in fur
naces, magnets and/or suitable sample 
containers. 

The method of powder diffraction is a 
mature field and the reader should not 
expect to learn about some new 
fundamental principles from this report; 
the basic techniques are described in 
standard textbooks on diffraction and 
crystal structure analysis (e.g. G.E. 
Bacon, "Neutron Diffraction" (Clarendon 
Press, Oxford) 1975). Here it suffices to 

recapitulate that one obtains two kinds of 
information from a diffraction pattern: 

(i) From the location of the peaks in the 
spectrum one gets the dimensions of the 
unit cell, which in turn may be used to 
identify the chemical compound(s) in the 
sample and possibly contaminating 
phases. 
(ii) From the peak intensities one can 
derive the coordinates of the atoms with
in the unit cell as well as the thermal 
vibration amplitudes and site occupan
cies. 

In this report we describe a new neutron 
powder diffractometer, which has been 
installed at the DR3 reactor at Risø, in 
order to ease the operation of this instru
ment by actual and potential users. Let 
us start by recapitulating the salient 
features of neutron powder diffraction. A 
monochromatic neutron beam is extract
ed from the Maxwellian spectrum 
emerging from the reactor by Bragg re
flection from a single crystal, c.f. Fig. 1. 
The wave vector k of the monochromatic 
beam is related to the Bragg angle 9 M 
and the reciprocal lattice vector of the 
monochromator iM 

2 k s i n 0 V = lM ( I ) 

The monochromatic beam is Bragg 
reflected from crystalline grains in the 
powder sample into Debye-Scherrer 
cones. The scattering angle of a par
ticular cone, 2Bg = 26nkf is related to 
the reciprocal lattice vector thkf by 
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Fig.l. Layout of the multi-detector 
powder diffractometer at DR3, Risø. 
Twenty detectors D1...D20 wiin Soller 
collimators C1...C20 spans 100° of 
scattering angle so a 5° scan of the 
detector bank furnishes the complete Fig. 2. Unit cell of YBa2Cu20j.s. Site 
powder pattern. CO defines the collima- 0(5) is not occupied for x = 0 (see section 
tion of the incident beam. 8.1). 

The reciprocal lattice vector ihkl has 

integer coordinates (h,k,l) , the socalled 

Miller indices. The unit cell in reciprocal 

space is spanned by (h,k,€) = (1,0,0), 

(0,1,0) and (0,0,1) and these basis vectors 

are denoted a*.b* and c* , respectively. 

They are related to the real space unit 

cell basis vectors a,b, and c by 

In Eq. (3) i*j denotes the position of the 

j'th atom in the unit cell. An example of a 

unit cell is given in Fig. 2. The j'th atom 

(or for neutron scattering rather the j'th 

nucleus) has a scattering length bj, an 

average site occupancy CJ and a mean 

squared thermal vibration amplitude 

<Uj2>. The quantity fj in Eq. (3) is 

defined as 

aV2n = bxe/V, 
b»/2ii = cxa/V,c*/2n^aXb/V, 

f - cbexp(-i,. ,<u >) 
(4) 

with 

V =(axb)- c 

The amplitude of the (h,k,f) Bragg 

scattered wave is proportional to the 

structure factor Fhkf 

i L , - fexp(ii. ,.• r) 
likr — j j r like j 

(4) 

The intensity Ihkf integrated over 

scattering angle is proportional to the 

square of the structure factor 

Me W - w W i K i J ' 
(5) 

Here jhkf is the multiplicity of the (h,k,f) 

reflection and L(tfhkf), the Lorentz factor, 

is a smooth and well known function of 

the scattering angle Hhkf. 
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1.2. Design Criteria 

A powder spectrum obtained with the 
new diffractometer is shown in Fig. 3 . It 
contains about 50 separated powder 
peaks at positions corresponding to a 
range of ihkf moduli from 1.5 Å"1 to 
8Å '. The line spacing decreases with 
increasing angle simply because the 
density of moduli ihkf increases with 
increasing Miller indices. The variation 
of peak intensities reflects the variation 
of the structure factor , c.f. Eqs. (3) and 
(5), with (h,k,£). The observable dynamic 
range of intensities is about 100:1. This 
range is determined by the background 
level which in turn is given by the sum of 
a general stray neutron background 
level and the diffuse scattering from the 
sample and sample container. The latter 
contribution is the dominant part in Fig. 
3. 

The quantities one wants to obtain from 
a powder diffraction measurement are 
the atomic positions rj in ihe unit cell as 
well as the site occupancy CJ and the root 
mean square (r.m.s.) thermal amplitude 
<Uj2> , /2. Usually this is obtained by 
modelling the unit cell with a certain 
number of adjustable parameters, 
calculating the structure factor by Eqs. 
(3) and (4) and comparing to the 
measured intensities using Eq. (5). The 
number of measured reflections thus 
determines the maximum number of 
adjustable parameters in the model unit 
cell. 

We shall now discuss the means to obtain 
the maximal number of reflections 
within a reasonably short time. First of 
all we note in conjunction with Eq.(2) 
that only grains with the correct 
orientation contribute to an (h,k,€) 
reflection. The correct orientation means 
that the reciprocal lattice vector of the 
reflecting grain is at an angle of 
n/2 —6hk€ with respect to the incoming 
beam direction. Second, only a relatively 
small part of the Debye-Scherrer cone is 
subtended by the detector. Therefore the 
intensity, even at a scattering angle 
where the Bragg law of Eq. (2) is fulfilled, 
is rather low - certainly less than 0.1% 
of the incident beam intensity, so a 
counting time of say at least ten seconds 
is needed to obtain sufficient accuracy. 
Furthermore, the Bragg peaks are 
progressively more closely spaced as one 
moves to higher and higher (h,k,f) 
indices, i.e. to larger scattering angle. So 
in order to separate the Bragg peaks the 
resolution must be narrow at large 
scattering angles. As will be explained in 
section 5, the high angle resolution is 
proportional to the inverse of tan(9M>. It 
is therefore advantageous to operate at a 
rather large value of OM. 

