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Seventeen sets of measurements of structure factors of D(+)-tartaric acid, within the range (sin 6)/A
<0-5 A-1, were provided by the participants in the International Union of Crystallography Single
Crystal Intensity Measurement Project. Each participant used a different crystal, all being derived from
asingle crystallization batch. The results in the Project are representative of those from a wide variety of
currently used diffractometers and techniques. The instruments included four-circle, normal-beam
and equi-inclination diffractometers. Cu and Mo radiations were used — unfiltered, with single and
balanced filters, and with crystal monochromators.

“The aims of the project were twofold: (a) to provide an estimate of the spread of F values associated
with the range of variables involved in the project and () to locate, if possible, the sources of error.
A number of agreement indices were used to measure the spread of F values both for equivalent reflec-
tions within any one experiment and for comparisons between experiments. In an attempt to allocate
errors to certain plausible sources, an analysis-of-variance was applied to the weighted deviations of
individual values of F from the set of mean values. The variables specified were intensity I, a 6 angle
factor d* and the Miller indices h,k,/. From the values of the agreement indices and the interaction
curves from the analysis-of-variance, it was possible to recognize outlier sets that differ considerably from
the mean and to isolate these, where necessary, before arriving at an estimate of the error spread of
the main group.

In this project, there is no one simple figure of merit which provides a ready assessment of the accuracy
of measurement of structure factors. Rather, there are several ways of indicating the probable accuracy.
One way is to present the spread of values of

Riy(=X (IFil— |Fi)/Z Y(Fl + | F3)) .
This shows that two scaled experimental sets of structure factors, measured under circumstances similar
to those of the project, will most probably differ by 6%, agree no better than 3%, and usually no worse
than 10% except in cases of extreme systematic error where it may rise to 50% or more. From the anal-
ysis-of-variance, inferences are drawn concerning the concordance of results derived from the different
types of diffractometer, on features of technique associated with the diffractometers and on other aspects,
including 1 dependence, monochromaticity, count rates and extinction in the crystals. It is concluded
that other sources of error may be present and that future projects should be designed to reveal these.

Introduction

In 1959 the Commission on Crystallographic Appara-
tus of the International Union of Crystallography held
an Inter-Congress Meeting in Stockholm, one section
of which dealt with Counter Methods for Crystal
Structure Analysis (I.U.Cr., 1959). Subsequently,
during the 6th Congress of the Union in Rome in 1963,
two Open Sessions of the Commission were devoted to
‘Automatic Single-Crystal Diffractometers for X-rays

* A preliminary report on the I.U.Cr. Project was made by
S.C.A. and W.C.H. in an open session of the Commission on
Crystallographic Apparatus at the 7th Congress of the I.U.Cr.
at Moscow, July 1966.
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and Neutrons’ (I.U.Cr., 1964a). Since the main fea-
tures regarding the design and technical aspects of the
various types of instruments appeared to have been
adequately covered by these meetings, the Commis-
sion’s interest was transferred.to a study of the meas-
urement of integrated X-ray intensities of single
crystals.

The method chosen to investigate this complex
problem involved seeking the cooperation of crystallog-
raphers, on an international basis, in a series of meas-
urements on the same material. A project of this type
would then provide crystallographers with a measure
of the possible accuracy as opposed to the individual
precision of a set of measurements of structure factors,



2 SINGLE CRYSTAL INTENSITY MEASUREMENT PROJECT REPORT. 1

F. The Commission therefore extended an invitation to
all interested crystallographers to participate in a Single
Crystal Intensity Project (I.U.Cr., 1964b). The accuracy
of the integrated intensities and resultant structure
factors measured by current diffractometer methods,
with data to be collected by the participant’s normal
routine procedure, could thereby be assessed. It was
also hoped that analysis of the data supplied would
indicate the major sources of error so that structure
factor measurement of improved accuracy might be
attained in the future.

For the I.U.Cr. project, a low-symmetry, low-ab-
sorption organic material was considered most suitable
because the American Crystallographic Association
(1962) had initiated a Single Crystal Intensity Project
with similar aims, using a high-symmetryinorganic com-
pound, CaF,, as test specimen.* With two such pro-
jects in operation, it was clearly desirable to avoid un-

* The results of the A.C.A project have been published
(Abrahams, Alexander, Furnas, Hamilton, Ladell, Okaya,
Young & Zalkin, 1967) and discussed (Mackenzie & Maslen,
1968; Abrahams, Alexander, Furnas, Hamilton, Ladell, Okaya,
Young & Zalkin, 1969).

necessary overlap. The A.C.A project, by its national
character, could involve measurement on the same
standard sphere of CaF,, but in the 1.U.Cr. project,
with prospective participants from many countries,
measurements were necessarily made on a different
crystal in each laboratory. By this procedure, explora-
tion of a region of variation additional to that considered
in the A.C.A project was possible (Mathieson, 1969). The
material chosen for the I.U.Cr. project was D(+ )-tar-
taric acid. All crystals were from a single crystalliza-
tion batch, grown by A. McL. Mathieson. Each parti-
cipant was supplied, by air mail, with approximately 12
well-developed small crystals.

The lattice constants were remeasured for the I.U.Cr.
project by Cooper (1966), using Bond’s (1960) method.
a=T7290+1, b=6:0004 + 1, c=62126+1 A and f=
100-153° + 2 at 25°C.t The space group of tartaric acid
is P2,(C3).

Each participant was asked to measure the inte-
grated intensity of every 4kQ reflection, including all

1 Standard deviations are given in units of the least signi-
ficant digit.

Table 1. Participants in the 1.U.Cr. Project

Crystallographer
Abrahams, S. C. & Bernstein, J. L.

Laboratory

Bell Telephone Laboratories, Inc.,

Murray Hill, New Jersey, U.S.A.

Ferguson, G.

Chemistry Department, The University,

Glasgow, Scotland.
(Present address: University of Guelph, Ontario, Canada.)

Gabe, E.

Institute for Cancer Research,

Fox Chase, Philadelphia, Pennsylvania, U.S.A.
(Present address: Mines Branch, Dept. of Mines
and Technical Surveys, 555 Booth Street, Ottawa, Canada.)

Gomes de Mesquita, A. H.

Philips Research Laboratories,

Eindhoven, The Netherlands.

Kheiker, D. M., Nekrasov, Ju. V. &
Mimrin, V. A.
Lenhert, P. G.

Institute of Crystallography,
Academy of Science of USSR, Moscow, USSR.
Dept. of Physics and Astronomy,

Vanderbilt University, Nashville, Tennessee, U.S.A.

McGandy, E. L. & Seviik, J.

