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Abstract

The probability distribution of structure factors with
non-integral indices is derived. The distributions are first
studied in the one-dimensional case, to understand their
main features, then the three-dimensional case is
treated. Only the P1 group is taken into consideration.
For integral values of the indices, the distributions
coincide with those provided by Wilson statistics but
may strongly differ from them when the indices are (or
are close to) half-integrals and are sufficiently small. In
these cases, the moduli and phases of the reflections may
be accurately estimated in the absence of any structural
information. Conditional distributions are also derived
which are able to estimate moduli or phases by
exploiting the prior information on the specific crystal
structure.

1. Symbols and notation

N : number of atoms in the unit cell

f;: scattering factor of the jth atom (thermal factor
included)

h: three-dimensional index with integral components
(h, k, 1)

p: three-dimensional index with rational components
(P1, P2, P3)

F: structure factor

¢: phase of the structure factor

N
Zz = Z sz
=1
Z;: atomic number of the jth atom

2. Introduction

The statistical properties of the structure factors with
integral indices (referred to as ‘Wilson statistics’) have
been carefully investigated since the first contribution by
Wilson (1942). The reader will find a updated descrip-
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tion of the subject in the splendid monograph by
Shmueli & Weiss (1995).

Properties of structure factors with non-integral
indices have been used in different contexts inside the
crystallographic phase problem. We quote:

(a) Boyes-Watson et al. (1947) determined the signs of
the centrosymmetric structure factors via the use of the
intensities at non-integral Miller indices;

(b) Sayre (1952) underlined that the sign problem in
centrosymmetric crystal structures is solvable if the
intensities of the reflections with half-integral indices are
known;

(¢) Mishnev (1996) applied the discrete Hilbert
transform, previously introduced by Ramachandran
(1969), to express structure factors with non-integral
indices in terms of standard ones;

(d) Zanotti et al. (1996) applied the Mishnev results
(involving half-integral-index reflections) to extend and
improve phase information;

(e) In molecular replacement methods, the rotation
function (Rossmann & Blow, 1962) may be calculated in
reciprocal space as

TR, (z |Fh|2Gh,,>,
p h

which involves summations over integral indices h and
non-integral indices p.

In spite of the above applications (and others which
for shortness are not quoted), no attempt has been made
so far to define the statistical properties of the structure
factors with non-integral indices. This is the main job of
this paper, which may be considered a propaedeutic of
the use of such reflections in the phase problem.

3. About the basic assumptions

Wilson statistics hold if one of the following assumptions
are made:

(a) the atomic positions are assumed to be random
variables;

(b) the structure is fixed while h is allowed to vary
over reciprocal space.
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Assumption (a) answers different questions like: what
is the expected average value of a given reflection h?
How is the |F,|? value of a given reflection h distributed
around the expected value? Assumption (b) answers
questions like: for a given set of structure factors, what is
the expected average value of the |F,|*’s? How are the
|F,,|* values of the set distributed around the average?

Evidently, the two statistical approaches are distinct;
however, Weyl’s (1916) theorem proves that both can be
described by the same formulas. The Weyl theorem may
be expressed as: when an r; vector has rationally inde-
pendent x;, y;, z; components then the fractional part of
h - r; is uniformly distributed within the interval (0, 1)
when h varies in the domain of the integer numbers. As
a consequence, 27h - r; is uniformly distributed in the
interval (0,2m), no matter if r; varies over rational
numbers in the interval (0,1) or h over the integer
components.

Unfortunately, Weyl’s theorem cannot be applied to
structure factors with non-integral indices, therefore
assumptions (a) and (b) will lead to different results.
Since reflections with different indices may have quite
different statistical properties, assumption (b), even if
practicable, would obscure important properties of the
distributions. In particular, it is not relevant to the phase
problem. Thus, in all our calculations we will adopt
assumption (a), under the explicit condition that the
atomic coordinates are uniformly distributed in the
interval (0, 1). It is worthwhile noting that different
choices for this interval [e.g. the range (—1/2,1/2)] do
not affect the Wilson statistics but they do affect the
statistics of the structure factors with non-integral
indices. Obviously, our mathematical approach may be
applied to any interval but the mathematical results we
obtain in this paper are strictly dependent on the stated
assumption that the atomic coordinates lie in the
interval (0, 1). The modifications to be expected for
different intervals are discussed in §13.

Our final formulas are rather more complicated than
Wilson’s distributions. To explain their features, we will
first treat the one-dimensional problem and then we will
extend our calculations to three dimensions.

4. The one-dimensional acentric distributions

Let us consider a one-dimensional crystal, with period a:
no element of symmetry is present. We have
N
F,=A,+iB, =) fexp(2mipx;),

=

Oij<1 for j=1,...,N.

The characteristic function of the distribution P(A . Bp),
say

C(u,v) = (expi(uA, +vB,)),

STRUCTURE FACTORS WITH NON-INTEGRAL INDICES. 1

may be written in terms of the cumulants K, of the
distribution. If only terms up to second order are
considered, we have
Clu, v) = expli(uK,, + vKy)
— 3 WKy + v’ Ky + 2uvK ).

In their turn, the K,;’s may be expressed in terms of the
moments m,, of P(A,, B,):

Ky =my, = (Ap)

Ky = my = (B,)
2 2
2 —(A,)
Koy = myg, — ”131 = (BIZJ - (Bp>2
Ky =my —mygmy = (Apo> - (Ap)(Bp>'

_ 2 __
Kyy = myy —myy = (A

The expressions of the cumulants have been explicitly
given to emphasize the fact that, unlike for Wilson’s
statistics, the moments m1,q, Mg, #,; are nonvanishing
when p is a non-integral value. Then

P(Ap, Bp)
=(2n)"? 70 +fm C(u, v) exp[—i(uA, + vB,)] du dv
+00 +00
=(@2n)~ _f _f exp{—iu(A, — Ky,) + v(B, — Ko}

x exp[—(u* K,y + v* Ky, + 2uvK,,)/2] du dv.