The required resolution implies also that 
the incident as well as the scattered 
beams must be well collimated, a condi
tion which can only be obtained at the 
expense of intensity. So how can one 
compensate for the inherent low inten 
sity? First of all one does not need a high 
angular resolution perpendicular to the 
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Fig. 3. Powder diffraction pattern from YBa2Cu30?.x obtained with a Ge(3ll) mono-
chromator at 20M —85.6" (X = 2.32 Å). The counting time for the full pattern was about 
one hour. Top: Observed (••••) and profile refined ( ) patterns. Bottom: Difference 
between the observed and calculated patterns. 

scattering plane, neither of the incident 

beam nor of the Bragg scattered beam. 

Accordingly we use (i) a rather high 

monochromator crystal subtending the 

full height of the reactor beam and bent 

to partially focus the beam in the vertical 

plane onto the sample, and (ii) a rather 

high detector to subtend as much as 

practically possible of the Debye-

Scherrer cone. Second, the transmission 

of the collimators defining the direction 

of the incident and scattered beams 

should be high. 

The necessesary angular resolution to 

separate Bragg peaks at wave vector 

transfers around 9 Å~' is around 10' or 3 

milliradians using a wave vector around 

4 Å"1. This could be obtained by 1 mm 

wide slits 30 cm apart, but the sample 

width is usually much wider than 1 mm, 

so in order to take advantage of the 

available sample size (width) we use a 

multi-slit collimator, a so-called Soller 

collimator. It consists of a set of channels 

separated by thin, but strongly neutron 

absorbing walls. The wall thickness 

8 Risø-M2720 



relative to the channel width determines 
the loss in transmission. Third, by using 
a bank of N detectors each having Soller 
collimator pointing towards the sample 
one reduces the data aquisition time by 
1/N compared to a single detector 
system. In the present case we use a 
detector bank of twenty detectors span
ning an angular range of about 100°. The 
full diffraction pattern shown in Fig. 3 is 
then obtained by 100 angular settings of 
the detector bank yielding 2000 data 
points. 

Having now described the basic features 
of the powder diffractometer we shall in 
the following sections discuss the in
dividual components in more detail. A 
summary of the components of the 
diffractometer are given in appendix Al. 

2.Monochromator 

2.1. Lattice Spacing 

As discussed in the previous section one 
should use a large Bragg angle at the 
monochromator. With the present mcno 
chromator shielding and space in the 
DR3 reactor the maximal value of 29 M is 
90". The thermal Maxwellian spectrum 
peaks around 40 meV and the cor
responding value of k is around 4 Å '. 
From Eq. (1) with BM - 45° we then find 
iM should be approximately 6 Å -1 which 
corresponds to a lattice spacing of around 
1Å. 

2.2. Higher Order 
Contamination 

The monchromatk beam should not be 
contaminated by higher order reflections 
relative to the dynamic range of ap
proximately 100:1. The higher harmonic 
wave vectors 2k, 3k etc. correspond to 
energies of 4,9 etc. times the primary 
energy. The reactor spectrum implies 
that only second harmonic contamina
tion may present a problem. It may be 
overcome by using a monochromator 
reflection where the second order reflec
tion is forbidden.The concept of forbidden 
reflections may be understood from Eqs. 
(3) and (4). Assume that the mono
chromator only have one kind of atoms, 
all with the same thermal vibration 
amplitude. The structure factor in Eq. (3) 
is then simply a summation over phase 
factors. The reader may easily verify that 
in an f.c.c. unit cell only reflections with 
all indices either even or odd are non 
vanishing. 

The diamond structure can be considered 
as two interpenetrating f.c.c. lattices 
displaced 1/4 of a cube diagonal. In 
addition to the f.c.c. selection rule the 
diamond lattice therefore implies that 
(l+exp(in/2(h + k + f))> must be non 
vanishing. In particular, if (h,k,€) are all 
odd, the sum is odd. Therefore, the 
reflection is allowed, but the second order 
(2h,2k,2l) has an even sum so the second 
order reflection is forbidden. Semi
conductors such as Si and Ge have the 
diamond structure and they can be 
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grown as large crystals. We have chosen 

to use a Ge monochromator crystal which 

can be oriented to reflect from the (h,£,£) 

planes. For £ = 1 and odd h = 1,3,5,7 etc. 

one obtains reflections where second 

order is forbidden. The i5U reciprocal 

lattice vector has a length of 5.7709 Å ' 

which is a convenient magnitude. 

2.3. Mosaicity 

Semiconductor crystals have however 

one drawback as monochromator cry 

stals: they are too perfect. The monochro

mator crystal should have a mosaic 

spread at least of the same order of 

magnitude as the col lima tion between 

monochromator and sample, i.e. 10, in 

order to utilize as broad a wavelength 

band as possible of the reactor spectrum 

without significantly deteriorating the 

powder spec t rum resolu t ion . I t is 

possible to obtain such a mosaic spread 

artificially in a Ge crystal by applying a 

uniaxial pressure at elevated tempera

tures. Our monochromator Ge crystal 

was prepared in such a way by the 

Crystal Laboratory at Insti tute Laue 

Langevin, Grenoble, France and ob

tained a mosaicity of about 10' FWHM 

(Full Width at Half Maximum). 