Dept. of Biological Sciences,

Purdue University, Lafayette, Indiana, U.S.A.
(Present address: Dept. of Biochemistry
and Nutrition, University of Pittsburgh,
Pittsburgh, Pennsylvania, U.S.A.)

Okaya, Y.

International Business Machines Corp.

Yorktown Heights, New York, U.S.A.
(Present address: Dept. of Chemistry,
State University of New York,
Stony Brook, New York, U.S.A.)

Palmer, K. J.

U.S. Dept. of Agriculture,

Albany, California, U.S.A.

Przybylska, M., Bevan, J. &
Saunderson, C.

Shibata, A., Yoshimatsu, M., Hori, T.,
Sata, M. & Araki, H.

Smolin, G. Y.

National Research Council,
Ottawa 2, Canada.
Rigaku-Denki Co. Ltd.,
Akishima-Shi, Tokyo, Japan.
Institute of Silicate Chemistry,

Academy of Sciences of USSR, Leningrad, USSR.

Suvorov, E. V. & Kozlovsky, V. F.

Physics Department,

Moscow State University, Moscow, USSR.

Townes, W, D,

U.S. Army Electronic Command,

Fort Monmouth, New Jersey, U.S.A.

Wallwork, S. C.

Dept. of Chemistry,

University of Nottingham, England.

Young, R. A.

Georgia Institute of Technology,

Atlanta, Georgia, U.S.A.
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equivalent reflections, within the range (sin 8)/A<
0-5 A-1: also, all reflections with positive k and / within
the same (sin §)/A range. Any X-radiation could be
used. A comprehensive questionnaire was sent to each
participant, replies to which gave the relevant details
for each experiment (see following section).

Approximately 60 laboratories in 10 countries ex-
pressed interest in the Commission’s invitation to take
part in the L.U.Cr. project. Of these, 44 agreed to
participate, with a total of 16 ultimately providing
measurements and completed questionnaires for anal-
ysis. The participants are listed alphabetically, with
their location at the time, in Table 1. One participant
submitted a second set of data (experiment 115 in Table
2) before analysis was completed. He suggested that
his first set (experiment 11e) might be in error due to
the crystal not being completely bathed in the incident
X-ray beam. The results from one active participant
who used neutrons as his radiation have been omitted
from analysis in this part of the Report.

With a multi-parameter structure, such as that of
D(+)-tartaric acid, there is an obvious interest in
comparing the various sets of experimental data with
theoretical structure factors. The calculated values are
however dependent on the particular model selected,
not only for the molecular conformation but also for
the individual atomic scattering factors. This refine-
ment and comparison of each set against a currently
acceptable theoretical model forms part II (Hamilton
& Abrahams, 1969) of the Report.

A comparison against theoretical values does not
. necessarily provide an estimate of experimental accur-
acy of the measurement sets. For this purpose, the
experimental data sets may be compared solely in terms
of their internal and mutual consistency. This approach
constitutes part I of this Report.

Experimental procedures

The questionnaires sent to the participants contained
22 major questions, of which some were sub-divided
into as many as six parts. A summary of some of the
more important items of information, which varied
in completeness, is collected in Table 2, where each
experiment has been given an identification number;
further information is available on request.

The stability values given in the second and third
columns are defined as 100(/max — Imin)/Imean Where
the I values are the integrated intensities of a standard
reflection measured repeatedly throughout the time
interval stated. These values do not necessarily indicate
a corresponding uncertainty in the final integrated
intensities since some experimenters used the standard
reflection values to compensate measured intensities
forthis variation.* The fourth columnindicates theradia-

* No evidence was presented to indicate a monotonic de-
crease oOr increase in intensity with time which might be con-
sistent with a simple process of radiation damage to the
crystals.
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tion used and the method of filtering or monochroma-
tization. The fifth column gives the maximum count
rate, while the method used to ensure an apparent
linear response from the counting system is indicated
in the sixth column.

The basic type of diffractometer is described under
‘Geometry’ in the seventh column, where ‘4-circle’
refers to an instrument in which the angles ¢, x, w and
6 (see Furnas, 1957; Arndt & Willis, 1966 for termino-
logy) may be varied, with all intensity measurements
being made in the equatorial plane. ‘Equi-inclination’
indicates variation only of w and v (Buerger, 1960)
within a given reciprocal lattice layer; in ‘normal
beam’ instruments, the w axis remains normal to the
incident X-ray beam for all layers measured.

The shape of the crystal used, together with its di-
mensions, is given in the eighth column. Some crystals,
described as ‘natural’, were used exactly as supplied.
Others were shaped either by grinding or by cutting.
The ratio of the maximum to minimum absorption
correction is given in column nine for the cases where
this correction was made (in four experiments); the
error in individual reflections due to absorptiou is as
much as +10 per cent in some of the remaining ex-
periments. It should be emphasized here that each
participant was asked to measure and report the inte-
grated intensities and structure factors of D(+)-tartaric
acid by his normal, routine method. In some partici-
pating laboratories, normal procedures involved use
of spherical or cylindrical crystals; the difficulty in
grinding D(+)-tartaric acid without damage to the
crystal, together with lack of facilities to make absorp-
tion corrections for the natural-shaped crystal, re-
sulted in these participants deviating from their ‘normal’
method. Assessment of the mosaic spread was re-
quested. The method suggested was measurement,
with a fine receiving slit, of the crystal rotation angle
(w) from 5% of the maximum intensity on one side of
the peak to 5% on the other side of the peak for a
reflection in the region of 26~30°. The values, in the
tenth column, indicate some variation in the ap-
parent mosaic spread of the crystal.*

The method used to determine the ‘background’ for
each reflection is indicated in column eleven. B; and B,
are the extreme positions of the scan made across the
reciprocal lattice point in experiments 1, 5, 6, 7, 8, 10,
11a, 115, 12 and 16. The ‘background’ count is sampled
at a single angular setting in experiments 2, 3, 9 and 13.
In experiment 15, the background was sampled at
every 2-5° interval in w on each layer. The procedures
used in experiments 4 and 14 are given explicitly in
Table 2. The angles varied in each intensity measure-
ment are indicated in column twelve, while the ex-
pression used to derive the integrated intensity is given
in the final column. Cr is the total number of counts

* The measurement gives the convolution of the mosaic
spread of the crystal with the resolution function of the in-
strument (e.g. Cooper & Nathans, 1968).