The integral may be calculated by repeated application
of the standard formula

T explin — Lqu) du = 27/ q)!" expl—/2q)).
The conclusive result is
P(A, B) = 2m) ' A7 exp{~(A) " [Kp(A — K,)’
+ KZ()(B - K01)2 - 2(A - Kl())(B - K()l)Kll]}
(1)
where
A = (KpKy — K%l)'

The distribution (1) may be expressed in terms of |F,|
and ¢, by standard techniques. We obtained

P(IF,|, ¢,) = expl—q,/2A)]2m) ' A7|F,|

X exp ( - (1/2A)|Fp|2{(l<02 + Ky)/2

+ [(Kop — Ky)/2] cos 2¢ — K sin 2¢}

- (|Fp|/A)[(K01K11 — KppKjg) cos ¢

+ (KoK — Ky Kpy) sin (ﬂ]), 2
where

q1 = (K02K120 + K20K(2)1 — 2K Ky Kyp). 3)
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From (2), the following marginal distributions may be
found:

(a)
P(|F,|) = exp[—q,/(2A))21) " (IF,|/ A7)
X eXp{(_|Fp|z/2A)[(KUZ + K»)/21}45, “4)

where

2
q = 0f exp {(—|F,1?/20){[(Ky,

— Ky sin2¢} — (|Fp|/A)[(K01K11 — K Kjg) cos
+ (KoK — Ky Kq) sin ‘P]} de (5)

— K,y)/2] cos2¢

is a factor which does not depend on ¢.

(b)
P(¢) = exp[—q,/(2A)]2r) ' AT
x [ (IF, | exp(—IF, P /20)([(Ke + Kno)/2]
0

+ [(Kop — Ky)]/2 cos 2¢ — Ky sin 2¢}
= (IF, |/ MKy Ky
+ (KK — Ky Kq) sin ‘P]) d|F,|. (6)

— KpKjp) cos g

The distributions (2), (4) and (6) are the first results of
this paper and will be analysed in the following sections.
In particular, we note that, unlike for Wilson’s statistics,
phase values can be assigned to non-integral-index
reflections. However, their role can be better under-
stood if the origin problem is considered (see §13).

5. The cumulants for the one-dimensional acentric case
Let us denote
[1 — cos(2mp)]/(2np).

By analogy, c,, and s, are the values of ¢ and s calcu-
lated for the reflection with index 2p, i.e.

[1 — cos(4mp)]/(4np).

¢, = sin(2np)/(2np), s, =

C2p = sm(47tp)/(47rp), S2p =
Accordingly,
¢y = sin(@p)/(mp), s, = [1 — cos(zp)l/(mp).

From Appendix A, the following expressions for the
cumulants arise:

Ky = 21 Cp
Koy =, Sp
Ky =05 ,(1+¢, — 2612,)
Ky =05% ,(1—cy, — 2s§)
K, =05 ZZ(SZp

If p is an integer different from zero (say p = k), then

—2¢,5,).
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Ky =Ky =K;; =0, K02:K20222/2

and (1), (4) and (6) reduce to the classical Wilson
distributions

P(A,, B),) ~ ( o )7] exp[
P(F,) ~2|F,| Y, exp (—
P(p,) =1/2m.

The study of the distributions (4) and (6) for non-inte-
gral values of p requires supplementary observations.

(A}, + B; )/Zz]
IFal?/>25),

6. About the expected value of |F,|*
According to Appendix A,

(I1F, 1) = myy +mgy = 3, [1 = (¢ + )] + Z%(C,Z, +5,),

which may be arranged in the simpler formula

22(1 /2) + Zl p/2 (7)

It is easily verified that, for p =0, ¢, = Cpp = 1;
furthermore, ¢, =0 when p is an integer or a half-
integer, ¢, , = 0 for integral values of p, ¢, , = +1/(np)
for half-integral values of p. As a consequence:

(a) For integral values of p (provided p # 0), Wilson’s
relation

(1F, %)

(IF,Pw =3, ®)

is obtained.
(b) For equal-atom structures, ¥ ; = N Y, and

(IF, 1) = 30l + (N = Dep 0l

Accordingly, (|Fp|2) may attain large values at half-
integral (and small) values of p: ie.

(I1F,1") ~ Y01+ (N = D/(@p?)].

(c) For p = 0, the relation (|F, 1) Zl arlses which
agrees with the well known relatlon Fy= Z Z;. Itis
thus suggested that our statistical approach should hold
also in the vicinity of (and at) p = 0.

The main features of (7) may be appreciated by
plotting (see Fig. 1a) (|F, ) versus p for a 50 equal-atom
random structure (RANDSO0 in code; all the atoms are
assumed to be carbon, with the same isotropic
temperature factor B, =5 A2) In the same figure, we
also draw (|Fp| (broken line). We note:

(a) Both (|Fp|2) and (|F,|*)y, decay with sin6/A but
the first is an oscillating function with maxima at half-
integral values of p (but for p = 1/2) and minima at
integral values. The amplitudes of the oscillations decay
with p but are still non-negligible up to p = 9.5. The
practical consequence of (7) is that the moduli of the
structure factors with indices close to some half-integer
are expected to be larger (on average) than the moduli
of the reflections with integral indices. This trend is
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clearly confirmed by Table 1, where the |F| values for
integral and half-integral indices are given up to p = 10.