2.4. Sagital Focussing 

In addition to having an appropriate 

lattice spacing, mosaicity and forbidden 

second order, the monochromator crystal 

should also focus spatially in the vertical 

plane so that the 10 cm high reactor 

beam is focussed to a height of a few 

centimeters at the sample position, i.e. 

the top part of the crystal should reflect 

the reactor beam downwards and the 

bottom part should reflect it upwards. A 

monolithic Ge crystal cannot be bend to 

provide this socalled sagital focussing, it 

is too brittle. Consequently we cut our 

pressed Ge monoli thic c rys ta l in to 

smaller pieces: 12X12 mm (3,1,1) faces 

that are 8 mm thick. Out of these pieces 

we selected 21 crystals with similar 

mosaicity and mounted them in the 

monochromator holder in a 3 X7 array so 

that each of them could be tuned to the 

appropriate orientation in a test beam. 

Once correctly oriented they were fixed 

by embedding in epoxy so the final 

monochromator assembly has a fixed 

radius of cu rva tu re for the sagi ta l 

focussing. However, the final radius of 

curvature is not very critical because the 

neutron source in the reactor is quite 

extended and hence the focussing effect is 

cons iderab ly b l u r r e d in p r a c t i c e . 

Therefore all the (h,l , l) reflections with 

h = 1,3,5 and 7 have approximately 

sagital focussing. 

3. Collimators 

The direction of the inc iden t and 

scattered beam is determined by multi-

slit collimators, socalled Soller collima 

tors. The angu la r divergence is 10' 

obtained by a slit width of 1.0 mm and a 

length of 320 mm. The height of each slit 
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is 100 mm. The slit walls should be thin 
in order to obtain a high transmission of 
the Soller collimator, but at the same 
time highly neutron absorbing so that 
cross-talk between slits can be neglected. 
We manufactured walls of a 0.012 mm 
thin plastic foil coated on both sides with 
approximately 0.03 mm paint in which 
the strongly neutron absorbing material 
Gd2C>3 was dissolved in an amount of 250 
g/1. The transmission through such a 
wall at a glancing angle of 2X10' is 
around 10 ~8 at 1Å, so cross-talk between 
channels is eliminated. The channel 
width is provided by spacers at the top 
and bottom of the channel. A special tool 
was developed to mount the stack of 
coated plastic foils and spacers in a 
stainless steel frame so that all foils are 
straight and accurately parallel to the 
outer edge of the steel frame. 

As indicated in Pig.l each of the twenty 
detectors has a collimator in front. 
However, we have a separate mounting 
of the detectors and collimators into a 
collimator bank and a detector bank for 
the following reasons. The detectors need 
a substantial amount of shielding around 
to reduce the stray neutron background 
to an acceptable level. As shielding 
material we use an epoxy with a neutron 
absorbing boron compound so that fast 
neutrons are being moderated and then 
absorbed. Test of this detector shielding 
material indicates that a shielding 
thickness of about 20 cm is required on 
all sides around the detector. This means 

that the shielding around the detector 
bank is a bulky entity weighing around 
400 kg and it would therefore not be 
trivial to move the detector bank around 
with a precision of a fraction of the 
coiiimation width, say by a precision of 
1'. However, the detector response is 
quite flat across the detector window, so 
if just the collimator bank is moved 
precisely one can relax on the precision of 
the movement of the detector bank. 
There is a further advantage of separate 
collimator and detector banks. In a fixed 
beam, e.g. the incident beam properly 
attenuated or on a powder diffracted 
beam one can scan the entire collimator 
bank in front of a fixed detector and 
thereby experimentally find possible 
errors in the equidistant mounting of the 
collimators. The collimators were mount
ed on a counter weight balanced turn
table with a nominel angular separation 
of 5.289°. The collimator bank scan over 
an angular range of 20X5.289" = 105.8° 
with fixed detector gave a maximal error 
of 0.025" and a standard deviation of 
0.015". These numbers are so small 
compared to the coiiimation width of 10' 
or 0.167° that the collimators for all 
practical purposes can be considered as 
rigidly equidistant. In setting up a 
powder pattern scan the angle between 
neighboring collimators is divided into a 
number of steps, so in the last pointof the 
scan collimator n is precisely one step 
from the starting angle of collimator 
n+1. 

Risø-M-2720 11 



4. Detectors and 
Electronics 

The twenty detectors are He3 filled gas 
proportional counters manufactured by 
LND, Inc., New York, USA. The He3 
pressure of 5 atm. together with a 
thickness of 2 cm gives an efficiency of 
63% at a wavelength of 1.3 Å. The 
sensitive area is 2 cm wide by 10 cm 
high. The detectors all have the same gas 
filling and they are in fact, quite similar 
in efficiency. Right on top of the detector 
bank and within the shielding is 
mounted a preamplifier bank, the 
advantage of the proximity being an 
improved signal to noise rati" due to the 
minimal capacitance. Output signals 
from the twenty preamplifiers are led to 
a bank of main amplifiers and single 
channel analysers outside the shielding. 
Each main amplifier can be tuned by a 
potentiometer to provide a pulse height 
of 4 V and a pulse width of approxima 
tely 3 us. All Single Channel Analysers 
are set to provide a standard TTL pulse 
for an input pulse between 0.75 V and 4.5 
V. The SCA output on 20 lines are then 
fed into a decoder providing an interface 
to the computer. The detector electronics 
is described in some detail in appendix 
A2. 