Experi-
ment

10

1la

1156

12

13

14

15

16

* [loo(lmax - Imin)]/[lmea.n]-

SINGLE CRYSTAL INTENSITY

Short term

stability*
1-5%

(4 hours)
2:6%

(15 mins)

0-6%
(2 mins)

4-4%
(30 mins)

1:6%
(3 hours)

1-4%
(50 mins)

1-6%
(1 hour)

31%

1-2%
(1 hour)

12%
(45 mins)

1-4%
(9 mins)

2:8%
(9 mins)

1-8%

(1 day)

1:6%
(90 mins)

0:9%
(2 hours)

Long term

stability*
14-4%
(17 days)

31%
(14 days)

4-4%
(11 hours)

4-4%
(5 days)

67%
(6 days)

12:0%
(7 days)

6:8%

3-8%
(6 days)

32%
(2 days)

13:8%
(8 days)

31%
(8 days)

41%
(2'5 days)

8:4%
(26 days)

2:2%
(14 days)

0-7%

52%
(22 days)

Radiation
monochro-
maticity
Mo K
No filter

Cu K
Ni filter

Cu K
Ni filter

Cu K
Ni filter

Mo K
Balanced
Zr, Y filters

Mo K
Balanced
Zr, Y,0; filters

Mo K
Balanced
Zr, Y filters

Cu K
Balanced
Co,03, Ni filters

Cu K
(=0,1,2)
Mo K
(1=3,4,5)
Balanced Ni, Co;
Zr, Sr filters

Cu kK
Ni filter

Mo K
Zr filter

Mo K
Zr filter

Mo K
Zr filter

Mo K
Balanced
Sl‘SO4,
Zr(NO3)4 filters

Mo K
Balanced
Zr, Y filters

Mo K
NaCl
(200)
Mo K
LiF
(200)

Maximum
counts per

second
20,000

9.200

20,000

2,000

6,000

2,500

11,000

10,000

6,000

6,000

100,000

100,000

100,000

10,000

52,000

1,500

40,000

+ Absorption correction not applied but estimated as 1-19 for Cu.
} Scan range extreme.
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Table 2. Experimental variables in the

Method used

to attain
linearity
None

Ni
attenuator

Tube
current
reduced

Attenuators

Brass-foil
attenuators

Al
attenuators

Attenuators

Ni
attenuator

Ni
attenuator

Tube
current
reduced

None

None

Tube
current
reduced

Tube
current
reduced

Tabular
inter-
polation
correction

None

None

Geometry

4-circle

4-circle

4-circle

4-circle

4-circle

4-circle
Zero
layer

4-circle

4-circle

Normal
beam

Normal
beam
zero
layer

Equi-
inclina-
tion
Equi-
inclina-
tion

Equi-
inclina-
tion

Equi-
inclina-
tion

Equi-
inclina-
tion

Equi-
inclina-
tion
Equi-
inclina-
tion

Crystal shape
(mm)
Natural
0-81 x0-21 x 0-20

Ellipsoid
0-25%x 023 x0-21

Cut
0-30%x0-21 x0-19

Ellipsoid
0:72x0-61x0-56

Natural
0:31 x0-27x0-19

Natural
069 x0-61 x 0-28

Cut
0-22x022%x0-22

Sphere
R=0-117

Natural
0-50 % 025 x 0-25

Ellipsoid
0-18 diameter

Natural
1-20 x 0-90 x 025

Natural
0-70 X 0-54 %< 0-08

Cut
0-50 x 0-25 x 0-25

Cut
0-50 x 0-26 x 0-25

Natural
0-41 x0-38 x0-22

Sphere
R=0-10

Ellipsoid
023 x0-20x0-15
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participating diffractometer techniques

Max/min
absorption
correction

Not made

Not made

Not made

1-13

Not made

Not made

Not made

1-02

Not madet

Not made

Not made

Not made

Not made

Not made

1-01

Not made

1-00

Mosaic
spread

0-82°

0-23

0-21

Not
reported

0-22

0-51

0-095

0-20

0-29

0-5

0-75

0-67

0-33

Not
reported

076

0-66

012

Background

S.R.E.} at
Bl and Bz

S.R.E.7 at
B on high
26 side of
peak

B at high
20 side of
peak

First and
last 3C;

S.R.E.T at
Bl and Bz

S.R.E.f at
B; and B>

S.R.E.f at
Bl and Bz

S.R.E.T at
B; and B;

S.R.E.1 at
B

S.R.E.t at
B] and Bz

S.R.E.} at
B; and B,

S.R.E.% at
B and B,

S.R.E.f at
Bl and Bz

S.R.E.f at
B

5-point
plateaux
at a- and
B-edges,
B; and B>
Function

of v on
each layer

S.R.E.T at
B; and B

Sampling

Continuous
w, 20

Continuous
w ,20

Fixed
crystal,
fixed
counter

Stepped
w, 20

Continuous
w, 20

Continuous
w, 20

Continuous
w, 26

Continuous

Continuous
w

Continuous
«

Continuous
w

Continuous
w

Continuous
«w

Continuous
%)

Stepped
w

Continuous
«

Stepped
w

Integrated intensity
Cr—1(Cg,+ Cg,)

Cr—1tCp
Cr—tCg

24 3 24
£ C/—4(E G+ E Cy)
1 1 22
(Crp— Cre)—t[(CB, + CBy)p—(Cry + Cr,),l
Cr—1(Ca,+Csy)
(Crg— Cr,)—t[(Ca, + Cry)p—(Ce, + Cr,),]

(Crp— Cry) —t[(Cay + Cry)g—(Ch, + CB,),)

(Crp— C1y) —(Crp— Cry)

Cr—t(Cg,+Cg,)

Cr—1(Cg,+ Cg,)
CT—!(CBl + CBZ)
Cr—1(Cs,+Cs,)

(Crp—Cry)—(Crg—Chy)

5

B> B+ B,
X C;—(B2—By)/10 [E Ci+X C,i]
B B; B>—5

Cr—Cg

Cr—1(Cp,+Cs))
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obtained by the sampling technique, C; is the count at
the ith point and ¢ is the ratio of total measurement
time to that used in the background measurement.
Ciqp is the count obtained using the «,f member of
a balanced filter pair. In experiment 14, the count
measured at each ith point is the difference between
those obtained using each member of a pair of balanced
filters.

The integrated intensities measured in the seventeen
experiments were reduced to unscaled structure factor
(F) values by use of the appropriate Lorentz and
polarization factors; absorption corrections were
made for the four experiments indicated in column
nine.

Preliminary treatment of the data

The basic data, #,k,/ and unscaled F, were either sup-
plied on punched tabulating cards or were on data
sheets from which cards were then punched, each carry-
ing a number identifying the experiment. A small
number of values, reported erroneously as zero, or
with a negative sign, or with an obvious error in deci-
mal point position as judged by reference to the other
sets, were eliminated. The remaining data consisted of
5641 individual structure factors lying within the limit
(sin )/A=0-5 A-1 specified in the questionnaire.

