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The coefficients of  the third-cumulant  tensor should 
provide addit ional  data for interpreting the thermal  
motion of molecules in terms of the rigid-body model. 
Further  work along this line is planned. 

A more detailed analysis of the cumulant  expansion 
model will be published elsewhere (Johnson, 1969). 
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Comparison of X-Ray and Neutron Diffraction Structural Results: 
A Study in Methods of Error Analysis* 

F2"3 

BY WALTER C. HAMILTON 
Chemistry Department, Brookhaven National Laboratory, Upton, New York 11973, U.S.A. 

A number of crystal structures have been precisely analyzed by both X-ray and neutron diffraction. 
Comparison between the results can lead to some understanding of the type and magnitude of error 
present in one or both methods. We discuss here the nature of systematic error in crystallographic ex- 
periments and in crystal structure refinement models. Statistical methods are presented for testing the 
significance of the difference between the parameters derived in two crystallographic experiments. These 
methods are applied to existing neutron and X-ray diffraction data on oxalic acid dihydrate, hydroxy- 
apatite, s-triazine, potassium hydrogen diaspirinate and methylglyoxal bisguanylhydrazone. These 
tests show that there are strong systematic differences in thermal parameters for heavy atoms and in all 
parameters for hydrogen atoms. Differences in positional parameters for heavy atoms are marginal. 
The pattern of results strongly suggests that the differences between neutron and X-ray experiments 
have some physical basis rather than being due entirely to systematic error in one or both experiments. 
The results may also be interpreted as indicating that both position parameters and root-mean-square 
amplitudes of vibration may with care be determined to a precision of 0.001 A and an accuracy of 
0.005/~ in structures with a moderate number of atoms in the asymmetric unit. 

:: Introduction 

~n the experimental  part of the classical crystallographic 
diffraction experiment, an at tempt is made to measure 

* Research carried out at Brookhaven National Laboratory 
under contract with the U. S. Atomic Energy Commission. 

the magni tude of the structure factor ]F], where F is 
the Fourier  t ransform of the contents of one unit cell 
of  the crystal: 

F(h) = f 0(r) exp (2nih .  r )dr .  (1) 
~ J  

cell 
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Failure to achieve the aim of exact determination 
of this quantity for all accessible values of the recip- 
rocal lattice vector h may be called experimental error. 
The examination of the possible sources of this error 
is the main topic of this meeting. 

In the interpretational part of the classical crystallo- 
graphic diffraction experiment, the set of measure- 
ments {F(h)} is fitted to a particular physico-chemical 
model. This model usually assumes that the structure 
factor may be written as a sum of contributions from 
the N individual atoms in the unit cell: 

N 

F(h)=  Zfi(h)T~(h) exp (2rcih. r 0 ,  (2) 
i = 1  

where fi(h) is the atomic scattering amplitude - the 
Fourier transform of the scattering density of a hypo- 
thetical motionless atom which is otherwise identical 
to the atom in the real crystal. T~(h) is the Debye-Wal- 
ler factor - the Fourier transform of the probability 
function for the position of the center of the atom with 
respect to its mean position r~. Given sufficient gener- 
ality in the forms fi(h) and Ti(h), the model implied 
by (2) is also perfectly general in that any function of 
h may be so described. The usefulness of model (2) is 
of course that, to a good degree of approximation, 
real crystals may be described by especially simple 
functions fi(h) and Ti(h), each containing certain par- 
ameters to be determined from experiment. In most 
routine crystallographic experiments, fi(h) is assumed 
to be the spherically symmetric function characteristic 
of the free atom, and Ti(h) is assumed to be a centro- 
symmetric three-dimensional normal probability func- 
tion. Interesting departures from these simple models 
have been discussed in other papers at this meeting. 
The refinement of parameters under the assumption 
of an incorrect model may be called a theoretical error. 

Since neutron and X-ray diffraction experiments are 
carried out in the attempt to attain the same kinds of 
information, it is interesting to compare results be- 
tween the two techniques. The difference between the 
two techniques lies in the fact that in (1), 0(r), to a 
very high degree of approximation, is the motionally 
averaged electron density in the X-ray experiment, and 
is the motionally averaged nuclear density in the neut- 
ron experiment. In terms of the general model (2), 
fi(h) is a constant characteristic only of properties of 
the nucleus for the neutron experiment but is at best 
a decreasing function of Ihl for the X-ray experiment 
and may have more complex behavior. Again, T~(h) 
will reflect the effect of vibrational motion of the elec- 
tron density in the X-ray case and on the nuclear posi- 
tions in the neutron case. The mean atomic position 
ri is not well-defined in either case but depends upon 
the model that is chosen for Tdh) and fi(h). 

Despite the reservations in the previous two sen- 
tences, any comparison between a neutron diffraction 
experiment and an X-ray diffraction experiment is 
generally made in terms of the mean atomic positions 
r~ and the detailed description of the Debye-Waller 

factors T~(h). This paper is concerned with an attempt 
to understand what such comparisons can tell us about 

(i) possible experimental errors, 
(ii) possible theoretical errors, 

(iii) the physics and chemistry contained in the par- 
ameters of the model. 

Errors in measurement 

The terms systematic error and random error are very 
often used without their precise meanings being under- 
stood; indeed they are used with different meanings 
in different contexts. On one level, one might be 
tempted to say that the random error in an X-ray dif- 
fractometric experiment is that due to the uncertainty 
induced by the measurement, for a finite time span, 
of events governed by a Poisson distribution - 'count- 
ing statistics'; all other sources of variation in measure- 
ment would be ascribed to systematic error since they 
are presumably related to faulty techniques of measure- 
ment which can be corrected. Assumption of this def- 
inition has led some workers in the field to assume that 
the weights in a least-squares analysis should be taken 
as inversely proportional to the variances derived from 
counting statistics alone; this misapprehension can 
lead to disaster.* 

A more useful definition of systematic error is that 
associated with the statistical concept known as bias. 
If we carry out a measurement in such a way that it 
may be repeated many times, each measurement of a 
quantity whose true value is F0 may result in a value 

F~=Fo+3F~.  (3) 

The error AFi will vary from measurement to measure- 
ment. It may be assumed to be drawn from a popula- 
tion of possible values described by some probability 
distribution function o(AF). If the mean value of AF, 

f, 
/.z(AF) = 1AFQ(AF)d(AF), (4) 

is zero, then it follows that the mean value of Fl is 
given by 

p(Fl)= F0 ; (5) 

that is, the mean or expected value of the measurement 
is the true value F0, and the measurement is said to be 
unbiased. There is no systematic error. On the other 
hand, if the mean value of A F  is some non-zero quan- 
tity ~ ,  we find that 

/z(F0 = Fo + 5 p . (6) 

The quantity 6f is the bias or systematic error. No 
matter how many measurements we make of F, we can 

* It is equally true that agreement among equivalent reflec- 
tions is not necessarily a satisfactory basis for a weighting 
scheme. 
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only hope to converge to a good value for F0 + 50, not 
for F0 alone. 