5. Powder Spectrum 
Resolution 

The width of a powder line, c.f. Fig. 3, is 
partly determined by the collimators 

Fig.4. Top: The resolution width 
(FWHM) in a powder spectrum is at 
small angles mainly determined by 
collimation (W2Q), but at large angles 
mainly by monoehromaticity (Wk). 
Bottom: Comparison of measured reso
lution widths from a standard AI2O3 
powder with Eqs. (6) and (7). 

determining the direction of the incident 
and scattered ray, and partly by the 
wavelength spread of the monochromatic 
beam. In Fig. 4a is depicted two extreme 
cases : At very small angles the width , 
W, is determined by collimation only 
(W = W2o), whereas in the opposite 
extreme case of large scattering angles 
the width is determined solely by the 
realtive wave vector spread 8k/k 
(W=W|t). If the entrance and exit 
collimators have identical widths 0, then 
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W =k\/2o 
(6) 

whereas the width Wk follows by 
differentiating the relation ihkt — 
2ksin(ehkf) 

w. S,h.(6Wk) 
(7) 

hkr 

The relative wave vector or wavelength 
spread Sk/k is 

fik/k - 80M/tan(0M) (8) 

In Fig. 4b W20 and Wk are compared to 
experimental widths from an AI2O3 
standard powder sample using either the 
(311) or the (511) reflections of the Ge 
monochromator crystal set at 28M = 
85.6". In plotting Wk we have used Sk/k 
= 0.35% corresponding to 56M = H, 

9 10 11 12 
SCATTERING ANGLE 26 

Fig. 5. At low angles the combination of 
straight Soller collimators and curved 
Debye-Scherrer cones implies a line 
shape with a tail on the low angle side. 
The full curve is calculated as described 
in appendix A3. 

which is quite a reasonable value given 
the 10' collimation between monochro
mator and sample and the effective 
mosaicity of the monochromator crystal. 
Note that the slope of Wk versus ihkf is 
inversely proportional to tan(6M) 
showing the advantage of using a high 
take-off angle from the monochromator 
to obtain good resolution at large wave 
vector transfers. 

The discussion above of resolution at 
very large and very small angles as
sumed that the vertical resolution can be 
neglected in the sense that the part of the 
Debye-Scherrer cone contributing to the 
scattering can be approximated by a 
vertical line. However, at very small and 
at large scattering angles, the Debye-
Scherrer cone is indeed very concave, and 
that may affect the observed line shape. 
At small angles this will lead to a tail on 
the low angle side of a powder peak and 
at large angles to a tail on the high angle 
side. An example is given in Fig. 5 
showing a powder peak at 26s = H0- The 
full detector height was 10 cm which 
together with a sample to detector 
distance of 60 cm leads to an azimuthal 
angular range on the Debye-Scherrer 
cone of as much as —25" to +25". A 
quantitative evaluation of the line shape 
is given in appendix A3 and shown as the 
full curve in Fig. 5. 
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6. So ft ware 

The powder diffractometer is controlled 
by a PDP11-23 computer under the 
multi-user TSX-11 operating system, 
and is equipped with a hard disc, two 
floppy discs, a standard video display 
iVDU) and a graphics screen. The control 
programme is an extended version of the 
TASCOM programme used in general for 
Risø neutron- and x-ray spectrometers. 
The extension handles the twenty 
separate detectors used for the powder 
diffractometer. However, the programme 
can still operate on any single one of 
these detectors, which is a useful option 
for line-up purposes and special in
vestigations of selected powder peaks. It 
is therefore useful to divide this section 
into single detector mode and multi-
detector mode. 

6.1. Single Detector Mode 

Very briefly, the main purpose in this 
mode is for a selected detector in the 
detector bank to carry out the following 
sequence of instructions: 

(i) to set the detector at a given 
scattering angle, 

(ii) to measure for a certain time or for a 
preset accumulated number of 
counts in the monitor channel, 

(iii)to print the result in a user 
determined format on the screen and 
printer 

iv) to move to the next point in a user 
defined angular scan and repeat (i)-
(iii), 

(v) by completion of the scan to provide 
a x-y plot in user-defined assign
ments of (x,y), to find peak position 
and width if the data can be inter
preted in terms of a peak, to store 
the data of the scan in a datafile on 
disc and to up-date the file number 
by one. 

We will assume that the reader is 
familiar with the general operation of 
TASCOM or refer to the TASCOM 
manual. Here we shall only recall the 
special features of single detector mode 
on the powder spectrometer by ex
plaining the function of a few variables. 

CHAN CHANnel number or detector 
number in the range 1-20, c.f. 
Fig.l. The accumulated intensi
ty in this detector is as usual 
denoted I. 

TTC Two Theta of Channel CHAN in 
degrees. 

PLTY provides labelling of axes etc. in 
the plot. Must be set to "SNGD" 
in SiNGle Detector Mode. 

Q The wave vector transfer seen 
by detector number CHAN. 

CQ Is +1 for scattering to the left, 
-1 for scattering to the right, 
when following the neutrons 
from the source. 
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C056 Coupled movement of detector 
bank (motor 5,100 steps/ degree) 
and collimator bank (motor 6, 
2000 steps/degree). Its value is 1 
for coupled movement (with 
approximately the same speed of 
the two banks) and 0 for in
dependent movement of motor 5 
and 6. 

6.2. Multi Detector Mode 

In this mode the computer has to handle 
the intensities from all twenty detectors. 
The input comes from the twenty-
detector decoder described in section 4. 
The amount of data is large and is 
therefore stored on disc in compact, so-
called "unformatted" files. Such a data 
file of type <filename.MLT> contains a 
user defined file text and date, the 
angular offset of each of the twenty 
detectors (in practice the offsets are all 0, 
c.f. section 3) and the relative efficiency 
of each detector (in practise all unity). 
Then follows the first angular setting 
and the corresponding twenty intensiti
es, the second angular setting and the 
corresponding twenty intensities and so 
on. A program outside TASCOM called 
MANMLT translates an MLT file to an 
ASCII file. Typical file sizes for 100 
angular settings are 17 blocks for the 
MLT file and 110 blocks for the ASCII 
file. In addition to provide ASCII format 
the MANMLT program also sorts the 
data in sequence of increasing angles, 
which is a useful feature when an ASCII 
file is the database for plotting routines, 

structure refinement, etc. On-line 
monitoring of the powder spectrum as it 
is being accumulated, is provided on the 
graphics screen. There are a number of 
options concerning scaling of the plots as 
explained below. 