The participants were requested to provide an estim-
ate of the standard deviation of F based on counting
statistics alone; few did so however. Although counting
statistics rarely reflect the true error in a measured
structure factor, this information would have been
valuable in establishing the minimum possible error in
the reported values of F. Weights used in the scaling
program and in calculation of the weighted R factors
were based upon standard deviations estimated on the
assumption o(F)=kF.

Data tests

For testing the data, three procedures were used. The
first procedure determined measures of internal con-
sistency for each experiment from the data for equiv-
alent hkQ reflections and for general reflections
measured more than once. The experimenters had not
been asked to carry out the latter measurements, and
the sampling of such measurements was thus rather non-
uniform. Each group of equivalent reflection data was
then replaced by a single average value, the 17 sets of
data were mutually scaled, and the second procedure was
applied. This was an overall comparison of the data
sets in pairs and of each set relative to the set of mean
values. This provided a second measure of the agree-
ment in the project data (see Mathieson, 1969). The
final test procedure was an application of analysis-of-
variance methods to the deviations of individual sets
from the set of mean values of Fin an attempt to allo-
cate the main errors in the data among certain speci-
fied variables (see Abrahams et al., 1967).

Internal consistency

For each experiment, the agreement between values of
the structure factors, Fpe, for equivalent reflections
may be used to asscss the degree of internal consistency.
Two measures for experiment 7/ are®

Ri=§ z |Fhe—‘Fh|/>’:2 [ Fhel 1)
7 € n e

and
1 . 1,12
b T

h

The values of R; and wR; are presented in Table 3.

Table 3. Internal conmsistency of individual experiments
as measured by agreement among equivalent and repli-
cate reflections

The data for experiments 4 and 14 were submitted with aver-
aging among equivalent reflections already completed.

No. of No. of
Experiment  HKL’s observations R; wR,
6 36 112 0-0552 0-:0677
116 42 131 00283 0-0592
lla 36 120 0:0401 0-0483
10 31 94 0-0243 0-0454
8 36 70 0-0139 0-0279
13 38 131 0-0186 0:0262
5 40 314 0-0099 0-0236
12 39 134 0-0098 0-:0209
9 38 105 0-0111 0-0209
15 37 126 0-0094 0-0193
7 40 138 0-0120 0-0179
1 17 42 0-0083 0-0177
3 39 135 0-0095 0-0126
16 39 128 0-0074 0-0119
2 36 72 0-0075 0-0104

Scaling the data

When the data for each group of repeated or equivalent
reflections were replaced by a single average value and
when a number of obviously anomalous observations
were eliminated, there resulted 4265 structure factor
values representing 332 non-equivalent hk/ reflections.
These were placed on a common scale by the method
of Hamilton, Rollett & Sparks (1965) and the data, so
scaled, are listed in Table 4. This least-squares proce-
dure assigns as much as possible of the discrepancy be-
tween F values to differences in scale factor, and it is
assumed here that this is appropriate because all struc-
ture factors were derived on a relative scale. Table 4

* Fy is the mean over all experiments.
t It will be noted that with the assumption o(F)=kF
(2) simplifies considerably. Thus

B 172 N2\ 12
gy Fre-Fu /,.] ~ <(";) > a)

ne  Fue
where r is the number of reflections and { ) denotes ‘average
value’.

WR;'Z
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Table 4. Structure factor values, on a common scale, from the different data sets
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also contains, in the column headed p, the mean values
(Fy) averaged over all experiments.

In the case of set 3, no % reflections were reported;
the total listed for this set in Table 4 is therefore only
179. For 11a, 251 are listed but only 164 for 115; again
mainly % reflections were omitted. For experiments 6
and 10, only 4k0 data were submitted.

Mutual consistency

Two measures of mutual consistency of the data of
sets i and j are the quantities

Ry =§ |Fni— Fnsl/3 ZZ (Fni+ Fry) Ef IAle/f [Frisl (3)
and
1 1 2%
wRis= [E -7 AFuP[E (Fhif)z] N C))

Corresponding measures of agreement between the
ith experiment and the set of mean values are

Riu=§ le'h—Fhl/f FE;E lAFhiul/§ [Fal  (5)
and

1 1 12
whiu= [E W= BT ©

The arrays of Ri; and Ry, wRi; and wR;, are given
in Table 5. Moving averages} of R;; values are shown
in Fig.1, as also are histograms of Ry for each value
of i. Inferences to be drawn from these Figures will be
treated in the Discussion section.

Analysis-of-variance

For each structure factor value Fp; in Table 4, a quantity
yrs is defined. It is

Yhi=(Fni—Fp)lon O]

and is a weighted difference between the value of the
structure factor observed in experiment i and the mean
value over all experiments. These quantities, yps,
constitute the primary observations in the analysis-cf-
variance.

Because the types of instrument involved in the
project included four-circle (‘equatorial”) devices whose
angular dependence was likely to be mainly on € and
‘equi-inclination’ devices operating layer by layer, the
choice of factors had to reflect these conditions. Six
factors were therefore considered: the experiment
number (n) with effect E(x), the intensity range (/)

\2\ 1/2
5 o <(£"”--) > if 6(F)=kF.
Fhij

2\ 12
$ o <(4Fm) > if G(F)=kF .
Fn;

t These are histograms smoothed by convolution with a
rectangular distribution function of width 0-025.

(4a)

(6a)

with effect J(I), the angular range in which the reflec-
tion was observed (d*) with effect 4(d*) and each of the
Miller indices A,k,! with effects H(h), K(k), L(]). The
level of each factor and the number of observations for
each level are given in Fig.2.

The analysis-of-variance model used was similar to
that in the A.C.A. single crystal intensity report (Abra-
hams et al., 1967). It is assumed that

ymi=yE=9+M+EI+EA+EH+EK+EL+¢ (8)

where 7 is the overall mean, which will be approx-
imately zero because of definition (7),
M is the sum of the main effects E, I, 4, H, K,
L and also approximates to zero as a result
of the scaling procedure,
EI is an experiment-intensity interaction ef-
fect,t
EA is an experiment-angle interaction effect,
EH, EK, EL are experiment-Miller-index inter-
action effects, and ¢ is a random error,
assumed to be normally distributed with
Zero mean.

The standard analysis-of-variance technique deter-
mines the parameters in (8), both under general and
specified linear hypotheses, using a least-squares
method. Small changes in scale which may arise from
different weighting schemes or by omission of indivi-
dual data - including whole experiments — will have
practically no influence on the interaction effects.