On the other hand, the statement that there is a 
probability distribution associated with AF is a state- 
ment that there is random error present. If there were 
not, a measurement of F would always result in F0. 
In the strict sense, random error need not be unbiased 
and thus includes the systematic error as defined above. 
In the present discussion, it is useful and is also com- 
mon practice among crystallographers to restrict ran- 
dom error to that component of the error which shows 
no bias. One suitable measure of the random error is 
the variance of AF: 

az(Ar)= I (AF)ZQ(AF)d(AF)-pZ(AF)" (7) 

It is important to note that there may be many un- 
certainties in the experiment which can lead to large 
unbiased random errors. Aside from Poisson count- 
ing statistics there may be fluctuations in the intensity 
of the incident radiation, noise in the counting cir- 
cuitry and mechanical vibrations. Such sources of error 
- and there are others in the same class - may be ex- 
pected to be suitably random over the course of data 
collection from a single crystal. 

But there may also be variable factors associated 
with the individual crystal. The crystal perfection may 
vary, and the corrections which must be made for ab- 
sorption and extinction in order to obtain [FI from 
intensity may have some uncertainty associated with 
them. On the one hand, these types of errors may be 
considered as systematic since their effect on the meas- 
urement of a structure factor from the individual crys- 
tal will always be the same. On the other hand, if we 
repeat the measurement on many crystals, such errors 
might well prove to be unbiased, that is, not systematic. 
The definition of systematic error thus depends on 
what we mean by a repetition of the experiment. Do 
we mean measurement of the same member of an {hkl} 
form on one crystal on the same instrument? Or do 
we mean that one or more of these factors may be 
changed? By changing any experimental variable, we 
change the population of possible AF's and hence the 
bias 5 p and variance aZ(AF). 

In practice it seems that a good working definition 
of systematic error would be that bias which remains 
when all controllable experimental factors are kept 
fixed. 

It should be the goal of any intensity measurement 
project such as those sponsored by the ACA (Abra- 
hams, Alexander, Furnas, Hamilton, Ladell, Okaya, 
Young & Zalkin, 1967) and the IUCr Commission 
on Crystallographic Apparatus (Abrahams, Hamilton 
& Mathieson, 1969) to attempt to estimate 5:  and 
aZ(AF) for the experimental techniques in use. In a 
more limited way, we will attempt in this paper to 
determine what assumptions are required in order to 
obtain useful estimates of these quantities by a com- 
parison of X-ray and neutron diffraction data. 

Errors in the model  

In the previous section, we have discussed the nature 
of experimental error - error that prevents us from 
obtaining exact values of the structure factor magni- 
tudes. In this section, some further discussion of what 
we have called theoretical error - error in the model - 
is presented. The results of a crystallographic study 
are almost always presented in terms of numerical 
values for the parameters which are used to particu- 
larize a general model; these are typically mean atomic 
position parameters and parameters describing the 
thermal motion. 

Although at first sight direct use of the Fourier 
method would not seem to require a model, the scat- 
tering density synthesis does depend on the phases cal- 
culated from a model, and features derived from scat- 
tering density maps thus depend on the parameters of 
the assumed model. The only exception to this state- 
ment would possibly be the case of simple, centro- 
symmetric structures, where the signs do not depend 
on small departures of the structure from the assumed 
model. Since such structures are, however, usually ex- 
amined with a view toward exploring subtleties of the 
scattering density, the changes in sign of a few weak 
reflections due to errors in the model might neverthe- 
less cause sufficient perturbation of the calculated scat- 
tering density to obscure the features of interest (see, 
e.g. Dawson, 1967). 

In X-ray diffraction work, the model usually in- 
cludes the assumption that the atomic scattering am- 
plitudes fi(h) are those calculated from the free atom 
wave functions. This assumption can be shown to lead 
to errors in the atomic positional parameters (see e.g. 
Coppens & Coulson, 1967) and, more severely, in the 
thermal motion parameters. In this meeting, several 
papers have discussed the efforts being made to break 
away from this assumption. It is clear however from 
the form of (2) t h a t , ( h )  and Tt(h) cannot be separately 
determined by X-rays, nor in fact is r~ measureable 
independently of Ti(h) and fi(h), and that one must be 
guided by theory or by results from other structural 
methods. 

It is in this area that neutron diffraction can be use- 
ful, for in neutron diffraction J~(h) is constant for any 
given nucleus. If we can determine Ti(h) and r~ in a 
neutron diffraction experiment, we may assume that 
these are also valid for the X-ray experiment and it 
remains to determine J)(h) from the X-ray data; this 
may be done either by Fourier methods (see e.g. Cop- 
pens, 1967, 1968) or by refinement of parameters in a 
model forJ)(h) (see e.g. Stewart, 1968). 

It is also clear from these considerations that if Tl(h) 
is to be determined independently of any assumptions 
concerning fi(h), neutron diffraction is the preferred 
method. Whether this is an important qualification 
depends of course on the magnitude of the uncertainty 
in the X-rayJ~(h) and in the desired accuracy of Ti(h). 
It is my opinion that many problems in molecular dy- 
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namics may be solved to a sufficient degree of accuracy 
by X-ray diffraction even under the assumption of free- 
atom scattering factors; this point will be demonstrated 
by some numerical examples in the final section of this 
paper. 

In both neutron and X-ray diffraction, parameters 
for Ti(h) are usually refined on the basis of an assump- 
tion of harmonic motion for all atoms; this leads to 
a three-dimensional normal probability density func- 
tion as the form for Ti(h). It is clear from many ex- 
perimental measurements that this is not a valid as- 
sumption for most solids, although it is again true that 
it is valid to an interesting degree of approximation. 
Some interesting and successful attempts to refine non- 
harmonic thermal parameters have been made (Daw- 
son, 1967, 1969; Willis, 1965), and an elegant general 
treatment has been given by Johnson (1969). 

It is quite proper to refine parameters in an in- 
complete or incorrect model, provided that one realizes 
and clearly states that the model may be inadequate. 
If the harmonic approximation is used for the thermal 
parameters, one may state that a harmonic approxima- 
tion has been used and that the quoted parameters are 
the best parameters under the assumptions of this ap- 
proximation. If more sophisticated models of thermal 
motion are then adopted, a different set of parameters 
may be obtained. Furthermore, any additional par- 
ameters obtained may not be orthogonal to the old 
parameters, and the values of the old parameters may 
consequently change - many times their estimated stan- 
dard deviations under the assumptions of the incorrect 
model. It is very important to note that the estimated 
atomic positions ri may depend strongly on the par- 
ameters for thermal motion, so that errors in the 
model for Tl(h) may cause errors in the ri - again many 
times their estimated standard deviations. (Johnson 
(1969) has analyzed this aspect of the problem in terms 
of the cumulants of the probability distribution func- 
tion for the atomic positions.) 