(b) (IF,|*) regularly decays in the interval (0, 1) (thus
p =0.5 is the only half-integer index that does not
correspond to a relative maximum). The absolute

2 3
(F,[2 x 10

2 3
(F,% x 10

120 —

(b)

Fig. 1. (a) RANDS50: (|FP|2) as given by (7) (full line) is compared with
the Y, function (broken line); (b) the (IFplz) function is plotted
against p for RANDSO (full line) and RAND250 (broken line). The
corresponding (|FP\2)W curves are plotted by dotted lines.

STRUCTURE FACTORS WITH NON-INTEGRAL INDICES. I

Table 1. RANDSO : list of |F|’s and ¢’s for integral and
half-integral indices up to p = 10

P |F| % ()
0.5 945.72 93
1.0 73.00 280
15 317.11 79
2.0 2.93 150
25 143.19 73
3.0 62.87 9
35 110.99 58
4.0 195.41 25
45 300.21 96
5.0 72.90 162
5.5 135.88 103
6.0 36.06 194
6.5 126.65 93
7.0 96.32 198
75 67.79 3
8.0 101.93 58
8.5 186.21 104
9.0 180.87 171
9.5 97.75 228

10.0 46.83 287

maximum is attained at p = 0, where (IFp|2) assumes the
value (3~ ¥, Z;)* = 90000, corresponding to F, = 300.

(c) The amplitudes of the oscillations increase with N.
In Fig. 1(b), we plot the (|F, [} curves for RANDS0 and
for RAND250 [this last being an equal-atom (C)
random structure, with N =250 and B, =5 A?]. For
this last structure, the amplitudes of the oscillations are
much larger than those calculated for RANDSO;
furthermore, at least at small values of the half-integral
indices, they are even larger than (|Fp|2)w. The size of
this effect and its trend against the structural complexity
may be appreciated from Fig. 2, where the ratio
(IF,1)/ >, is shown for RAND50, RAND250 and
RANDS00, this last being an equal-atom (C) random
structure with N =500 and B, =5 A% The ratio is
expected to be 1 at large values of p: the reader may
observe that the convergence rate is low for large values
of N.

The above observations suggest that the distributions
of the structure factors with non-integral indices are
expected to be different from Wilson’s distributions; the
differences are expected to be larger for structure
factors with half-integral (or close to half-integral)
indices.

7. The normalized one-dimensional acentric distribution
P(E,)

The concept of a normalized structure factor preserves

its full meaning even for non-integral indices. We define

E,=F,/(|[F,I))". )
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It may be useful to note that, according to the above
definition, E,=1 (while, in Wilson statistics,
E, = N'?).

The study of distributions (4) and (6) will be made
after having: (a) expressed them in terms of E rather
than of F; and (b) replaced in (4) and (6) the cumulant
expressions derived in §5. We obtain for P(|E,|) the
following formula:

P(E,|) ~ @m)~! exp(—vy)v |E,| eXP(_|EP|2V2)CI2,

(10)
where
2
q, = [ exp[—|E,|*(v; cos 29 — v, sin 2¢)
0
— |E,|(vs cos ¢ + vg sin @)] de.
The expressions for v;, fori =0, ..., 6, are given below:

v =a1/QA) = (X1 ) X2)ekn(—c,)/8,
§=1—-c)1+c,— ch/z)

vi =2(F, ") /(2,87

v, = (IF,Y1 =)/ (3259)

vy = (IF, P)M—cy, + () — 51/ (29)

vy = (IF, 1) (s, — 2¢,5,)1/ (X )

vs =2(21 )/ X)e,(c, — (IF,1)?/8

ve =2(X1 / 3)s,(c, — D(IF,1)'?/8.

B I,
70 —

[ f
2 3 4 5 6 7 8 9 10
p

Fig. 2. The ratio (|Fp|2>/ >, is plotted against p for the three random
structures RANDS0 (full line), RAND250 (broken line) and
RANDS500 (dotted line).
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For integral values of p, §=1, v, =2, v,=1,
Vo =Vv3 =V, =Vs =V, =0; then (10) reduces to the
acentric Wilson distribution

P(E|) = 2|E| exp(~|EP).

Let us now evaluate ¢, for non-integral values of p.

Denoting
vy = X,co0820,, v, =X,sin20,,
vs = X;co86;, Vvs=X,sin6,

yields

2
q, = [ exp[—|E, |’ X, cos 2(¢ + 6,)
0

- |EP|X1 cos(¢ — 6)] dg,
where
X, = (v% + Vi)l/zv
X, =3+

6, = 0.5tan"'(v,/v;),
6, = tan"'(v¢/vs).

We then expand exp[—|E,|*X, cos 2(¢ + 6,)] in a series
of Bessel functions according to

eXP[_|Ep |2X2 cos 2(¢ + 6,)]
= L(E,’X,) +2 Y I(—|E,’X,) cos 2n(g + 6,).
n=1

The application of the relations

2
[ cos(ng) exp(—X cos ¢) dp = 271,(X)
0

2w
[ sin(ng) exp(—X cos ¢)dp = 0
0

gives

9y = 2n10(|Ep|2X2)IU(|Ep|X1) +23 In(_|Ep|2X2)

n=1

2w
x [ cos2n(p + 6,) exp[—|E,| X, cos(p — 6,)] dg
0
= 2 I, PX,) (1, 1X,)

+23 cos2n(6, + 0, (~1E, P X, (1, X)) .

n=1

The final result is
P(|Ep|) = eXp(_Vo)V1|Ep| eXP(_|E,,|2V2)
x [10E, PX)I(IE, X))
+2> cos2n(b, +6,)
n=1
X L(~IE,PX )L, (X)) (D)

An unexpected feature is immediately observed for (11):
while Wilson’s distribution P(|E|) is universal (i.e. it



962

holds for any structure, protein or small molecule,
provided 2zh-r is uniformly distributed over the
trigonometric circle), (11) does depend on the structural
complexity through the coefficients v;, i=0,...,6, §
and Y ;, i = 1,2. Therefore, we have always to specify
for which structure a given P(|E|) is calculated.