It is important for the reader to understand that the
analysis-of-variance model used determines the various
effects independent of one another; for example, the
significance of an EH effect is not at all dependent on
whether or not there is an EL effect. If the model is
incomplete, however, EH and EL might both depend
on some source of systematic error which was not
considered and thus show an apparent correlation.

The analysis-of-variance was carried out for the
group comprising all experiments, with the exception
of 6 and 10 which are two-dimensional experiments.
The F-ratios [see Abrahams et al. (1967) for termino-
logy] calculated for the five hypotheses that the inter-
action effects are zero are compared (Table 6) with the
significant value of F at the 0-005 level. Where this
value, Fpy,n; exceeds the tabulated value of Fpy, n1,« the

tThe intensity was defined here as [F2(1 + cos2 28)]/ sin 26.
The Lorentz factor, 1/ sin 28, is exactly appropriate only for
the four-circle instruments. Even for the other experiments,
I defined in this way is likely to be a more meaningful variable
than F2, For the equi-inclination experiments, / should be
multiplied by a further factor of sin 8/[( sin2 §— sin2 u)1/2].
Furthermore for monochromatized radiation, the polarization
factor differs from 4(1+ cos2 20). Neglect of these factors
would result in a few reflections being grouped in different
intensity classes.

{This was checked by arbitrarily altering the scale of ex-
periment 1 by 50%. The interaction effects and F ratios remain
the same to 1 part in 10,000. The expected large differences
in the effect E and the corresponding F ratios were however
evident.
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hypothesis may be rejected.* The probability of reject-
ing a true hypothesis is less than 100« per cent.

* nl and n2 are the number of degrees of freedom; nl is
the number of observations minus the number of parameters
determined (including the 332 means for the 332 independent
reflections. n; is the dimension of the linear hypothesis, i.e.
the number of independent linear relationships among the
parameters of (8) specified by the hypothesis.

SINGLE CRYSTAL INTENSITY MEASUREMENT PROJECT REPORT. I

Estimates of the interaction effects and their stan-
dard deviations, for each of the five variables, were also
derived and are given in Fig.2; for example, for the E/
effect, the quantity plotted is 9+ E+ I+ EI It should be
noted that only the difference between shapes of curves
in any column is significant. That a particular curve is
horizontal does not mean that there is no corresponding
systematic error in the experiment but only that this

005 010 015 020 02

35 040 045 050

0 25 0-30 o Rij
(a)
0 005t 010 015 020 R,
(b) /
. i {
§ 1 ' 5 § 9 12 §
42 *§ 6 ' 10 | *§ 14
y 3 ) 7 11a §' 15
L 8 o § ‘§ 10
0 010 0 010 O 010 0 040 0 005 010 015 020 025 R
() ()

Fig.1. Moving average curves of interexperimental R;; and wRy; values together with histograms of Ri;. (a) The Ri; curve for
all sets. (b) As in (a) but with exclusion of sets 11a, 115, 12 and 13. (¢) The histograms of R;; for individual sets i with that
for set 13 excluded. The arows indicate the position of R;, for each i. (d) The wR;; curve for the same group of sets as in ().



~S. C. ABRAHAMS, W. C. HAMILTON AND A. MCL. MATHIESON 13

experiment agrees well with the average insofar as its cerned. Inferences from the deviation in these curves
dependence on the variable of that column is con- are presented in the following Discussion section.

/ A H K L
<0 <%0 <050 <030 0 2 4 6 0 23 402 3 4
<25 250 <015 <00 1 3 5 T | 5 1 5
] 6

3 e N gg— k,_o\. ——, A3 Fixed crystal ]

Fixed counter

2
L
il
/1
3

4 —circle

®, 20 Traverse

‘"\
;

T
T
Mo,
w Traverse,
Equi-inclination

e AP

1363 584 13 9
N a1 814 5832 751243"13 “43(454""490 |756m5739“6l5038m GIBWG
11] []] tI] 111 111
/ A H K L

Fig.2. Interaction effects derived by analysis-of-variance on all sets except 6 and 10. There were four levels for each factor as
indicated at the top of the Figure. The number N of observations at each level is indicated at the bottom. The experiment
numbers are on the right and left-hand margins. Immediately below N are error bars 2o in length where o is the estimated
standard deviation of the corresponding effect as derived from the analysis-of-variance least-squares program. Since it is only
differences between the effects that can be determined by this procedure, the effect for the first level of each factor was arbi-
trarily set to zero, and there is therefore no associated estimated standard deviation. The error bars can thus be used only
to indicate significant trends in one experiment with respect to the average or between any two experiments. The reader is
cautioned to bear this in mind in interpretation of the Figure. For example, the strong downward trend with L in experiment
13 is compensated fo1 by an upward trend in all the other experiments. That the trend is up or down for one experiment
is unimportant and reveals nothing. That the trend is different for two experiments is revealing.
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Table 6. Tests of the hypotheses that each of the five
interaction effects is zero

All experiments but 6, 10: Significant value
Fa2,3626,0-005 = 1-65

Hy: Experiment-/ interaction effects are zero
Fa2,3626 =536 )

H,: Experiment-A interaction effects are zero
Fi2,3626=2"58 )

H;: Experiment-H interaction effects are zero
F42,3626=3-70 .

Hy4: Experiment-K interaction effects are zero
Fi2,3626 =450 .

Hs: Experiment-L interaction effects are zero
Fy2,3626=11-18 . . .

Thus all hypotheses can be rejected with a high degree of
confidence.

Discussion

As indicated in the Introduction, there are two main
aspects of part I of the project — (i) assessment of the
probable accuracy by reference to the spread of meas-
ured F values and (ii) the attempted allocation of some
of the error to specific error-sources.

We treat (i) on the basis of the values of the various
Rindices already defined in the text. With the weighting
procedure chosen, the wR indices give an estimate of the
root-mean-square percentage deviation [see equations
2(a), 4(a), and 6(a)]. The R indices give a measure of
the overall mean deviation. If the weighting scheme
chosen is appropriate,* the wR is a better quantity to
use than R in any arguments as to trends in the data.

First consider the estimates of internal consistency
given for each set by wR; and R;, values of which are
given in Table 3in order of decreasing wR; and R;. They
range from ~1% to ~7% for the former and <1%
to 53% for the latter. There is a possible indication of
subdivision into two groups — those below 3% in wR;
(2% in R;) and those above. The latter group includes
sets 6 and 10 which provide only zero-layer data.