Systematic error in the derived parameters 

If there is systematic error or bias in the measurement 
of the structure factors, it is appropriate to examine 
the effect of this in producing a bias in the derived 
positional and thermal parameters. A useful general 
statement cannot be made, but the following considera- 
tions are important. In the usual least-squares proce- 
dure for the refinement of crystal structures, we esti- 
mate the shifts in the parameters by the following 
equations (see e.g. Hamilton, 1964, p. 124 ft.): 

AX=B-1A 'PAF,  (8) 

where B is the normal equation matrix, A is the design 
matrix, P is a weight matrix, and AF is composed of 
Fobs-Feale. If there is bias or systematic error in any 
of the AF's, the bias in any derived parameter A~  may 
be calculated by use of (8) at the conclusion of the 
refinement when the elements of all the matrices are 

known. In general then, bias or systematic error in the 
measurements will result in bias or systematic error 
in the derived parameters. There are some special cases 
where this will not be entirely true; that is, some of 
the parameters may be biased and others may not. The 
most common example is our complete lack of knowl- 
edge concerning the scale factor in a diffraction experi- 
ment. If we think we are measuring absolute values of 
the structure factors but are actually in error by a 
multiplicative factor, there will be bias in each of the 
measurements. Nevertheless, we do not expect this to 
affect the positional parameters or the shapes of the 
thermal ellipsoids; it will however introduce a large 
bias into the determination of the overall mean tem- 
perature factor. A similar argument may be made for 
systematic errors in the observations which are mono- 
tonically decreasing functions of sin 0/2. Again a large 
bias will appear in the thermal parameters but not 
necessarily so in the positional parameters. In partic- 
ular cases, the effect of various types of systematic error 
may be examined by use of equation (8). Such an ap- 
proach has been used by Abrahams (1969). 

In any case where systematic error in the observa- 
tions may result in systematic error in the refined par- 
ameters, the refinement will lead to unrealistically low 
values of the agreement factors commonly quoted and 
of the estimated standard deviations. These are meas- 
ures of the ability of the model to fit the data, and if 
parameters of the model are correlated with errors in 
the observations, biased values of the parameters can 
create a good fit to the observations even though the 
accuracy (agreement between refined and 'true' par- 
ameter values) is low. 

Measures of discrepancy between two experiments 

In the final sections of this paper, we would like to 
compare the results of neutron and X-ray diffraction 
experiments on the same compounds. There are two 
useful methods of approach that we will use in this 
section. One of these involves an application of the 
well-known )(2 test to the sum of the weighted differ- 
ences between the two experiments; the other is a 
method for the simultaneous examination of any num- 
ber of independent unrestricted hypotheses (Scheff6, 
1953; see also Hamilton, 1964, pp. 117-122). 

Consider a crystal structure problem in which we 
have carried out two experiments, each to determine 
N parameters, one by neutron diffraction and one by 
X-ray diffraction. These experiments have resulted in 
the estimated parameters 

Neutron: {piN" i = l , N }  

X-ray: {pX. i= 1, N} (9) 

with estimated standard deviations 

Neutron" {aN: i = l  . . . . .  N} 

X-ray" {ax: i= l  . . . .  , N} .  (10) 
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The differences between the X-ray and neutron par- 
ameters may be defined as 

A i = p X - p ~  (11) 

and the weigh.ted differences as 

Ri  = A i l a i  , (12) 

with the standard deviation of the difference defined as 

O'l; = [(o'/X) 2 + (o 'N)2 ]  1/2 • (13) 

We may test the hypothesis that the quantities R~ are 
drawn from a normal  populat ion with unit variance 
and zero mean by computing the statistical measure 

N 
R z = Z" R~ z (14) 

i = l  

as testing a s  X 2 with N degrees of freedom.* The hy- 
pothesis may be rejected with an e %  probabil i ty of 
falsely rejecting a true hypothesis if the calculated value 
of R 2 exceeds the tabulated value of 2 ZN,~.t Since we 
expect the hypothesis to be true if only random error 
is present, we may conclude that there are some sys- 
tematic differences between the two experiments. This 
may be for a number  of reasons. If  the a 's  are too small 
in one or both experiments, we will be required to 
reject the hypothesis. As noted above, a 's  that are too 
small may  result from systematic experimental  error 
of various kinds. Furthermore,  there may  be real dif- 
ferences between the true values for the two experi- 
ments. Another  possibility, and the most  likely one, 
is that  the wrong model  has been refined in one or both 
of the experiments, e.g. a model including spherical 
scattering factors in the X-ray experiment. The reasons 
for the differences between the experiments must be 
obtained from outside the realm of statistics. The sta- 
tistical test only confirms that there is a high probabil i ty 
of difference; it does not pinpoint  the source of this 
difference. 

We may also test subsets of the parameters for sig- 
nificant differences. For any subset of m parameters,  
we may  calculate 

R 2 = ~ R~ (15) 
i=1  

* In general, we should calculate the statistical measure 

R 2 = A'(MN + Mx)-IA 

where MN and Mx are the variance-covariance matrices for 
the neutron and X-ray experiments respectively. A is a column 
matrix of the A~'s. 

t We assume here that the parameter estimates for both 
experiments are carried out with data sets with many more 
observations than variables, i.e. the numbers of degrees of 
freedom for the estimates of the a's are large. If this is not true, 
one should use a variance ratio Frather than X z, but this makes 
no essential difference in the arguments. Certainly for precise 
crystal structure work, when the differences between two ex- 
periments are to be examined, the number of degrees of free- 
dom should be large enough (more than a few hundred) so 
that X z may be used with little error. 

and test as 2'~.~. In the examples below, we shall apply 
tests on partial parameter  sets made up of all the flll 
parameters,  etc. Systematic observational error and 
systematic differences in the theoretical model  may  
each be expected to affect the positional and thermal  
parameters differently. 

Significance of individual parameter differences 

For the examinat ion of the significance of individual  
parameter  differences, the first temptat ion is to use 
Student 's t test. If  the parameter  estimates have been 
based on M degrees of freedom, the statistic 

R~ = A U a i (16) 

may be tested as Student 's t with M degrees of freedom 
at some significance level c~. If  M is large, as it will 
usually be in accurate work, percentage points of the 
normal  distr ibution may  be used instead. A confidence 
interval on the true value R ° may  be defined as follows 

P ( R i - t m , , <  R ° <  R ~ + t M , ~ ) =  1 --c~. (17) 

Another  way of stating this is that the hypothesis 

R0=0  (18) 

may be rejected if  I R, I exceeds t i ,~ .  The probabil i ty 
of rejection of a true hypothesis is then ~. 