The Bessel series in (11) is rapidly convergent: about
20 terms are sufficient for a good approximation of

O ((!2)

L0 —

05 -

|

3.0
|E]

Fig. 3. RAND250: the P(|E|) distribution is plotted for selected values
of p between 1 and 2.

_ P(E

- p=20

30
||
Fig. 4. RAND250: the P(|E|) distribution is plotted for selected values

of p between 2 and 3.
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P(|E,|). However, (11) is not easily computable for p too
close to zero. For clearness, we will discuss here the main
features of P(|E,|) in the interval (1,00), while the
properties of the distribution in the interval (0, 1) will be
analysed in §9.

The distribution (11), as obtained for RAND250, is
plotted in Fig. 3 for selected values of p. We note:

(a) Among the curves drawn in Fig. 3, that corre-
sponding to p = 1.9 is the closest to the Wilson distri-
bution, that corresponding to p = 1.5 is the furthest
away. The criterion to rank the curves is the following: if
p is very close to some integral number and/or is very
large then P(|E,|) will be very close to the Wilson
distribution. Accordingly, 1.9 is the p value that (among
the selected values) is the closest to some integer (i.e. 2)
and has the largest modulus. Then the curve corre-
sponding to p = 1.1 will follow since it has the same
minimal ‘distance’ from an integer number but has
smaller modulus: The order of the curves may then
easily be established: i.e. 0.9, 0.1, 0.8, 0.2, 0.7, 0.3, 0.6, 0.4,
0.5.

(b) The Wilson distribution (p = 1) is the flattest
curve of the set, the sharpest one is that corresponding
to p = 1.5. The figure suggests that good estimates of
|E,| could be made for small values of p provided they
are close to half-integral values.

(c) As soon as p approaches some half-integral value,
the curve becomes more symmetric around the mode.
The mode of the distribution occurs at an |E| value close
to unity for p = 1.5 and decreases up to about 0.71 (the
value of the Wilson’s distribution) when p approaches
some integral number.

(d) As soon as p approaches 1.5, the mode of the
distribution moves towards values very close to the
expected value of |E,|.

In order to show how the distributions depend on the
integral part of p, we show in Fig. 4 curves corresponding
to selected values of p between 2.0 and 2.9. Its
comparison with Fig. 3 suggests that the general features
described for Fig. 3 hold for Fig. 4 too (the ‘order’ of
curves, the relative variance, the mode variation, ...);
however, the deviations from Wilson’s distribution are
smaller in Fig. 4 than in Fig. 3. As a consequence, the
predictability of the |E,| values will rapidly decrease
when p increases.

An effect of the structural complexity is that the
deviations of the P(|E|) curves from Wilson’s distribu-
tions will increase with N. In Fig. 5, we show the curves
calculated for selected values of p in the range (2.0, 2.9)
for RANDS500 (compare with the corresponding curves
in Fig. 4).

8. The distribution P(¢) in the one-dimensional acentric
case

The distribution (6) may be written in the following
shorter form:
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P(p,) = )" exp(—vo)2(IF, 1) / (32, 8'7)

o]
x [1E,|lexp(~|E,’1n — 2v|E, D dIE,|, (12)
0

where
U =7V, + v3cos2¢ — v,sin2¢,
v = (V5 cOS @ + Vg sin @) /2.

The integral in (12) may be estimated via the formula
(Gradshteyn & Ryzhik, 1965)

[ xexp(—pu — 2ux) dx = )" — v2p) (/1) 2
0

x exp(V’ /)1 — D(v/p'?)],

where ®(x) is the probability integral defined by
O(x) = (2/72) [ exp(—2)dr.
0
Finally, we obtain
P(g,) = 2m) " exp(—=vo)2(IF, 1) / (32, 8"7)(1/21)
x {1 = (/)2 exp(v?/ w1 — @(v/u' )]}
(13)

For integral values of p, v, =0, u =1, =1 and v =0,
then P(p,) = 1/27, in agreement with Wilson’s results.
P(¢,) is however non-uniform when p # h. In Fig. 6, we
show, for RAND250, the P(¢,) curves for selected
values of p in the interval (1.1, 1.9). We note:

P(|E])

25

v p=129

0.0 0.5 L0 L5 20 25 3.0
|E]

Fig. 5. RANDS00: the P(|E|) distribution for selected values of p
between 2 and 3.
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(a) the distributions are unimodal;

(b) the curves become sharper when p gets nearer the
half-integral value;

(c) the mode regularly moves from 17° (corre-
sponding to p = 1.1) to 160° (corresponding to p = 1.9).

- p=11

2

30— Ple)
. p=12
2.5 Pl
p=14
ol . p=15
. p=16

1

15— "3 p=17
N ? p=18

. p=19

10— | . i i ‘ *

05— |

0.0 —ie

240 300 360
e ()
Fig. 6. RAND250: the P(¢) curves for selected values of p in the
interval (1.1, 1.9).