By completion of the scan, the screen 
picture is dumped on the printer and 
with TASCOM commands it is also 
possible at this stage to plot for example 
one or more sections of the full spectrum 
without translating the file into ASCII 
format. Special commands and variables 
in the Multi Detector Mode include: 

PLTY must be set to "MLTD" in 
theMul/Ti Detector mode. 

LOOK = 1 if on-line graphics is to 
appear on the screen during 
data accumulation. The com
mand PLOT (see below) is 
disabled. 
= 0 to disable on-line gra
phics. The command PLOT 
(see below) is enabled. 

PLOT plots the accumulated data (in 
MLT format), according to the 
scaling criteria set by LIMX 
and LIMY, provided LOOK 
= 0. 

LIMX = 1, user assigned values of 
XMIN and XMAX 
= 2, automatic value of 
XMAX, XMIN = 0. 
- 0, automatic values of 
XMIN and XMAX.. 
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LIMY = 1, user assigned values to 

YMIN and YMAX. 

= 2, automatic value of 

YMAX. YMIN = 0. 

= 0, automatic value of 

YMIN and YMAX. 

VT24 = 1 for a graphics scan (ex. 

VT240 or VT340). 
= 0 for any other terminal 
(disabling graphics plots). 

mechanical alterations to the spectro

meter, or a new monochromator reflex 

tion has been chosen, or there are other 

reasons to disbelieve the present zero 

angles, a new determination of these 

should be carried out. This process as 

well as ensuring that the monochromator 

is reflecting a monochromatic beam 

optimally onto the sample, is called 

lining up the spectrometer. 

7. Lining-Up 
the Multi-Detector 
Diffractometer 

Any angle determination is a relative 

measurement. The reference angle or 

zero angle of each angle measurement 

must therefore be known to sufficient 

accuracy. Any time there have been 

Each element of the spectrometer must 

be lined up without requiring knowledge 

of the yet unknown parameters of the 

remaining elements. This makes the 

natural direction ofthe line-up procedure 

follow the neutron beam through the 

spectrometer. Each step in this process 

are described in the following. 

i Ge 
reflection 

! (133) 

(111) 

(533) 

< (422) 

1 (733) 

i on) 
! (822) 

i (511) 
i (711) 

! (400) 

*M 

4.84104 

1.92363 

7.28276 

5.44086 

8.95402 

3.68348 

9.42384 

5.77090 

7.93134 

4.44244 

fast rotation 
negative time/s 

0 

23 

37 

43 

47 

53 

59 

63 

67 

78 

count rate/kcps 
Ml =8560 

7.5 

20.0 

8.6 

20.0 

4.5 

17.0 

5.0 

16.0 

7.0 

20.0 

Table 1. Characteristics of reflections from the Ge monochromator. Column 3 is 
the time taken by the manually operated rotation device to rotate between the 
various reflections. This time may be used in connection with column 4 to find 
the desired monochromator reflection. The count rates in column 4 are from a 
fission monitor at TAS3. 
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To ensure a rapid and well defined line
up of the spectrometer the computer 
which controls the spectrometer may 
guide the user through this process. A 
reproduction of the computer output 
during such a line-up procedure is given 
in appendix A4. 

7.1. Monochromator 

The monochromator must be rotated so 
the desired reciprocal lattice vector 
halves the angle that the mono
chromator scattering angle is set to. It 
must also be assured that the reciprocal 
lattice vector lies in the horizontal 
scattering plane of the spectrometer. The 
standard Ge monochromator is as noted 
earlier oriented in the {h,t,t) plane. As a 
help to identifying the desired reflection 
Fig. 6 shows the reciprocal lattice vectors 
with an appreciable associated reflectivi
ty in this plane. The monochromator is 

(OKI Ot- iiMUJcOurwutcf 

Fig. 6. Reflections with appreciable 
intensity from the Ge monochromator 
mounted in the (h,€,t) plane. The arrow 
indicates the sequence in which the 
reflections appear when rotating in the 
positive direction on the monochromator 
rotation device. 

rotated by a manually operated motor 
drive unit with no absolute encoder. The 
time taken to rotate between two 
reflections can. however, be used to 
identify them (see Table 1). Once the 
desired reflection has been identified the 
countrate on a monitor placed im
mediately at the exit from the 
monochromator drum is optimized by 
rotating and tilting the monochromator 
with the manually operated motordrive. 

7.2. Monochromator-Sample 
Collimator 

The next step is to align the mono 
chromator-sample collimator (CO in Fig. 
1) parallel to the direction of the beam 
from the monochromator. For this pur
pose the monitor is placed immediately 
after the collimator, which is mounted on 
a rotation device which is then rotated 
until maximum intensity is transmitted 
through the collimator CO. At this step a 
monochromatic collimated incident 
neutron beam has been prepared. 

7.3. Sample Table Alignment 

The centre of the sample table must now 
be centred in the incident beam. This is 
done by moving a strong incoherent 
scatterer (a perspex rod) placed on the 
sample table through the incident beam 
while monitoring the total countrate of 
all twenty detectors. The position at 
which the intensity is maximal 
corresponds to the sample being centred 
in the incident beam. After completing 
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this step wc have centred the sample 
table in the collimated monochromatic 
incident beam. 

7.4. Sample Scattering Angle 

The zero ang'o if the sample scattering 

angle is now determined by canning one 

detector through the attenuated incident 

beam. This zero angle may also be 

measured by scanning through the 

powder peaks corresponding to 

scattering to right and left from a powder 

sample. The zero angle is then the 

bisecting direction in between these two 

directions. 

7.5. Detector-Bank Collimator 

Alignment 

The alignment of the detector-bank with 

respect to the collimators (Cl, C2,... in 

Fig. 1) is established by scanning a 

detector through the incident beam after 

th i s has passed through the 

corresponding collimator. The detectors 

are placed behind their respective 

collimators when this intensity is 

optimized. 