Now if we are examining a set of  100 parameters  
with mean value zero, we may expect 100 a of them 
to exceed t~s, ~. For M =  c~ and a = 0.05, the value of t 
is just  the 0.05 percentage point of the normal  distri- 
bution: 1.96. We may thus expect that  for five param- 
eters out of  a hundred the Studentized difference Ri 
will have a magnitude exceeding 1.96. It would be in- 
correct to select these parameters as being statistically 
different from zero. The t test must  be based on a single 
a pr ior i  hypothesis. One cannot simply take the largest 
deviation and say that it is significant. This point should 
be clear to all crystallographers, but  one all too often 
finds a description of a structure determinat ion in 
which one bond length out of  fifty differs from its 
chemically expected value by a few times the estimated 
o-, and elaborate theories are built  to explain the dif- 
ference. Such a procedure is of  course incorrect. 

There are several methods which can be used to test 
multiple hypotheses or set up multiple confidence lim- 
its. The choice depends somewhat  on the type of risk 
that one is willing to make in making  an incorrect 
statement. One method has been described by Scheff6 
(1953) (see also Hamil ton,  1964, page 117). In the 
present context we may apply this in the following 
way. If  N parameters have been refined, we may  com- 
bine these in any possible l inear combinat ions:  

N I y~ = Z a~xi 
i=1  

i=1  J 

(19) 



W A L T E R  C. H A M I L T O N  199 

Simultaneous confidence limits may be set up as fol- 
lows; we may say that each true value y0 satisfies the 
following inequality 

Yi - Sa(yO < yO < Yi + Sa(yO (20) 

where S is defined by 

S 2 = Z 2 N ,  ~ .  (21) 

If we adopt this criterion and carry out many such ex- 
periments, we should expect that in 100(1 - c 0  per cent 
of the experiments all the statements will be correct, 
while in 100 ~ per cent of the experiments, one or more 
statements may be incorrect. As the examples below 
show, such an approach results in very broad con- 
fidence intervals; the results may be unsatisfying to 
those who are looking for subtle effects. The width of 
the confidence intervals is large because of the fact that 
we admit hypotheses suggested by the data. 

If there are specific effects being sought, or if the 
experiment has been carried out to test particular 
hypotheses, one may be justified in going back to the 
usual t test - or an F test in the case of a multi-dimen- 
sional hypothesis (Hamilton, 1964, page 139). Such a 
test could be used for example to test the following 
hypothesis: all the differences in the m thermal par- 
ameters are zero. Testing this as Fm, o~,~ is identical 
to the /3( 2 test on the thermal parameters. And indeed 
separating out individual parameters or groups of par- 
ameters to be tested as Z z suffers from the same criticism 
as that which may be directed at simultaneous t tests. 
The hypotheses must be a priori hypotheses and not 
selected on the basis of the results of the experiment. 

Some results 

There are few structures which have been accurately 
examined by both neutron and X-ray diffraction with 
modern diffractometer techniques. We will summarize 
the results for some of these here; the results for heavy 
atoms and hydrogen atoms will be tabulated sepa- 
rately except in the case of s-triazine. Table 1 gives 
some pertinent details of the refinements. The hydro- 
gen atom thermal parameters were not refined in the 
analysis of the X-ray data for potassium hydrogen 
diaspirinate; none of the hydrogen atom parameters 
were refined for the Holly Springs hydroxyapatite. The 
methylglyoxal bisguanylhydrazone X-ray data were 
based on visually estimated photographic intensities. 

For all parameters for which values were available 
from both the X-ray and neutron analysis, the differ- 
ence As, the weighted difference R~, and its variance a~ 
as defined in (12) and (13) were calculated and tabu- 
lated. R z was then calculated by (15) for each of the 
following sets of parameters: x for all atoms, y for all 
atoms, z for all atoms, each flij for all atoms, all ther- 
mal parameters, all positional parameters, and all par- 
ameters. These values are tabulated in Table 2, where 
they are compared with significant values of Z z at the 
0'05 significance level. The details of the comparisons 

will be discussed in the next section with reference to 
individual compounds. We note here that the calcu- 
lated values of R 2 are generally significant for both 
positional and thermal parameters and for both heavy 
and hydrogen atoms.* Furthermore, the significance 
of the differences for the hydrogen atom positional 
parameters is much greater than that for the heavy 
atoms. Even if the significance of the difference for the 
heavy atoms is due to systematic error in one or both 
experiments (a very likely possibility), there seems to 
be no question but that a very real effect is being seen 
in the hydrogen atom positions. Curiously enough, the 
differences in the thermal parameters appear to be more 
significant for the heavy atoms than for the hydrogen 
atoms, although they are highly significant in both 
cases. 

Although we do not wish to repeat all the parameter 
values and their differences here it does seem useful to 
report in Table 3 the largest values of IR~I obtained for 
each parameter type and each experiment. In addition 
to these individual contrasts, we have also calculated 
ratios 

y~/a(y 0 (22) 

for the following weighted mean parameter differences 

y ,=  _? (23) 
i=1 i=1 

where the sum is over the n atoms present in the struc- 
ture and where x~ may be Ax,  Ay, Az, or any of the 
Afl~. We have finally calculated the weighted mean dif- 
ference of all positional parameters and of all thermal 
parameters. These values (22) are also presented in 
Table 3 as 'mean A/a'.  

Each of the numbers in Table 3 could be tested in a 
separate t test, and on this basis many of them would 
be individually significant. A more conservative ap- 
proacht  is to establish confidence limits as suggested 
by (20) and (21) and the appropriate values of S are 
also given in the table. Only a few of the individual 
parameter differences and other contrasts would be 
deemed significantly non-zero on this basis. More in- 
teresting contrasts could be made between bond lengths 
and other derived parameters. It seems likely that the 
differences would be of greater significance than the 
mean positional parameters reported in the lower part 
of Table 3. Before we discuss individual compounds, 
it is further worthy of note that for all but one of the 
diffractometer experiments mean diagonal elements of 

* With the exception of deuterated oxalic acid, the signifi- 
cance of differences in heavy atom positions is marginal and 
(in the absence of chemical information) it is questionable 
whether much should be made of it except as an indication 
that the quoted a's are probably somewhat too small in every 
experiment referred to here. 

This approach is probably too conservative. If we are 
guided by chemical reasoning, our hypotheses will usually be 
a priori and not suggested by the data. 
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the thermal vibrational tensor are larger for X-rays 
than for neutrons. In each structure, there are how- 
ever some individual exceptions. 

Comments  on the individual structures 

Potassium hydrogen diaspirinate 
From Table 2, we see that  the Z 2 test reveals highly 

significant discrepancies for/?33 and fl13. This is con- 
firmed by the numbers in Table 3, where the mean fl33 
is highly significant even on the basis of the conserva- 
tive S test. The X-ray fl33 was larger by about 30-50 % 
for each of the heavy atoms. This corresponds to a 
difference of about 0.05 A in the r.m.s, amplitude in 
this direction, a difference of 20%. The other r.m.s. 
amplitudes agree to about 5% or less. There is no 
obvious structural reason why this discrepancy should 
exist; we conclude that the discrepancy is due to some 
systematic error in either the X-ray or the neutron ex- 
periment. The magnitude of the difference is larger 
than would be expected from improper treatment of 
bonding effects. It should be noted that the X-ray data 
were not corrected for absorption - a necessity when 
subtle effects are sought. For the hydrogen atoms, 
Table 1 indicates that  the weighted discrepancies are 
larger than for the beavy atoms. The differences are 
largely confined to a plane perpendicular to the y axis. 
Anisotropic thermal parameters were not refined for 
hydrogen in the X-ray study. 