'3 |
30 — 1@ ' p=11
|
T | p=12
[
23— i p=13
B p=14
2.0 — p=15
= |
1| p=L6
1.5 — . .
i p=1L17
o P [
7 1 7 .I' B 1.8 |
—/ AR [
{ \ p—
\ S p=19
- I". t t * |
0 60 120 180 240 300 360

¢ ()
Fig. 7. RANDS500: the P(¢) curves for selected values of p in the
interval (1.1, 1.9).
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As an effect of the structural complexity, the curves
are sharper with increasing values of N (compare Fig. 7
obtained for RANDS00 with Fig. 6). Furthermore, the
distributions become flatter when the integral part of p

Ple)

KX —| - p=121
N p=22

25 — p=23
p=24

-

n |
r

n

0 60 120 180 240 300 360
ey
Fig. 8. RAND250: the P(¢) curves for selected values p in the interval
(2.1, 2.9).

p=15
30— P(® p=25
1 p=35
25 —
= p=435
i p=355
2.0 — A
f\ p=065
[ p=75
s [ e
| p=835
- | 1
I' Ii . p=195
1.0 - | |
/ \ = 10.5
1 ™\ !

g
0 60 120 180 240 300 360
o ()

Fig. 9. RAND250: the P(¢) curves for some selected half-integral
values of p.
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increases (compare Fig. 8 with Fig. 6). From the above
considerations, it may be argued that, if p is close to or
coincident with a half-integral value, then ¢, is expected
to be close to /2, with good accuracy provided p is not
too large.

In order to provide the reader with some insight
about the long-range behaviour of P(p), we show in Fig.
9 for RAND250 the distributions at half-integral values
from 1.5 to 10.5. Even at p = 10.5, the phase distribution
is far from being flat. The reader can verify in Table 1
that the ‘true’ phases of the reflections with half-integral
indices will agree with our expectations.

Some considerations about the phase predictability
are useful. When p is not an integer, the phases
can be predicted just because 27h - r; is not uniformly
distributed on the trigonometric circle. This feature
may be qualitatively perceived by estimating ¢, as
tan~'({B)/(A)). We have

(‘Pp)est = tan_l(mm /myp)
= tan"![(1 — cos 27p)/ sin 27p]
= tan"'[2(sin’ 7rp)/ sin 27p].

Since the numerator is always positive, @, is restricted
to the interval (0, ) and will be closer to 0° if p is
smaller than the closest half-integer, closer to = if p is
larger than the closest half-integer.

9. About the features of P(|E,|) and P(p,) for 0 <p <1

In accordance with Appendix B, distribution (11) is
computable for p > 0.8; for p < 0.8, the arguments of the
exponential and of the Bessel functions are too large
even for a modern computer. Such behaviour is not
unexpected: indeed, P(|E,|) at p = 0 should coincide
with the § function,

P(IE,) = 8(E,| — 1),

centred at Ej;=1. This is because at p =0 E, is
perfectly estimated via the algebraic (and therefore
certain) relationship £, = 1.

Similarly, the distribution P(g,) is not computable for
p < 0.6: however, there is no doubt that it is expected to
coincide with the § function

P(lp,|) = d(e,)

centred at ¢ = 0 (indeed, E, is real and positive). We can
then look at the distribution P(|E,|) and P(g,) for p in
the interval (0, 1) as a family of curves approaching &
functions when p — 0. This behaviour may be perceived
by observing Figs. 10 and 11: for RAND250 in Fig. 10,
P(|E,|)is drawn for p = 1,0.9, 0.8, and in Fig. 11 P(¢,) is
drawn for p = 0.9, 0.8, 0.7, 0.6.
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10. The conditional distribution P(¢,|| E,|) in the one-
dimensional acentric case

It may occur that |F,|, and therefore |E,|, are known
from other sources. This information may be used as
prior for a more accurate estimate of ¢,. We have

P,IIE,) = P(g,, E) [ [ (g, 1B, dg,
0

= exp[—|El2,|(v3 cos2¢ — v, sin 2¢)

- |Ep|(V5 cos ¢ + v sin ¢)]/q,. (14)
To see how (14) varies with |E | for a fixed p, we draw it

in Fig. 12 for three values of |E,| (RAND250 and
p = 1.5 have been used). We see that (14) strongly
depends on the known |E,| value: it is sharper if |E,| is
known to be large; it is flat if |E, | is known to be small.

In conclusion, the confidence onpe should have in ¢, will
depend on the prior information on |E,|: if this last is
unknown, the distribution (11) may be used.

The conclusions of this section answer a rather intri-
guing question: ‘let us suppose that ¢, ~ 7. How can we
trust in the distribution (11) if this always estimates
@, = 0 for p very close to and larger than 4? Such an
estimate indeed should be in conflict with the expected
continuity of the function ¢,. The question may be
answered via the use of (14). If ¢, & 7 in the p interval
immediately following the 4 position [say (h, & + 0.1)],
we can expect that the true phases vary very rapidly: that
will be in better agreement with (14) only if small |E|
are associated with the p values in the interval. As an
example, we plot in Figs. 13(a), (b), for RAND250, the

30— FPUED

- p=038

2.0 —

1.0 — |

L0 = T !' — [ |' I T | = T [ T |
0.0 0.5 1.0 1.5 20 25 30

Fig. 10. RAND250: the P(|E|) curves for p =1, 0.9, 0.8.
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true |E,| and ¢, values against p for p between 5.5 and 7.
Since ¢g = 194° and |E¢| = 0.47, the |E,| values, for p
immediately following A = 6, collapse to very small
values of |E,| to fit better the relationship (14).