It may thus be inferred from Table 3 that the preci-
sion in the estimate of F by an individual experimenter
making measurements on one crystal is typically in the
range of a few per cent when judged by either R or wR.}

The question of inter-set consistency is conveniently
combined with that of mutual consistency by reference
to the values of wR;, and wR;, Ry, and R; which are
compared in Table 7. Certain simple observations may
be made from these comparisons. With the exception
of the zero-layer sets 6 and 10, all wR;, (R;,) are greater
than the corresponding wR; (R;). These increases in-

* Most statistical procedures in common use depend foi
their validity on proper weights having been used. The weight-
ing scheme used in the present data analysis is one that is
frequently used and appears generally applicable, except for
very weak reflections where counting statistics dominate.

1 The precision range indicated here may be compared with
that in the A.C.A. project (Abrahams et al. 1967; Mackenzie
& Maslen, 1968). This comparison is permissible since the
present test refers to measurements on one particular crystal
by each participant and the A.C.A. project also dealt with
measurements on one crystal.

dicate the presence of errors in the data which were not
evident in the tests of self-consistency. These errors
must be associated with the additional variables of
experimental technique and crystal specimen which
occur in the inter-set comparisons. Two sets, 12 and 13,
show an extreme change relative to their wR; values ~
which themselves lie in an acceptable range. The overall
pattern given by R; and Ry, is similar, although there
are slight differences in sequence arising from different
weighting given to data in different intensity ranges.

Having established certain broad features concerning
the consistency of the sets, it is now appropriate to look
more closely at the results for individual sets in rela-
tion to the data from the other participants. This can
be done in two ways: by comparison in pairs with
other individual sets, and with the set of mean values
derived from all sets by a simple process of averaging.
The resultant simple and weighted indices are recorded
in Table 5(e) and (b) respectively. The grouping to-
gether of experiments with diffractometers of the same
basic design is an obvious simplification for such tabu-
lation. It allows comparison within each subgroup and
between different techniques; also those experiments
within a sub-group using a particular radiation are
readily distinguished. All equi-inclination instruments
used Mo radiation while, in the case of the 4-circle
instruments, four used Cu and three Mo radiation.
Experiment 3 used the stationary-crystal stationary-
counter procedure. Experiments 9 and 10 used the
normal beam procedure while sets 6 and 10 were re-
stricted to zero-layer data.

Consider the values of Ry, and wR;, in Table 5(a)
and (b). For the equi-inclination devices, they may be
broken into two groups, between 0-048 and 0-062 in
R (~0-09 in wR) and the others >0-09 in R(>0-12 in
wR). For the 4-circle devices, the Mo sets group around
0-05 in R(~0-085 in wR) while those with Cu radiation
group around 0-08 in R but show wide variation,
0:087-0:163 in wR. Set 3 differs from the other Cu sets,
as noted above. There is an indication that the lower
R-valued group in both basic designs of diffractometer
involves Mo radiation and lies in the range 0-046-0-062
in R and 0-070-0-096 in wR.

For convenient consideration of the rather large
array of Ry and wRy; values, the alternative presenta-
tion of Fig.1 (see footnote} page 10) is useful. Fig.1(a)
presents the curve derived from the values of Ry for
the complete group of data sets. It is obviously not the
single-peaked function to be expected from a Gaussian
distribution of errors. Rather it suggests a main group
plus certain outliers. Identification of specific outliers,
where an outlier can only be identified as different
from the remaining group, and not necessarily as better
or worse, is facilitated by reference to the individual
histograms in Fig.1(c). Supporting evidence is provided
later in the analysis-of-variance results. One extreme
outlier, set 13, produces the broad peak in Fig.1(a)
near R=0-48. The main peak at R=0-06 is accom-
panied by a partly isolated peak at R=0-14, mainly due
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to set 12 and a shoulder, mainly but not wholly, due to
sets 11a and 115. The corresponding R;; curve after
exclusion of 1la, 115, 12 and 13 is shown in Fig.1(5),
and this single-peaked distribution may be interpreted
as due to a broad spread of error-sources throughout
the sets of data involved.

Certain inferences may be made from this Ry curve
concerning how data from two crystallographers are
probably related. Thus, from Fig.1(b), we may infer
that if two crystallographers each independently meas-
ure, on different diffractometer assemblies, different
crystals of the same low-absorption compound, then
the data sets, as assessed by Ry, are most likely to differ
by 6%, that they are not very likely to agree better than
3% nor usually worse than 10%, but may be as bad as
50% in extreme cases of systematic error. An individual
set (excluding 11a, 115, 12 and 13) differs from the set
of mean F values, Table 4, by approximately 5-6%,
i.e. the mean of Ry, in Table 5 for these sets. We may
interpret this evidence to mean that the absolute ac-
curacy of any set is probably, at best, 5-6% (Mathie-
son, 1969). The change of curve shape in going from
Ry [Fig.1(b)] to wRyy [Fig.1(d)] is, of course, related to
the weights assigned in the two procedures — Ry being
a measure of mean deviation while wR;; is a measure
of percentage deviation. If the double peak is meaning-
ful, then it indicates a sub-group at wR ~0:10 and an-
other sub-group at ~0-16, contributions to the latter
mainly relating to sets 4, 8 and 9; 4 and 8 being ab-
sorption-corrected Cu radiation sets and 9 involving
Cu radiation for data for /=0,1,2.

We now consider the possible origins of the sources
of error by analysis-of-variance of the data sets. As
noted earlier, the experiments were each analyzed in
terms of intensity I, d*, h, k, I. The latter four variables
are essentially angular functions, chosen to accord
with the operational characteristics of 4-circle and
equi-inclination diffractometers.

The results for the sets are again grouped in Fig.2
according to the basic design of instrument and radia-
tion used.

Inspection of Fig.2 indicates a larger range among
the slopes of the interaction effects for the angular
variables d*, h, k, and [ for the equi-inclination than
for the 4-circle diffractometers. For the 4-circle devices,
there is no significant difference in the spread of slopes
between the experiments using Cu or Mo radiation,
except for the first point of the 4* curve of experiment 1
in which unfiltered radiation was used and for exper-
iment 4 whose & dependence has no immediately ob-
vious correlation or explanation. In the case of the
equi-inclination diffractometers, the dependence on
h,k,lis particularly obvious for experiments 12 and 13.-

The intensity interaction curves for the Mo sub-
group (1,5,7) of the 4-circle devices, using an w,20
procedure and therefore homogeneous in this respect,
are approximately parallel. The three experiments of
the Cu sub-group (2,4,8) using an w,26 traverse, show
parallel trends but downward relative to 1,5,7. The,
remaining Cu radiation member, 3, which involved
the stationary-crystal stationary-counter technique
does not lie parallel to 2,4,8. In the equi-inclination,
group, the extreme trend with intensity as in 115, 13
and 15 is, by contrast, upwards.