7.6. Moi.ochromator Scattering 

Angle 

Finally the scattering angle at the 

monochromator, and thereby the 

neutron wave vector k (see Eq. 1), is 

determined by measuring the scattering 

angle of a powder peak of an aluminum 

oxide standard sample. Prom Bragg's law 
the following equation holds 

where xs, 6S are the reciprocal lattice 

vector and half scattering angle at the 

sample, and tM, BM are the corresponding 

values for the monochromator. So by 

measuring Bs for the known values of i s 

and iM we find the scattering angle at the 

monochromator 

20M = 2Arcsin( — snt>s) 

8. Example of a 
Structure Study 

Shortly after the discovery of the ceramic 

superconductors at the end of 1986 it was 

realized that the occurrence of high 

temperature superconductivity is closely 

related to the properUes of the copper-

oxygen bonds. Structural studies are 

therefore very important in the search 

for the basic principles of high-T c 

superconductivity as well as a number of 

mater ia l s propert ies re lated to 

applications. 

Since the ceramic h igh-T r super 

conductors are available sofar mainly as 

powder samples, and important »true 

tural features are related to minor 

crystalline distorsions of almost tetrago 
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nal structures, there is a need for a high 

resolution spectrometer. Many aspects 

related to synthesis and studies of 

kinetics in the structural transforma 

tions call for short measuring times. The 

multi-detector high-resolution powder 

neutron diffractometer was designed and 

constructed to meet these requirements. 

As an example some studies of the 

structural properties connected to the 

oxygen stoichiometry in YBa-2Cu207_s, 

will be mentioned. A neutron wave 

length of \ = 2.32 Å obtained with a 

Ge(311) monochromator at BM = 85.6" 

was used for the measurements. 

8.1. I'haseKquilibriumand 
Kinetics of the Oxygen Uptake 

0fYBa2Cu3O7.x 

For x < 0.5, YBa2Cu:)07 x has an 

orthorhombic structure as shown in Fig. 

2. The temperature variation of the 

lattice parameters are shown in Fig. 7. 

At room temperature almost full oxygen 

occupancy in the crystalline lattice is 

found on the sites 0( 1), 0(2), 0(3), and 0(4) 

in Fig. 2. whereas site 0(5) is essentially 

empty. On heating, deviations from 

stoichiometry occur and result in a 

partial occupancy on the 0(1) s ite . 

Simultaneously the 0(5)-site becomes 

increasingly populated. At temperatures 

above 660"C, sites 0(1) and 0(5) are 

equally populated and the crystal 

structure transform from orthorhombic 

to tetragonal. If non-sloichiometric 

YBa2Cu307-x is quenched from high 

temperatures or cooled in vacuum, the 

non stoichiometry remain, and the 

superconducting properties are signi

ficantly deteriorated. For x approaching 

1 superconductivity disappears and 

antiferromagnetic order is observed. It is 

therefore important to s tudy the 

conditions for phase equilibrium and the 

kinetics of oxygen uptake in this system. 

Three sequences in studies related to 

these properties of YBa2Cu307 X should 

be mentioned. First, when heated in 

100% oxygen the orthorhombic lattice 

expands as shown in Fig. At tempera

tures above 600"C the a and b-axes 

starts to approach each other and a phase 

transition to the tetragonal structure is 

observed at 670"C. As mentioned the 

195 

390 

MS . 

woo 

Fig. 7. Temperature variation of the 
lattice parameters in YBa2Cu^)j^x. Open 
symbols refer to heating in 100% 02: V 
Jorgr.nsen et o/., O our data. • our results, 
cooling under vacuum from above 700°C. 
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phase transition is driven by the 

depletion of oxygen from site 0(1) and 

disordering by occupancy on site 0(5) 

(Fig. 2). These properties may be 

determined from structural refinements 

on the full powder spectrum shown in 

Fig. 3. However, it is worth mentioning 

that the depletion of oxygen from the 

basal plane sites 0(1) and 0(5) may be 

studied qualitatively from the intensity 

of the (OOD-peak found at 26 = 11.3" in 

the powder diffraction pattern. In a 100% 

oxygen atmosphere Jorgensen et al. 

(Phys. Rev. B36, 3608 (1987)) have 

determined an equilibrium oxygen con 

centration corresponding to x = 0.58 at 

818"C. Structural refinements on our 

data have not yet been completed. 

Although, there are some differences in 

the lattice constants obtained in our 

study and that of Jorgensen et al. (see 

Fig. 7), we expect a qualitatively similar 

behaviour. 

The lattice expands on heating despite 

the loss of oxygen. Actually, the loss of 

oxygen contributes as a driving mechan 

ism in the expansion of the lattice. This 

is also seen from the experimental re 

suits shown in Fig. 7, where the sample 

has been evacuated in the tetragonal 

phase above 700"C with a significant ex 

pansion of the c-axis as a result. A semi

quantitative evaluation of the stoichio 

metry, based on the (002) peak intensity, 

indicates an equilibrium stoichiometry 

in vacuum at these temperatures cor 

responding to YBa2Cu306. Subsequent 

cooling under vacuum maintain the 

tetragonal phase and the oxygen 
deficiency. At room temperature the 
oxygen deficient tetragonal phase has 
proven to be stable in air for more than a 
week. 