11. The conditional distribution P(| E,||¢,) in the one-
dimensional acentric case

It may occur that ¢, is known from other sources. This
information may be used as prior for a more accurate
estimate of |E,|. We have
|E,| exp(—|E,|* 1t — 2v|E,|)

Jo |E,|exp(—|E, i — 20| E, ) d|E, |
= |E,|exp(—|E, 't — 2|E,|)

x (w1 = (/W' exp(v? /)

x[1 = @(v/u) .

p(E,lp,) =

(15)

To check how the distribution (15) varies against ¢,, we
draw it in Fig. 14 for RAND250 and p = 1.5. We see that
the expected value of |E,| when ¢, is known to be equal
to /2 is close to unity, as in the case in which ¢, is
unknown (see Fig. 5). If we introduce in (15) the prior
knowledge that ¢, = 27, then the expected value of |E,|
remarkably diminishes. The rational is the following: the
prior information that the phase ¢, is far from its
expected value will generate, through (15), estimates for
|E,| concentrated about small values of |E| but the
relative distribution may be sharp.

50- P(e)

: = (.6
4.0 - 4 7

3.0 — |

| | . p=07
200 — [ |
.p=08
|
1.0 —|
| | — - p=05
e —p— e ey
0 (it} 120 180 240 300 36l)
o
¢e()

Fig. 11. RAND250: the P(¢) curves for p = 0.9, 0.8, 0.7, 0.6.
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12. The distribution of structure factors with
non-integral indices in P1

In P1 (three-dimensional case),

N
F,= > fycos2mt(pyx; + poy; + p3z))

=1
. N .
+i) fisin27(p,x; + poy; + psz))
j=1
= A, +iB,.

Suppose now that x;, y;, z; are randomly and indepen-
dently distributed in the interval (0,1). Then the
distributions (2), (4) and (6) will still hold provided the
corresponding cumulants are available. We obtain

ki = (Ap> =2 Cp
ko = <Bp> =2 Sps
where

c,=¢,¢c,Cc, —C,S8, 8

P P1 P2 P3 p1p2p3—SSC—SCS

P17P27DP3 P17P27 D3
= cost(p; + p, +P3)Cpl/ch2/2cp3/2

s, =5,¢C,C

P 2102Cps — 5p5p,S

P17 P2 [’3+CI7S ¢

1P2P3+CPC S

1 P27P3
=sin7(p; +p, +p3)cp]/2cp2/2cp3/2

¢,, = sin(2np;)/(27p;)

s, = [1 — cos(2mp;)l/ (27p,).

The cumulants of order two may be expressed in terms
of cumulants of order one as follows:

2o PeplIEpD

|Ep| = 2.0
fffffffff |Ep| = 1.0
16 —
_@_ |Epf = 0.1
27
T
/L
__ .
iy
8 —t
- ] ‘\
il i
H il
I i
4 — / |
(|
! 1
-1 ll \
i 1
; \
/ \
s X SO
0 A L USSR
0 90 180 270 360
>
()

Fig. 12. RAND?250: the P(¢||F,|) curves for p = 1.5 and selected values
of |[E,|.
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Ky = (Ay) = (A4,) = (32, /2)(1 + ¢ — 2¢})
Ky = (22 /2)(1 —Cp — 2512))
K, = (22 /2)(s2p —2¢,5,);
where ¢,, and s, are the ¢ and s values calculated for the
reflections with indices 2p,,2p,, 2p;. The probability
distribution P(|F,[) will now be
P(|Fy]) & exp(—1,)27) "' |F,| A7 exp(—1,|F, )g,,
(16)
where
t = (KpK7y + Ky Kjy — 2K, Ky K1)/ (2A)
A= (Koszo - Kﬁ)
ARSI APS
o0
+2 3 cos20(6, + 0,1, (—IF, PXo) D (—1Fy X))

n=1
X, = (@ +6)"
X, = (5 +1)'"?
t, = (Ko, + Ky)/(44)
ty = (Ko, — Ky)/(44)
1, =Ky, /(24)
ts = (Kp Ky — KppKyp)/ A
te = (KoKyy — Ky Ko)/A
6, = 0.5tan"'(t,/t;)
6, = tan"'(t,/t5).
The distribution in terms of the normalized modulus

P(|E,|) is trivially obtained from (16) via the transfor-
mation

Ey = Fy/(IFy )" = Fy /(g + mgp)'”,
where
My =053 5 (1+ ¢ — 2012;) + Z? Clz)
My =053, (1 — ¢y —252) + Y1 52
The distribution (6) for P1 can be written as
P(g,) ~ exp(—1)@m) " A7 (1/2){1 = v/ )"
x exp(? /[l — ®(v/u')]}, (17)
where
W=t +1t;c082¢ —t,sin2¢
v = (t5cos @ + t; sin @) /2.