Oxalic acid dihydrate 
There do not seem to be significant differences in 

heavy atom parameters except for the z parameter of 
atom 2 in the deuterated material. The difference is 
only 0.008 A_; the significance arises from the very 
small standard deviations* obtained from the refine- 
ments. This is of the order of magnitude of position 
shifts possible from bonding effects,J" but it is also pos- 
sible that this is one of these cases where errors have 
piled up in the coordinate of one atom and that there 
is no physical significance. There are very significant 
differences in most of the heavy atom thermal param- 
eters. Coppens & Sabine (1969) have interpreted 
these in terms of inadequacies in the X-ray scattering 
factors. The differences are small on an absolute basis 
- a maximum of about 0.02 A or 10% in the r.m.s. 
amplitudes. It is clear that work of the highest quality, 
absolutely free of serious systematic error, is necessary 
to reveal these differences. There is no doubt of the 
statistical significance here; the S test (Table 3) gives 
significant differences for a few of the thermal param- 
eters and more impressively indicates that the mean 
thermal parameters are significantly greater in the 
X-ray case. The implications of these facts have been 

* It should be noted that the standard deviations used in 
most of these calculations were available to only one signifi- 
cant figure. 

t The effect is in the same direction in the proton-con- 
taining material. 
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explored by Coppens (1969) in another  paper delivered 
at this conference. 

The analysis for the hydrogen atoms in both  the 
normal  and the deuterated samples indicates significant 
differences. The Z 2 test on the posit ional parameters is 
unambiguous.  The individual contrasts are also on the 
edge of significance by the conservative S test at the 
0.05 significance level. Most  remarkable are the com- 
parison between the posit ional parameters for the pro- 
tonated and the deuterated samples. Table 4 illustrates 
the remarkable agreement between the differences and 
provides the best evidence available to date for a sys- 
tematic difference between X-ray and neutron param- 
eters that  must be reproduced by some theoretical  
model. The practically identical shifts in apparent  posi- 
t ion in the hydrogen and deuterium compounds  must 
clearly be unders tood in terms of  electron density shifts 
in the O - H  bonds. 

The shifts in the thermal  parameters also show a 
reasonable consistency between the pro tonated  and 
deuterated compounds  and speak well for the meaning- 
fulness of all four parameter  sets. 

Holly Springs hydroxyapatite 
Again the Z 2 test reveals significant differences in 

both  posit ional  and thermal  parameters,  a l though the 
effects are less dramatic  than in the two other com- 
pounds discussed above. There is again better agree- 
ment  among the posit ional  parameters than  among the 
thermal  parameters.  None  of  the individual deviations 
are significant by the S test. Again the mean thermal 
parameters are somewhat larger in the X-ray study. 

s- Triazh~e 
In this very simple structure, there are significant 

differences in both  posit ional and thermal  parameters.  
Examinat ion of the individual posi t ion parameters (not 
tabulated) by the X 2 test does not allow one to reject 
the hypothesis that  the heavy a tom parameters are 
equal. There is a large deviation (2.76a) for the hydro- 
gen a tom posit ional  parameter.  The deviations in fizz 
are large for each atom. Al though they are not  signif- 
icantly large by the S test, Coppens (1967) has shown 
that  the differences are such as to be in agreement with 
preconceived notions regarding electron density dis- 
tr ibutions (Coppens & Coulson, 1967). 

Methylglyoxal bisguanylhydrazone 
These results are included partially because they rep- 

resent a level of  precision in parameter  determinat ion 
that  is somewhat worse than most  of  the other  experi- 
ments reported here. The X-ray experiment is the only 
one reported here for which photographic  data were 
used. The X 2 test for the heavy a tom parameters shows 
marginally significant differences in each case. Since 
the s tandard deviations here are larger than expected 
bonding effects, the most  reasonable conclusion is that  
there are systematic errors in one or both  experiments 
that  have caused the estimated rr's to be too small by 
a factor of  1.5-2.0. The largest discrepancy for a heavy 
a tom parameter  was surprisingly for one of  the C1 
posit ional parameters.  Al though anomalous  dispersion 
was correctly treated in the least-squares refinement of  
this acentric structure, it is possible that  uncertainty 
in the value of  the anomalous  scattering parameter  has 

Table 3. (a) Extreme values of IA/al, and (b) weighted mean A/a, for each parameter type 

KHDA KHDA or-POX ~t-POX ct-DOX ct-DOX 
Compound Heavy Hydrogen Heavy Hydrogen Heavy Hydrogen 
(a) Extreme values of [A/a[ 
x 2-1 4.9 1-3 8-4 2-2 8"2 2.2 2.8 3"0 
y 2"4 1.2 2"1 5"9 1-2 6.3 2.1 - 2.6 
z 2"4 4"7 3.1 8"2 5.0 8"7 2"7 - 5"4 
fill 2"3 - 2"7 2"9 6-8 4-7 2"1 2-1 2"3 
f22 2.8 - 9.3 3"3 6.8 2-9 2.8 5.2 2.4 
fl33 10"8 - 12"0 3"7 5"7 2"6 4"5 1"8 2'8 
f12 2"3 - 9"2 1"1 7"8 1"6 1.4 - 2"6 
,813 5.7 - 5.8 4.8 5.0 5.4 2.8 2.7 2.5 
fl23 1.9 - 1.7 3-1 2.5 3.7 2.1 - 2.8 

(b) Weighted mean A/a 

HSHA STZ GAG GAG 
Heavy Hydrogen 

3"3 
6-0 
2.9 

x +0"4 -1"2 -1"3 +2"1 -1"1 -11"1 0"8 -2"5 -1"0 0"2 
y -0"8 -0"5 +0"6 -4"8 -0"2 -5"7 2"1 - +2"0 +3"6 
z +1"6 +0"8 -0"5 -1"8 -2"1 +5"9 0"3 - -5"5 -1-1 
fill --3"5 -- +2"8 +1"1 8"8 1"9 0"4 1"8 +0"7 -- 
fl22 --2"0 -- +15"4 +3"7 12"2 3"3 0"2 2"1 --1"0 -- 
fl33 +21.0 - +18.7 +4"3 9.2 3"3 4.1 3.1 +2-8 - 
f12 --0.3 - -5 .7 0.5 --3.3 0.7 0-1 - --0-9 - 
f13 +9-7 - +5.1 -4-4 4.9 -5.0 -2.8 0.3 +0.5 - 
f23 -0.5 - +0-6 2.1 3.0 1.0 -1.8 - --1.3 - 
Mean position 0.7 - 0.9 - 2.3 - 1.7 - 0.9 - 2-6 2.0 - 2-5 - 1.0 2.3 
Mean thermal 10.1 - 12-1 2.2 17.4 1.0 1.2 3.5 -0.0 - 
~.05 12 6 7 7 7 7 7 5 13 8 
D.F.* 122 21 36 27 36 27 39 15 143 48 

The number of degrees of freedom was taken to be the number of parameters 
for each column. 

refined by both X-ray and neutron diffraction 
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introduced bias into the determination of the C1 par- 
ameters. This tentative conclusion suggests that a com- 
bination of neutron and X-ray scattering data may be 
fruitful in the quantitative investigation of anomalous 
scattering factors, much as it has in the investigation 
of electron density distributions. 