In the case of 13, an equi-inclination device with the
crystal ¢ axis mounted parallel to the w axis, the ex-
treme monotonic dependence on / [Fig.2(a)] suggests
an instrumental malfunction that systematically in-
creases with increasing equi-inclination angle. A similar
but opposite trend is associated with experiment 12,
in which the crystal ¢ axis is again parallel to w. It is
of interest to note the interaction curves for sets 12 and
13. The trends are, in general, consistently opposite.
The two experiments carried out on the same diffrac-
tometer (11aand 115) do not appear to show any signifi-
cant common systematic trend with any index. More-

Table 7. Comparison of R for the different data sets

wR
Set
No. wRy wRy, |wRyy2 —wR2|1/2
6 0-068 0-059 0-034
116 0-059 0-154 0-142
11a 0-048 0-122 0-112
10 0-045 0-064 0-045
8 0-028 0-131 0-128
13 0-026 0-460 0-459
5 0-024 0-070 0-:066
12 0-021 0-204 0-203
9 0-021 0-138 0-136
15 0-019 0-082 0-078
7 0-018 0-080 0-078
1 0-018 0-092 0-090
3 0-013 0-080 0-079
16 0-012 0-089 0-088
2 0-011 0-087 0-086
4 - 0-163 -
14 - 0-096 -

R
Set
No. R, Ry | Ry — Re2|112
6 0-055 0-040 0-038
11a 0-044 0-093 0-084
115 0-040 0-092 0-083
10 0-024 0-049 0-043
13 0-019 0-478 0478
8 0-014 0-071 0-070
7 0-012 0-049 0-048
9 0-011 0-039 0-037
5 0-010 0-046 0-045
12 0:010 0-141 0-141
3 0-010 0-031 0-029
15 0-009 0-058 0-057
1 0-008 0-053 0-052
2 0-008 0-084 0-084
16 0-007 0-048 0-048
4 - 0-091 -
14 - 0-062 -
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over the sets appear to show marked differences of char-
acter as assessed on the basis of the interaction curves.

In summary, experiments showing deviations signi-
ficant at the approximately 2o level are indicated in
Table 8.

Table 8. Experimental deviations from average judged
significant at the 20 level

Variable Experiment
1 2,4,8,11, 13, 15
A 1, 13
H 12, 13, 17
K 4,12, 13, 14, 17
L 11, 12, 13

Because of the large trends for experiments 12 and
13 which could be consistent with the presence of
appreciable systematic error in these data sets, the
analysis-of-variance was repeated with these sets ex-
cluded. The F ratios of the thirteen-experiment sub-
group were as follows:

Hl HZ H3 H4 HS
F35,3038 = 5’43 125 2‘25 242 130

Significant values of F for these numbers of degrees of
freedom are

Fogos=1-72, Fy.os=1-42.

The systematic errors with / and also with d* for the
sets involved appear to be virtually removed. Those
associated with the other variables remain. In the case
of experiment 14, the small but significant trend with
k may be related to the fact that the crystal b axis was
parallel to the w axis.

As has been noted in comparing the curves for Ry;
and wRy [Fig.1(b) and (d)), it is possible to select
arbitrarily a group of sets in close common accord.
Thus, based on wR; (Table 7), we might choose group
(1,2, 3,7, 15, 16) but for wRy,, group (1, 2, 3,5, 7, 15,
16). For Ry, the group might be (1, 3, 5, 7, 9, 16), and
from the interaction curves (see Fig.2 and Table 8),
3,5,7,9, 16. Taking into account these four criteria, a
possible concordant group is group (1, 2, 3, §, 7, 16).
We can refer to this as a modal group and apply the
analysis-of-variance to these experiments.t The values
of the resultant F ratios were

H, H, H; H, Hs
Fis,1300 = 3-145 1-459 0-643 0-428 0-997

The significant value of Fis,1300,0.00s=2"19; hence H,
may be rejected with confidence. However, for this
group, any correlation with the angular variables,

+ The members of the modal group were mutually rescaled
and the changes relative to the previous scale factors were
small, being 1-000, 1:000, 0-990, 1-000, 0-995, and 0-999 for
sets 1, 2, 3, 5, 7 and 16. The R;; values were only marginally
reduced (about 0-003 at most). Because the group of sets is
chosen for concordance, the Ry values for the six sets were
generally smaller: 0-033, 0-053, 0-037, 0-038, 0-020 and 0-026 as
compared with the original 0-053, 0-084, 0-031, 0-046, 0-049
and 0-048 respectively.

d*, h, k, I, has disappeared. This result illustrates the
difficulty of selecting a modal group based on subjec-
tive estimates of mutually good agreement. Part 11 of
this report shows that important differences are still
present among the concordant modal group as defined
here. Thus the different and individual characteristics of
each crystal in respect of its ‘internal morphology’ as dif-
ferentiated for convenience into mosaicity, extinction
and absorption might be identified as other appro-
priate variables. Although four sets were corrected for
absorption (4, 8, 14 and 16), there is no indication from
the data that these sets tend to form a more concordant
sub-group differentiable from the other sets.

The stability estimates given in the 2nd and 3rd
columns of Table 1 tend to be rather large in some
cases, indicating that improved stabilization or refer-
ence to a reliable monitor would be advantageous.

Concerning the material used, D(+)-tartaric acid,
earlier tests had indicated its selection from a number
of possibilities considered. It proved however to be less
than ideal. Several participants found that the crystals,
as received, had a rather large mosaic spread, resulting
in extreme cases in crystals consisting of multiple
individuals of nearly parallel orientation but rotated
about [010]. For a large mosaic spread, it is possible
that aperture dimensions become critical with ,26
traverses (Burbank, 1964) and for intensity measure-
ments to suffer systematic error with 6. There is no
direct evidence from the data of this having occurred
in the project. Interaction curves against d* for the
Cu/w,26 group 2, 4, 8, which are likely to be most
affected by such an error, show no marked deviations.

Summary

Magnitudes of error

No simple assessment of the accuracy of determina-
tion of structure factors can be given in this project.
An average over all experiments could be misleading
since this would include outliers, i.e. experiments
which, although capable of yielding structural data
when treated individually (see part II of the Report)
are shown by inter-experimental comparison to differ
significantly from the mean. For the group of sets re-
maining after elimination of outliers, it is possible to
present several ways of assessing their accord.