In their turn, the conditional probabilities P(¢,||F,|) and
P(|F,|lp,) can be expressed as follows:
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P(|F,llg,) = |Fyl exp(—|F, | it — 2v|F,|)
X (2) M1 = v/ )" exp(v’/ )

x [1— (/u')} (18)
P(@,||F,|) = exp[—|F,|(t; cos 2¢ — t, sin 2¢)
— [Fpl(ts cos o + 15 sin 9)]/q,. (19)
360 — P
300 -
240 —
//
180 —
120 —
60 —
0 ' | ' 1 ' !
55 6.0 6.5 7.0
p
(a)
E

2.0 7 | p‘
1.5 -
1.0 —
0.5 —
00 ' | ' | T l

5.5 6.0 6.5 7.0

p
()

Fig. 13. (a) RAND250: true ¢, values against p for p lying in the
interval (5.5, 7). (b) RAND250: true |E, | values against p for p lying
in the interval (5.5, 7).
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The behaviour of the above distributions [i.e. from (16)
to (19)] are quite similar to those described for the
corresponding one-dimensional case, thus we will not
expand further. However, the three-dimensionality
introduces a larger variety of reflection types:
e.g. reflections h©+0.5,0,0, h+05k40.5,0,
h+40.5,k+0.5,14 0.5 may have quite different distri-
butions. To provide a fast if qualitative insight into the
problem, we analyse the ratio <|Fp|2) /Y ,. The expected
value

(F1P) =311 = (6 + sl + X1 (cp +53)
reduces, for an equal-atom structure, to
(IF,?) =2, [+ (N = 1)(c; + )]
Accordingly,
(IF /Y =14+ (N =1)(c +53)

is an oscillating function: the oscillations are stronger for
large structures. The algebraic form of (20) does not
allow immediate specification of where the maxima and
minima of (|F,[*)/ Y, are. A further algebraic analysis
led us to the simple expression

(F1) /X0 =1+ (N =1)c 62 1065 1o

from which the following rule arises: the largest values
of (|Fp|2)/ >, occur when all of py, p, and p; are half-
integer or zero. When one of the indices is an integer
(different from zero) then (|FP|2)/ >, =1 as for the
Wilson distributions. In accordance with the above rule,
the p vectors with components (1/2, 0, 0), (0,1/2,1/2)
or (1/2,1/2,1/2) will correspond to maxima of

(20)

P(|Epllep)
35—

T I ' [ i ]
0.0 0.5 1.0 1.5 20 25 3.0
|Epl

Fig. 14. RAND250: the P(|E,||g,) curves for p = 1.5 and ¢, =0, 7/2.
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Table 2. Jamilas structure-factor moduli and phases
calculated from the published atomic parameters for a
selected set of indices

D1 P2 pP3 [Fl v ()

0.00 0.00 0.00 739.89 360.00
0.00 0.00 0.50 521.57 80.00
0.00 0.00 1.50 103.19 131.00
0.00 0.50 0.00 464.16 91.00
0.00 0.50 0.50 284.91 170.00
0.00 0.50 1.50 64.63 192.00
0.00 1.50 0.00 121.05 97.00
0.00 1.50 0.50 51.72 107.00
0.00 1.50 1.50 53.59 151.00
0.50 0.00 0.00 463.36 82.00
0.50 0.00 0.50 370.31 162.00
0.50 0.00 1.50 101.71 230.00
0.50 0.50 0.00 275.02 171.00
0.50 0.50 0.50 218.82 250.00
0.50 0.50 1.50 74.70 289.00
0.50 1.50 0.00 90.98 201.00
0.50 1.50 0.50 33.09 229.00
0.50 1.50 1.50 79.90 283.00
1.50 0.00 0.00 118.50 55.00
1.50 0.00 0.50 67.81 142.00
1.50 0.00 1.50 157.40 342.00
1.50 0.50 0.00 70.78 122.00
1.50 0.50 0.50 17.84 212.00
1.50 0.50 1.50 126.30 91.00
1.50 1.50 0.00 41.57 354.00
1.50 1.50 0.50 69.54 69.00
1.50 1.50 1.50 84.90 95.00

(|Fp|2) /Y ,: the one-dimensional case suggests that the
phases of such reflections are predictable. On the
contrary, the structure factors with indices (1/2, 1, 0),
(2,1/2,1/2) or (1,3,1/2) will satisfy the Wilson’s
distributions: no phase value may be predicted for them.
In order to have more insight into the phase predict-
ability, let us apply the relation

(@p) = tanil(mm/mlo) = tani](sp/cp) (21)
to reflections for which all the py, p,, p; are half-integers
or zero. From the definitions of c, and s, given in §12, it
is easily derived that

<‘P1/2,0,o) = (‘/’0,1/2,0) = (‘/’0,0,1/2) =m/2
(‘P1/2,1/2,o) = (%,1/2,1/2) = <</’1/2,o.1/2> =7
(@1/2,1/2,1/2) = 3m/2.

It is worthwhile noting that, as an effect of the three-
dimensionality, the intensity oscillations die down
quickly with increasing values of py, p,, p3. Accordingly,
the phase distributions soon also become flat.

The correctness of our predictions may be checked
via Table 2, where we show, for Jamilas (Dobson et al.,
1990), a P1 crystal structure with chemical formula
K4CesHysNgO5sS,4, the structure-factor moduli and

STRUCTURE FACTORS WITH NON-INTEGRAL INDICES. I

phases calculated from the published atomic parameters.
They agree with the values (¢,) provided by (21).

13. On the assumption about the atomic positions

We have assumed throughout this paper that the atomic
coordinates x;, y;, z; lie in the interval (0, 1). What is the
effect of a different assumption on the probability
distribution of the structure factors with non-integral
indices? Let us define

N
Fy =" fexp2ri(p,x; + poy; + p3z)] = |Fyl explig,)

j=1
as the structure factor when the shift of the origin
T, = X,a+ Yyb + Zyc

has been applied. Then the new coordinates will satisfy
the conditions

X, <x; <1-X,
—Y, <y, <1-Y,
~Zy <z <1-2,
In accordance with the known relationship
F, = exp(=2mip - T,)F,,
we will have
Gp = ¢p — 27p - Ty,

The application of our statistical approach to the above
case will lead to a shifted (along the ¢ axis) phase
distribution P(g,) and to the same distribution P(|F,|).

|Fol = |Fyl.