At the level of precision of these two data sets, the 
differences in hydrogen position are no more signif- 
icant than those in heavy atom positions. The hydro- 
gen temperature factors were not refined by X-rays. 

Conclusions regarding the present comparisons 

In each of the cases discussed here, there are significant 
differences between the neutron and X-ray diffraction 
determined parameters. As discussed in the earlier sec- 
tions of this paper, this significance may be due to sys- 
tematic errors in the data or to errors in the model on 
which the parameters are refined. The IUCr single 
crystal intensity project report part II (Abrahams & 
Hamilton, 1969) suggests that systematic errors in 
diffraction experiments as performed today may often 
cause estimated standard deviations from least-squares 
refinements to be too small by a factor of two if the 
suggested factor of two is characteristic of the experi- 
ments reported here. The significance of the differences 
between X-ray and neutron-diffraction determined po- 
sitional parameters for heavy atoms is thus marginal. 
The differences in hydrogen atom positions are quite 
real, as the consistency of the oxalic acid results tes- 
tifies. 

There are large differences in apparent thermal par- 
ameters. In general, X-ray thermal parameters appear 
to be significantly larger than neutron thermal par- 

ameters for heavy atoms; this reflects the inadequacy 
of the free-atom approximation for the X-ray scatter- 
ing factors as discussed in detail by Coppens (1968, 
1969). There are also differences in hydrogen thermal 
parameters, but these are intimately bound up with 
the bias in the positional parameters arising from an 
inadequate description of the electron density asso- 
ciated with a vibrating hydrogen atom. A number of 
people have suggested using the neutron-diffraction 
determined parameters to attempt to refine better mod- 
els for the X-ray scattering. This would seem to be 
especially appropriate for hydrogen atoms, where the 
differences are large. It is encouraging that modern 
X-ray diffraction techniques are capable of determin- 
ing apparent hydrogen atom positions to a precision 
of 0.02 A. Much of interest can be learned from an 
analysis of these experimental results. For the accurate 
investigation of bonding effects involving heavy atoms, 
where the differences are considerably smaller, it would 
seem necessary to have experimental data an order of 
magnitude more accurate than most of those presently 
available. Such improvement will be difficult but is 
within the realm of possibility. 

In all of this type of work, it is essential that theory 
be a guide to experiment. Hypotheses must be phrased 
and experiments carried out to test them. A postiori 
hypotheses are fraught with danger. Whenever pos- 
sible, it is desirable to carry out important experiments 
more than once with some large experimental factors 
changed, e.g. exchange of H for D (although this in- 
troduces its own complication in the dynamical inter- 
pretation), repetition of the experiment on a different 
crystal in a different diffractometer geometry - perhaps 
with a crystal grown under different conditions. Hope- 

I 

Table 4. Oxalic acid dihydrate hydrogen atoms positional parameters 

X - r a y  

x l  0 . 0 3 5 7  
0"0368 

Yl 0 . 9 9 5 3  
0"9894 

z l  0 . 2 0 8 7  
0"2057 

x2 0"0588 
0"0554 

Y2 0 . 1 5 8 7  
0"1564 

z2 0"3795 
0 . 3 7 8 7  

x3 - 0 " 3 8 6 9  
-- 0 . 3878  

Y3 0 -4508  
0"4510 

z3 0 . 1 5 8 4  
0"1604 

V a l u e s  f o r  d e u t e r a t e d  c o m p o u n d  a r e  in  i t a l i c s  

N e u t r o n  A a ( A )  R a t i o  

0 . 0 2 9 3  0 . 0 0 6 4  0 .0021  3 . 0 2 0  
0 . 0 2 5 9  0 . 0 1 0 9  0 . 0 0 2 0  5 .423  

1 .0093  - 0 . 0 1 4 0  0 . 0 0 4 5  - -  3 .136  
1 .0079  - 0 . 0 1 8 5  0 . 0 0 4 4  - 4 . 1 8 7  

0 . 2 1 8 9  - 0 . 0 1 0 2  0 . 0 0 1 2  - 8 .246  
0 .2171  - 0 . 0 1 1 4  0 . 0 0 1 3  - 8 . 743  

0 . 0 7 4 0  - 0 . 0 1 5 2  0 . 0 0 2 4  - -  6 .322  
0 . 0 7 1 2  - 0 . 0 1 5 8  0 . 0 0 2 3  --  6 . 844  

0 . 1 8 6 4  - -  0 . 0 2 7 7  0 . 0 0 4 7  - -  5 .914  
O. 1849  - O. 0285  O" 0045  - 6 . 295  

0 . 3 8 5 8  - 0 . 0 0 6 3  0 . 0 0 1 6  - -  3 .870  
0 . 3 8 4 9  - 0 . 0 0 6 2  0 . 0 0 1 6  - 3 . 8 6 7  

- 0 . 3 5 9 9  - 0 . 0 2 7 0  0 . 0 0 3 2  - 8 .364  
- 0 .3591  - 0 . 0 2 8 7  0 . 0 0 3 5  - 8 . 170  

0 . 4 4 4 7  0 .0061  0 . 0 0 5 3  1 .153 
0 . 4 4 5 3  0 . 0 0 5 7  0 .0051  1 .112  

0 . 1 5 0 8  0 . 0 0 7 6  0 . 0 0 1 8  4 . 1 2 2  
O" 1522 0 . 0 0 8 2  0 ' 0 0 1 9  4 .310  

A C 25A - 14 
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fully, one of the results of this conference will be to 
make all of us more aware of the types and magnitudes 
of error that can be present in diffractometric experi- 
ments and of the methods for recognizing and correct- 
ing for such systematic errors that do occur. 

Accuracy today 

How well are we doing today in the measurement of 
positional and thermal parameters by diffraction tech- 
niques? What can be done to improve this situation? 
These are the questions we face today. 

The internal precision of the experiments reported 
here - some of which appear to be among the best 
available - suggests the following: 

(a) Heavy atom coordinates can be determined to a 
precision of 0.001-0.002 A by both neutron and 
X-ray diffraction. 