A third experiment has been performed 

in order to study the kinetics of the 

oxygen uptake towards equilibrium. The 

sample being cooled under vauum from 

700"C to room temperature, and thereby 

maintained in the oxygen deficit tetra 

gonal phase, was heated semi-dynamical 

with an increase of 25"C every two hours, 

and the transformation towards the 

orthorhombic equilibrium phase was 

Fig.8. Tetragonal (200)t - and 
orthorhombic (020)o -and (200)o -Bragg* 
peaks lined to study the transformation 
between tetragonal and orthorhombic 
phaw 
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100 200 300 ISO 

T/»C 

Fig. 9. Temperature variation of the 
Bragg-peak intensities of: V - the tetra
gonal (200)t -peak, o - the sum of ortho-
rhombic (020)o-and (200)o-peaks. 

studied. From a study of the tetragonal 
(200)<peak, which splits into close-lying 
(200)- and (020) peaks in the ortho 
rhombic phase shown in Fig. 8, it is 
observed that only these two phases are 
present during the transformation. This 
indicates that the transformation occurs 
via a diffusion process through the 
orthorhombic phase developing from the 
surface of the grains of the ceramic 
sample. The temperature variation in 
the tetragonal (200)-peak intensity and 
the sum of orthorhombic (200)- and 
(020)-peak intensities are shown in Fig. 
9. The results show that the annealing 
process leading to oxygen equilibrium in 
YBa2Cu307x may be performed at 
temperatures as low as 200"C, which is 
significantly lower than usually recom 

mended e.g. during synthesis. An 
isothermal annealing process performed 
at 165"C showed that 75% of the sample 
was transformed from the tetragonal to 
the orthorhombic phase within fifty 
hours. Further studies of these properties 
are in progress. 
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Appendix A.l. Summary Sheet for the Risø Powder 
Diffractometer 

A. 1.1. Monochromator 

Ge: Diamond structure, a = 5.6574 Å 

Mounting:3X7 Pressed Ge crystals of dimensions: 12X12X8 mm3 

with (311) perpendicular to the surface mounted on a Gd 
shielded vertically curved Al holder. 

Relative structure factors (F): 1 for h + k+1 = 4n (h,k,£) all even 
0.7071 for (h,k,f) all odd 
0 all other combinations of (h,k,f) 

Mosaicity.lO'(FWHM) 

For 90" take off angle at the monochromator: 

1 —' ' -
j mono-
i chromator 
| reflection 

(111) 

[ (311) 
1 

! (511) 

'• (711) 

(911) 

wave
length 

4.6192 

2.4123 

1.5397 

1.1203 

0.8782 

wave 
vector 

1.3602 

2.6046 

4.0807 

5.6083 

7.1546 

energy 
meV 

3.83 

14.06 

34.50 

65.17 

106.07 

Q-range A - 1 

for5°-110"in 
26 

0.12-2.23 

0.23-4.27 

0.36-6.69 

0.40-9.19 

0.62-11.72 

A.l.2. Collimators 

The collimator-bank before detector bank consists of twenty Soller 
collimators with collirnation 10' and separation 5.289°. 
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Collimator sheets: Gd coated mylar-foil 

Transmission through a single foil: 

1 

i angle 

! 90" 

j 10' 

i 20' 

transm. (1 Å) 

0.92 

7-10-13 

9-10-7 

transm. (2 Å) 

0.85 

5 1 0 " 

7-10-13 

Collimation: Reactor - Monochromator 15', 30' or 60' 
Monochromator - Sample 10' 
Sample - Dectector 10' 

A.1.3. Detector-bank 

20 single 3He detectors: LND, Inc. type 2624 
3He pressure 5 atm 

Effective volume 20 X 20 X100 mm3 

High Voltage 1300 V 
Gas amplification = 15 
Separation between Detectors 5.289" 
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Appendix A.2. Electronic Set-Up 

A2.1. TAS3-Set-Up 

Beam: Thermal 

Special features: 

Detector bank 

Collimator bank 

motor 

M5 

M6 

No. of steps/degree 

100 

2000 

NB: The following cables should be checked: 

1) In the CAMAC CRATE there should always be a cable from the 
upper INH ALL in the HYTEC module to the back of the 
MATRIX encoder in the NIM bin. 

2) On the top of the MOTOR DRIVE cupboard cable 240 should be 
connected to the left most unit and cables 333 and 142 to the 
adjacent motor unit. 

A.2.2. Detector electronics 

1 Single High-Voltage supply. 

20 Pre-amplifiers mounted directly on top of the Detectors. 

10 Double amplifier/SCA (Single Channel Analyser) units. DC-
offset and gain can be adjusted individually for all 20 amplifiers. 

1 Power module with potentiometers for setting of a common lower 
and upper limit for all twenty SCA. 
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RISØ ( 

P] 

CH.ft 
M I N 

© 
OFFSET 

© 
S O OUT 

© 
m> OUT 

© 
MV IN 

© 
INPUT 

© 

J ANALYZER 

CH.B 
GMN 

© 
OFFSET 

© 
S U OUT 

© 
trr OUT 

© 
<WP IN 

© 
INPUT 

© 
GND 

© 
849 ( D 

Adjustment of amplifier/SCA PI 849: 

Fig. 10. Double Amp/SCA module 

Adjust gain so that the maximum peak-
height for the signals is 4 V. 

Adjust offset so that background is 0 V. 

Connect oscilloscope to terminals GND 
(ground) and AMP OUT. 
Oscilloscope settings: 
Vertical 1 V/division DC 
Timebase 1 nsldivision 
Trig Coupl DC 
Tag mode TRIG 

RISØ ^ 
OUTPUT /POUERrtOOUL 

UM.Lin. uPP.un. 

© © 
LOU. OUT GNO UPP.OUT 

©@© 
•15«© WTO OUT 

-liv© 

•I2v© 

*«v© 

-««© 
rouER I N 

© 

e 

© 

PI 850 ÆL 

Adjustment of common discriminator 
levels for the SCA's P1850: 

Fig. 11. Power module 

Adjust the lower limit so that it exceeds 
the electronic noise level. 
Typical setting 0.7-1.0 V. 

Adjust the upper limit so that it exceeds 
the 'neutron 'pulse height. 
Typical setting 4.5-5.0 V. 