14. Conclusions

We started a new theme in the area of structure-factor
statistics: the derivation of the distribution of the
structure factors with non-integral indices. Our main
results may be summarized as:

(a) The distribution P(|F,|) may be quite different
from Wilson’s distribution P(|F,|). The differences
increase when p approaches vectors with half-integral
indices, decrease when the integral part of the index
components increase and/or when p approaches some
reciprocal vector with integer components.

(b) The phase ¢, may be predicted with good relia-
bility when |p| is not large and its components are close
to half-integers.

(c) P(|E,|) and P(g,) are not universal, as in Wilson
statistics, but depend on the structural complexity.

The first question to answer is the following: can P(¢)
be directly applied to the solution of the phase problem?
Our answer is negative: indeed, each phase estimate
available through (17) is independent of the structural
features and only depends on the structural complexity.
However, no phase relationship involving the structure
factors with non-integral indices can prescind the
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Table 3. RAND250: values of the parameters vy, v;, v,, X; and X, at selected values of p in the interval (0.01, 1)

p Vo Vi

0.01 5773512954 93667128
0.03 71170419 3464737
0.05 9196025 746492
0.08 1392895 181119
0.1 566933 91113
0.3 5967 2983
0.5 535 468
0.7 66 88
1.0 0 2

information provided by (17). A first example is
constituted by the conditional probability distributions
P(¢,||F,]) and P(|F,|l¢,), which may lead to estimates
that may confirm or modify the estimates provided by
P(¢p) and P(|F,|) according to the available prior
information. In particular, we should look at the
conditional distributions as simple ways of using the
structural information: vice versa, they should be
potentially useful for solving the phase problem.

In the following papers of this series, we will first
describe the structure-factor statistic for the P1 case and
then new and more useful phase relationships that can
be directly applied for the solution of the phase
problem.

APPENDIX A
Calculation of the cumulants for the acentric one-
dimensional case

We will suppose that the variables x;,j =1, ..., N, are
independently and uniformly distributed in the interval
(0, 1). Then

(A4,) = <§: fjcos(anxj)>
=1

= 3\ [sin@mpx)/27ply = Y, ¢,
(B,) = " [cos2mpx)/2mp]}
= > {1 — cos2np)]/27p} =35,

2
(Af)) = <|:i: jj.cos(anxi):| >
=

= g: .1, (cos(2mpx; ) cos(2mpx;))

Jija=1

=Y ,(cos? 2px)

N
+ Y. f.f;,(cos(mpx; ) cos(2mpx; )).
J1#h=1

(22)

Since x; and x;, have been assumed to be statistically

independent of each other, the average of the product of

V2 X, X
2886950144 11547033600 181249264
35606716 142341680 6664132
4605739 18392354 1418570
699451 2785909 334126
285380 1133943 165536
3174 11942 2664
320 1073 42
88 134 19
1 0 0

the two cosines at the right-hand side of (22) will be
equal to the product of the average. Therefore,

(A7) =05>,(1+c,,) + ( i

J1#h=

ﬁlﬁz)cﬁ' (23)
1
Since
5 N
21 = Zz+ Z fjlsz»
7
(23) reduces to

(A2) = 0.5 ,(1+¢,) + (X1 —3,)e
=05, +¢y, —2¢2) + Y1

Accordingly,
Ky =(A2) — (A =05 ,(1+c,, —2c2).  (24)
In an equivalent way, the relations
(B) =32 5(1 =&y = 2) + 3155,
Ky = <B,2;) - <Bp)2 =0.5 22(1 — Cyp — 23,2;)
may be derived. The last cumulant to calculate is
Ky =(A,B,) —(A,)(B,)
N
= > [f;f,(cosQmpx; ) sin(2mpx;))
Ji:h=1
— Yilsin(2np)/27p}{[1 — cos(2np)]/27p)
N
=1 ( 2; f]2> (sin(47px))
=
N .
+ X £, [, (cosmpx; ) sin(2mpx; )
J1#h=1
— Yilsin(2p)/27p}{[1 — cos(21p)]/27p)
= %ZZ(SZp - chsp)'

It may be worthwhile noting that the second-order
moments all depend on both ), and ), but, as in the
Wilson statistics, the second-order cumulants depend

only on Y ,.
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APPENDIX B
About the compatibility of P(|E,|) and P(|¢,|)

We give in Table 3, for RAND250, the values of the
parameters v, vy, V2, X1, X, at selected values of p in the
interval (0.01,1). It is easily seen that (11) is not
immediately computable for p close to zero (say p < 0.9)
since those values are too large arguments for expo-
nential and Bessel functions.

The computability of P(|E,|) may be improved by
expanding 7, in an asymptotic series (to be used for very
large arguments):

I,(x) = 2nx)"(exp x)S, (x), x>0,

where
S,(0) = [1 = (u = 1)/8x + (i — (1 — 9)/2!(8x)
— (= D) — 91 —25)/31(8x)* + .. ]
and u = 4n’.
Since the behaviour of P(|E,|) in the interval (0, 1)
may be inferred from other considerations (see §9), we
decided not to explicitly calculate it in such an interval.

Analogously, P(¢,) depends [see (13)] on the param-
eters u and v, the values of which are also fixed by the

STRUCTURE FACTORS WITH NON-INTEGRAL INDICES. I

v;’s. The consequence is that P(g,) is hardly computable
for p <0.7. Since its behaviour may be predicted (see
§9), we decided not to calculate it in such an interval.

One of the authors (DS) undertook this work with the
support of the ‘ICTP Programme for Training and
Research in Italian Laboratories, Trieste, Italy’.
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