(b) Hydrogen atom coordinates can be determined to 
a precision of 0.001-0.002 ,~ by neutron diffraction 
and 0.01-0.02 by X-ray diffraction. 

(c) Root-mean-square amplitudes of vibration may be 
determined to a precision of 0.001-0.002 A. This 
is about 1% of usual r.m.s, amplitudes for rigid 
or hydrogen-bonded organic molecules at room 
temperature. The accuracy in X-ray diffraction is 
comparable to that in neutron diffraction for heavy 
atoms; again hydrogen atom parameters are less 
precise by an order of magnitude. 

If the differences between the neutron and X-ray ex- 
periments discussed here are due to systematic experi- 
mental error rather than imperfections in the model 
(a possibility which we consider to be unlikely), this 
systematic error would seem on the average to amount 
to about three times the estimated ~'s from the least- 
squares refinements. We thus suggest that the maximum 
amount of systematic error remaining in the best dif- 
fraction experiments may cause uncertainties of 
0-006 A in atomic distances and 0.006 /~ in r.m.s. 
amplitudes of vibration. Further carefully designed 
inter-experiment comparisons such as that attempted 
in the single crystal intensity projects (Abrahams, Ham- 
ilton & Mathieson, 1969; Abrahams et al., 1967; 
Mathieson, 1969) will be necessary to get a thorough 
understanding of the types and magnitudes of system- 
atic error that may affect diffractometer experiments. 
We emphasize that accuracies such as those suggested 
in the present section are only possible if the utmost 
care is taken as to diffractometer alignment, spectral 
purity, crystal quality, absorption and extinction cor- 
rections, and proper error-free least-squares refine- 
ments. 

One sidelight of these comparisons is the conclusion 
that X-ray diffraction work is adequate for the study 
of most structural problems. Neutron diffraction is 
required only when results of the greatest accuracy are 
needed regarding hydrogen atom positions and ther- 
mal vibrational amplitudes. The determination of by- 

drogen atom positions to 0.02 A by X-rays, a feat pos- 
sible today, should adequately serve the needs of the 
chemical crystallographer. Even in the determination 
of vibrational amplitudes of heavy atoms, where it is 
realized that bonding effects may cause some system- 
atic discrepancies in the amplitudes obtained, the 
X-ray data should suffice for most studies in molecular 
dynamics. Bonding effects rarely account for more than 
10 per cent error in the r.m.s, amplitudes. In the next 
few years, we should see more adequate descriptions 
of bonded atoms used in structure factor calculations. 
When this prediction is fulfilled, the agreement be- 
tween the two methods should be even better than it 
is today. 

The author would like to express his appreciation to 
his colleagues for communicating their results to him 
prior to publication. 
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DISCUSSION 

MASLEN: Three points arising from the papers of Drs 
Coppens, Johnson and Hamilton require special emphasis. 

(i) The relatively large magnitude of the bonding electron 
redistribution on scattering factors for molecular crystals 
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containing first row atoms may be established from X-ray 
evidence alone. 

In the electron density distribution obtained by a Fourier 
synthesis for 1,3,5-triamino-2,4,6-trinitrobenzene (Fig. 1, 
Cady & Larson, Acta Cryst. (1965), 18, 485) for example, 
there are large differences in the carbon peak heights which 
can only be interpreted in terms of a difference in net charge 
at these positions. The peak heights for the atoms C(1), 
C(3) and C(5) are all approximately 11.0 e./~-3, whereas 
those for C(2), C(4) and C(6) are close to 12.2 e.A-3. This 
is consistent with the charge movements expected for this 
structure, which have been discussed by Cady & Larson. 

(ii) The interaction of the thermal parameters with the 
electron density distribution may have a serious effect on 
the inter pretation of thermal data from X-ray analyses. 

The fiat difference densities obtained in X-ray analyses 
are often indicative only of high interaction between the 
electron density distribution and the thermal parameters. In 
the example referred to in the previous paragraph, very 
little of the charge difference between the carbon atoms ap- 
pears in the difference density. (Fig. 2, Cady & Larson, 
Acta Cryst. (1965), 18, 485) but the thermal parameters 
of C(1), C(3) and C(5) are consistently higher than those of 
C(2), C(4) and C(6). This appears to indicate the presence of 
a threefold buckling motion of the ring of appreciable am- 
plitude, which is in serious contradiction with force con- 
stants evaluated theoretically or from spectroscopic data. 
The latter indicate a much lower amplitude for motions of 
this kind, and it is clear that the discrepancy is an artifact 
in the X-ray results resulting from the interaction between 
electron density and thermal motion. 

The differences between librational amplitudes deduced 
from spectroscopic and X-ray data for some of the poly- 
cyclic aromatic hydrocarbons have a similar origin. Rigid 
body libration frequencies deduced from X-ray evidence for 
anthracene, which have been quoted by Pawley (Phys. Star. 
Sol. (1967), 20, 347) show serious discrepancies with Raman 
spectra data for the two higher frequency modes. Ac- 
cording to the theoretical calculations of Roos & Skancke 
(Acta Chem. Scand. (1967) 21, 233) the inner carbon atoms, 
which have no hydrogen substituents, are expected to have 
acquired a net charge of -0.023e. The outer carbon 
atoms, each having a single hydrogen substituent, have an 
electron deficiency corresponding to a charge of + 0.015e. 
The errors of the thermal parameters resulting from these 
small charge movements account for the observed discrep- 
ancies. This is supported by a recalculation of the frequen- 
cies using only the parameters for the outer carbon atoms, 
which have similar charge distributions. The difference be- 
tween the spectroscopic and X-ray frequencies then dis- 
appears, although with this restricted set of parameters 
the highest frequency is not well determined. 

(iii) The limitations of the harmonic vibrational represen- 
tation of thermal motion have a serious effect on the anal- 
ysis of valence electron structures if the nuclear trajec- 
tories have appreciable curvature. 

The curvilinear trajectories of librational motions pro- 
duce a characteristic shape of the electron density distribu- 
tion which is well illustrated by the acetate oxygen in the 
structure analysis of basic beryllium acetate (Fig. 9, Tu- 
linsky, Acta Cryst. (1959) 12, 626). If the curvature is large 
this motion is not well described by the harmonic vibra- 
tional approximation, which is commonly used for the anal- 
ysis of thermal motion. This has the well known effect of 
displacing the atom position, but it also produces charac- 

teristic features in the residual density. This is a serious 
limitation if X-ray data are to be used for the study of 
bonding electron distributions. If thermal motion and elec- 
tron density distributions are to be deconvoluted in an X- 
ray analysis, more reliable theoretical models for both 
scattering and temperature factors are required. 

COPPENS" I can support Maslen's statement on anthracene 
rigid body motion. Pawley has calculated T and t~ tensors 
from potential functions for this molecule and comparison 
with X-ray results shows that the calculated values are lower 
than the experimental ones. 