Connect oscilloscope to terminals GND 
(ground) and LOW.OUT or UPP.OUT, 
respectively. 

Oscilloscope settings: 
Vertical 1 Vldivision DC 
Timebase Irrelevant 
Trig Coupl DC 
Trig mode AUTO 
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Appendix A.3. Powder Line-Broadening due to 
Vertical Divergence 

A.3.1. Problem 

A crystalline powder scatters a horizontal monochromatic beam 

into a Debye-Scherrer cone of opening angle 20 (see Fig. 12). For the 

special case of 20 = 90° the cone is degenerated into a vertical flat 

disc. In that special case the horizontal component of the scattered 

ray is independent of the azimuthal angle t around the Debye-

Scherrer cone. But for 26 < 90° this horizontal component is less 

than 20, whereas for 20 > 90° the horizontal component is larger 

than 20. In a powder diffractometer with vertical Soller slits before 

the detector, the powder line will be broadened to the low angle side 

for 20 < 90° and similarly to the high angle side for 28 > 90°. It is 

the purpose of this appendix to calculate the corresponding powder 

line- shape. 

A. 3.2. Quantitative Evaluation 

The incident, horizontal wave vector kj = OK is Bragg scattered 

through angle 20 in the horizontal plane to wave vector kf = OQ, 

the wave vector transfer i being a reciprocal lattice vector of a 

particular grain in the powder (see Fig. 12). Since the problem is en

tirely geometric we can choose our units of reciprocal space so that 

|ki| = |kf| = 1. In general the scattered wave vector kf is not 

horizontal but is somewhere on the Debye-Scherrer cone, say along 

OP with azimuthal angle t. The projection of OP on the horizontal 

plane is OP'. The Cartesian coordinates of OP, OP' and OQ are 

OP = (sin20cost, cos20, sin 20sint) 

OQ = (sin20, cos20, 0 ) 

OP' = (8in2Bcost, cos20, 0 ) 

The vertical angle v of the scattered ray OP is given by 

stinv = sin2()»inl * A ' 

Risø-M-2720 27 



Fig. 12. Scattering geo
metry used to calculate 
the diffraction line-
profile from a Debye-
Scherrer cone for a high 
detector. 

and the length of OP' is simply cosv. 

The angular difference in the horizontal plane between OP' and OQ 
is denoted 8, and we want to determine 5 for given values of v and 26. 
This is easily done by evaluating the scalar product of OP' and OQ: 

OP' OQ = cosv 1 cos« 

or 

cosv cos8 = 11 —(I — cosOsin z0| 
(A2) 

Let us, for brevity denote sin2B by a: 

a = sin20 (A3) 

The angles v and t are small, and by series expansion one obtains 
from Eq. (Al) the approximate relation 

v(l) = a l | l - t 2 / 6 ( 1 - a 2 ) | 
(Ala) 

Equation (A2) is evaluated in a similar manner resulting in 

8(t) = (t2 /2)n(1-n2)" , / 2 (A2a) 

when utilizing the result of Eq. (Ala). 
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The detector can only accept vertical angles less than a certain limit 
vi set by the detector height Z and the distance R to the sample: 

M S v , withlanvJ = Z/(2R) ( * 

The corresponding maximal azimuthal angle ti is derived From Eq. 
(Al) 

-i . (A4b) 
sint -<i sinv 

and the corresponding maximal angle 8, S|, from Eqs. (Al) and (A2) 
is given by 

oosv co«& - \\ — (I — cost )Q"| (A4c) 

The scattered intensity is evenly distributed around the Debye-
Scherrer cone assuming no texture in the grain orientation in the 
sample. The distribution in terms of the variable 5, fl(8), is then given 
by 

f<6) dfi = t~' dt ( A 5 ) 

or 

rib) = d^e/du ' (A6) 

Inserting the derivative, d8/dt, from Eq. (A2a) in terms of the 
variable 8 and its extremal value 8| one finds 

r<») = 
' u r f»«r **«r w 

lor al 1 other 8 

(2X/8S, t for<X8<6, ( A 7 ) 

Finally we shall consider the folding of f(8) with the resolution 
function which we assume to be Gaussian, G(8), with a certain 
standard deviation o. The general expression for the observed line-
shape at a spectrometer misset So from the ideal Bragg angle of 26 is 

- J " 0 , l<6())= G<S-80)f(S)dS (A8) 
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It is convenient to measure 6, So and Si in units of the standard 
deviation o so in terms of the dimensionless variables 

x = S/o x ^ y o and X J ^ S J / O 
(A9) 

we get 

l l x „ ) = I = — = 

h 2Vxx. V^n 

e dx (A10) 

An example is given in Fig. 13. Here the Bragg scattering angle 
20B = 10°, and an appreciable amount of the Debye-Scherrer cone 
intensity (-28°<t<28°) is picked up by the 10 cm high detector at a 
distance of 60 cm from the sample. The corresponding maximal 
horizontal deviation 8j is 1.2° and the powder line has in accordance 
a low-angle tail extending out to 8j. Note that the problem is 
symmetric around 26 = 90°; in other words a similar line shape, but 
mirrored so low angles become high angles, would occur at 
2H = 170°. In practice though, the resolution which we at 10° take to 
be \/2 times the angular width of each So! ler collimator, is wider at 
2H — 170° due to the wavelength spread of the incident beam. 

Fig. 13. Calculated dif
fraction line-profile for a 
10 cm high detector at 20B 
= 10°. Distance detector-
sample 60 cm, collimation 
10'isingle Soller FWHM) 

v v 
SCATTERING ANGLE ( 2 * ) 

«• 
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Appendix A.4. Example of Computer Aided Line-Up 
Sequence 

Below is an example of lining up the spectrometer using the LU1-
LU5 commands of the TASCOM system for the multidetector 
spectrometer. All input typoed by the user has been underlined. 
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