Thus, (i) we may utilize the curve of Ry for the
sample, excluding sets 11a, 115, 12 and 13 [Fig.1(b)].
This provides a practical estimate of the agreement,
measured as Ry, likely to occur between two crystal-
lographers measuring different crystals. The results of
this project imply, for materials like D(+ )-tartaric acid,
a probable difference of 6% and outer limits of 3%
and 10%.]

1 This assumes that the two crystallographers know that
they have not made systematic errors of the magnitude which
must be present in some of the experiments of this project.
There is of course no way for an individual crystallographer
to be sure of this in any one-shot experiment.



S. C. ABRAHAMS, W. C. HAMILTON AND A. MCL. MATHIESON 17

(ii) We may extract a group of sets which appear
to be in best agreement according to specified tests. In
this project, one such groupis 1, 2, 3, 5, 7, 16 for which
the mean measure of agreement for Ry is 5:2%. This
measure is, of course, highly selective and, in this sense,
somewhat artificial.

(iii) We may consider the fit of an individual set with
the set of mean values. With this criterion, the mean
error in the group (1, 2, 3, 5, 7, 16) ranges from 0-020
to 0053 in R and 0-053 to 0-071 in wR. With this criter-
ion, the mean error is 5-8% and ranges from 3 to
9%.

Error-sources
TYPES OF DIFFRACTOMETER AND TECHNIQUES

The present analysis indicates that the 4-circle group
of diffractometers appear to yield results more mutu-
ally concordant than the equi-inclination group. For
the latter, quite serious malfunctions can occur and
may not be obvious to the experimenter (see Table 7
and also part II of the Report) without independent
experimental evidence. It is particularly advisable to
apply a careful check procedure in the use of such
diffractometers.

The representation in the project of the various
specific techniques is unfortunately uneven with only
one example of measurement with stationary-crystal
stationary-counter, set 3. Both sub-groups of the 4-
circle devices using w,26 scans, involving Cu and Mo
radiation respectively, independently show a reason-
able degree of internal concordancy. The w scan
method, used in all equi-inclination sets, appears to be
associated with a lower degree of internal concordancy.

A DEPENDENCE

The trends with intensity of the Cu radiation groups
2, 4, 8 (of which 4 and 8 applied absorption correc-
tions) relative to the Mo radiation groups 1, 5, 7,
suggest the possibility of a wave-length dependence of
systematic error.

MONOCHROMATIZATION

Apart from set 1 which used no filter (and this may
account for the atypical first point in the d* interac-
tion curve) the procedures for monochromatization
— f-filter, balanced filters, crystal monochromators -
were all used, and there is no clear evidence that any
one is better than others.

COUNT RATES

Despite the fact that there must be counting losses
in some experiments (Table 2), there is no direct evi-
dence from the project data that high count rates are
associated with the significant intensity trends noted
for sets 2, 4, 8, (Cu) or 115, 13, 15 (Mo).

A C26A-2

SPECIMEN DEPENDENCE

The analysis appears to have shown that the variables
I, d*, h, k, [ do not represent the complete range of
error sources, nor necessarily the most important in a
diffractometer experiment. The specific characteristics
of each individual crystal may well contribute an im-
portant part of the total error. Independent exper-
imental assessment of such specimen characteristics as
mosaicity, extinction, absorption, efc. would be re-
quired to permit statistical allocation of the error
magnitude to the specific property.

The representative nature of the project

It is advisable to remind readers that the number of
participants in the project is, for statistical purposes,
small. Although they are probably typical of the users
of diffractometers, they cannot be regarded necessarily
as completely representative. Secondly, the project
involved measurement by each participant attempting
to use his normal, routine procedure on an individual
crystal, so that the project explored a wide range of
variables likely to be encountered in practice. Thirdly
the project data were measured in 1965-66. The assess-
ments offered in this Report should therefore be con-
sidered within this framework.

We would like to thank the following members and
consultants to the 1963-66 Commission on Crystallo-
graphic Apparatus of the [.U.Cr.: Professors D. C.
Phillips, Y. Saito and M. M. Umanskij. Our special
thanks go to the participants for their splendid and gen-
erous support. Only with this international support was
it possible to assemble the data sets necessary for the
analysis. We hope that the participants consider that
the results have repaid their efforts. The Commission
itself feels that the Project has been most rewarding,
One of us (A. McL. M.), wishes to record his apprecia-
tion of the valuable assistance and advice he has re-
ceived during helpful discussion with his colleagues,
DrsJ. K. MacKenzie, V. W. Maslen and D. A. Wright.
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The structure factors measured by the participants in the single-crystal intensity project of the I.U.Cr.
Commission on Crystallographic Apparatus on D(+ )-tartaric acid have been used in least-squares
refinement of the structural parameters. The structure factors submitted by each participant were sub-
jected to two refinements — once with heavy atoms only and once with all atoms including hydrogen.
The parameters resulting from these refinements differ by magnitudes which suggest that the estimated
standard deviations of the positional parameters obtained in the least-squares refinements are not
infrequently a factor of about two too small and about )2 too small on the average. The agreement for
the thermal vibration parameters may be even worse — by an additional factor of about two. These
results are consistent with the indications of serious systematic errors in some of the experiments re-
vealed in part I of this report. A modal group of six experiments with good interexperimental agreement
leads to least-squares refined position parameters that are also in fair agreement; the maximum value
of the ratio of the externally estimated standard deviation to the internal estimate from the least-
squares refinements is about 2-5. The finding that results of possible high precision but low accuracy

are not uncommon in single crystal-structure investigations is confirmed.

Introduction

In part I of this report (Abrahams, Hamilton & Mathie-
son, 1969), later referred to as part I, the interexper-
imental agreement factors and classical analysis-of-
variance techniques have revealed the presence of
systematic errors in many diffractometer experiments.
Such errors cause differences between relative structure
factors, measured by different experimenters on dif-
ferent specimens of the same substance, to be much
larger than the internal consistency of the individual
experiments would suggest. The analysis-of-variance
techniques used in part I are appropriate for revealing
the nature of the systematic differences among experi-
ments without recourse to a theoretical model. Never-
theless, it is of interest to examine the results of applying
the usual least-squares refinement procedure to the

structure factors to determine how the possible system-
atic errors are manifested in the refined positional and
thermal parameters.*

Refinement procedure

Each set of structure factors was subjected to least-
squares refinement, using the usual model for the
oxygen and carbon atoms that

F(hkl)=
KX f; exp R2ni(hx+ky+[2)] exp [— X hihwPix]
i ik

* Since limited data sets consisting of no more than 332
independent reflections were used, none of the results below
should be taken as definitive determinations of the average
parameters in the D(+)-tartaric acid structure, especially since
the reflections used extended only to sin 8/A=0-5 A-1.