POST: I would merely make the point that in a published 
study of NaNO3, we gave a detailed description of the 
librating behaviour of the oxygen atom. This work was 
done with Cu radiation. When the data were extended more 
recently with Mo radiation, the apparent libration effects 
disappeared. One wonders to what extent the effects ob- 
served in other cases are artifacts. 

SRINIVASAN" One important factor that has to be taken into 
account in all these studies is the anomalous dispersion ef- 
fect. As has been recently demonstrated by Zachariasen in 
the case of quartz, and by Marezio in the case of LiAIO2 and 
similar compounds, even oxygen atoms show measur able 
dispersion components. 

Another comment which I would like to make in con- 
nexion with electron distribution again pertains to anomalous 
scattering. We have recently shown (Srinivasan & Chacko, 
Curt. Sci. (India) 1967) that once a structure has been solved 
and accurate values of Bijvoet pairs F(H) and F(H) are 
available one could calculate the 'imaginary' component of 
electron density distribution arising out of the dispersion 
component Aft' by a Fourier analysis. Such a map gives 
formally the electron distribution of the inner shells of 
atoms. The method is also likely to be useful in the actual 
determination of Aft" values of atoms by successive Fourier 
iteration as well as by least-squares methods. 

HAMILTON: In a study of dimethyl GAG which contains 
HC1 of crystallization, the structure being acentric, the only 
significant difference between the X-ray and neutron data 
showed up in the positional parameters of the chlorine. We 
took the anomalous dispersion figures from International 
Tables and these do not appear to have been as good as 
they ought to have been. 

LARSON" At Los Alamos we did some work on refining dis- 
persion terms in least-squares analysis in the structure of 
KaCu (CN)4 (Roof, R. B., Larson, A. C. & Cromer, D. T., 
Acta Cryst. B24, 269, 1968). I did the calculations with 
three different form factors and found that the anomalous 
dispersion terms which came out of the L. S. analysis were 
very dependent on the form factor used. I conclude that the 
model used in calculating f "  is less satisfactory than that 
used in calculating f0. 

MILLEDGE" Concerning T, co tensors, it is almost invariably 
assumed that they are calculated for rigid bodies. Since we 
know, from spectroscopic data, that there are internal vi- 
brations, this means that, if these are neglected, you have 
large numbers of negative amplitudes well outside any 
reasonable standard deviations and so, unless the calculation 
is tackled correctly, all T, to tensor relative values are too high. 

A O 2 5 A  - 1 4 '  
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JOHNSON: For the segmented body approach to these al- 
most rigid bodies, we find it practically always necessary, 
for neutron diffraction studies, to do the best to subtract 
out the effect of internal vibrations as determined from 
some normal mode analyses. Also we intend now to put 
the skewness tensor into this type of calculation. It will not 
tell us any more about correlation of motion between atoms 
but will give a cleaner separation of libration from transla- 
tional effects. 

ZACHARIASEN: My comments are on anomalous dispersion 
effects. The real part df'  cannot be disentangled from the 
form factor curves used; the imaginary part df"  only shows 
up in acentric crystals when measuring reflexions H and/-7. 
The accuracy which you get from refinement depends on 
zlf" and this, at present, is best derived from empirical anom- 

alous absorption values given. Af'" is only as good as these 
tables, unless you are dealing with very light atoms when 
other contributions come in, but still, in my opinion, more 
reliable than Cromer's calculations. It should be realized 
that the effect of Af'" is very appreciable. 

I have recently made measurements on KH2PO4 with 
Mo Kct radiation. The reflections are of three types: 

(i) Those which have no contributions from K or P but 
only from O, where no dispersion is observed. 

(ii) Those where K and P cooperate completely; here the 
anomalous dispersion term comes in as the sum of the two 
Af" and amounts to only about 2% because the reflections 
are very strong. 

(iii) Those where K and P are in opposition. Those re- 
flections are very weak and the difference between the two 
df" may amount to as much as 20% of the total. 
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Instruments and Techniques Required for Accurate Relative Intensities 
from Powder Specimens 

Bv P. M. DE WOLFF AND W. H. SAS 

Laboratorium voor Technische Naturkunde, Teehnische Hogesehoole, Lorentzweg 1, Delft, The Netherlands 

For the purpose of accurate intensity measurements the use of transmission specimens is recommended. 
Apart from special advantages with respect to certain features e.g. surface roughness, they allow the 
measurement of the orientation distribution over a large range, using off-symmetry azimuth values. 
Correction for preferred orientation should then be possible, provided a simple texture model - a 
cylindrico-symmetrical needle-type texture - can be assumed. Some computing schemes for carrying 
out the elimination of the texture parameters are discussed. 

The techniques referred to in the title can be considered 
from different viewpoints. For  instance, one may ask 
which of the existing routine techniques is most suit- 
able for at taining a high accuracy? Quite generally, 
the field can be restricted to counter methods - though 
it is perhaps worth ment ioning that, apart  from prop- 
erties of  available film, the fundamenta l  reason for 
this restriction is the unfortunate spectral film sensi- 
tivity rather than any foreseeable limit of  reproducibility. 
Between the different counter diffractometers, there is 
little essential variation. All are based on the Bragg- 
Brentano principle, so there seems to be no choice left. 

One may  ask, then, if  the requirement of high ac- 
curacy would make it desirable to apply techniques 
not  used routinely at present. We think this may  be 
true with regard to (1) transmission-type diffractom- 
etry, in part icular when used (2) to measure intensities 
at off-symmetry azimuths of the specimen plane. 

(1) Transmission geometry means the use of a thin 
slab of powder specimen permitt ing the diffracted beam 
to emerge from the back. Though proposed originally 
as a direct consequence of the application of curved 
monochromators  to counter diffractometry, the trans- 
mission specimen has independent merits. 

In the first place, the surface layers of  a transmis- 
sion-type specimen contribute no more to the dif- 
fracted intensity than corresponds to the volume they 
occupy, whereas in reflexion-type specimens their con- 
tr ibution can be predominant .  Here 'surface-layer'  
means the layer - with a thickness at least of  the order 
of  the average particle diameter - which can be sus- 
pected to show systematic deviations from the average 
distr ibution of crystallite orientation and (in the case 
of mixtures) of  composition. 

Secondly, the effect of  surface roughness is much  
less in t ransmission than in reflexion, because of the 
much  smaller angle between surface normal  and X-ray 
beam. This is important  in the investigation of  strongly 
absorbing powders. 

The transmission-type specimen has some obvious 
disadvantages. Depending upon the material  under 
hand,  a slab of uniform thickness may  be more difficult 
to fashion than a reflexion specimen, and it will usually 
require a binding agent and/or  a support. Also the 
transmission geometry is clearly unfavourable for large 
Bragg angles. In many  cases, however, the use of Mo K 
radiation will yield sufficient informat ion at low to 
medium angles. 


