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Accurate determination of the coherent static structure factor of any disordered material containing substantial
amounts of proton nuclei has proven to be rather problematic by neutron diffraction, due to the large incoherent
cross section of 1H. This problem has continued to set severe obstacles to the reliable determination of liquid
structures of hydrogenous materials up to this day, by introducing large uncertainties whenever a sample with
a 1H content larger than about 20% had to be investigated by neutron diffraction. Huge theoretical efforts over
the past 40 years which were aimed at estimating the incoherent background of such data did not result in any
practical solution to the problem. Here, we present data for the coherent and incoherent contributions to the
total static structure of mixtures of light and heavy water. The measurements were done using the polarized
neutron diffraction technique, which uniquely allows determination of the two contributions separately. The data
covers a wide range of momentum transfer (0.8–21 Å−1) and the entire composition range, i.e., light water
contents between 0 and 100% at five different values. We show that the measured incoherent scattering can
be approximated by a Gaussian function. The separately measured coherent intensities exhibit signs of small
inelastic contributions. Out of several possible approaches, we have chosen to subtract a cubic background using
the reverse Monte Carlo algorithm. This algorithm has the advantage of requiring an actual physical model with
thousands of realistic water molecules at the correct density describing the corrected data. Finally, coherent static
structure factors for five different compositions of liquid H2O and D2O mixtures are presented for which the
huge incoherent background could actually be measured and separated, instead of being approximated as it has
been done so far. These experimental results provide a strong hope that determining the structure of hydrogenous
materials, including, e.g., protein solutions, may become feasible in the near future.
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I. INTRODUCTION

Trustworthy information concerning the microscopic struc-
ture of liquid water, the best known hydrogenous material,
is essential for most physicists, chemists, geochemists, and
biologists, simply because life on Earth is based on water.
For this reason, liquid water has been the subject of a large
number of diffraction studies (see, e.g., Refs. [1–4]). Computer
simulation investigations using classical (for a review, see e.g.
Ref. [3]) and quantum-mechanical (see, e.g., Refs. [5] and [6])
force fields abound. A key point here is that the development
of force fields is biased by experimental results; this is also a
reason why reliable diffraction data are indispensable.

Despite voluminous relevant literature, liquid water is still
viewed as one of the most notorious puzzles: for instance,
there are open questions concerning the average number of
hydrogen bonds per molecule [6,7]. It is also sometimes argued
that an uncertainty exists regarding even the position of the first
intermolecular O-H distance—a crucial one, as it characterizes
hydrogen bonding [8]. The reason why these questions are still
open is, quite clearly, the presence of hydrogen.

X-ray diffraction is only a little sensitive to hydrogen
and can provide information only on oxygen-related pair
correlations. In neutron diffraction, separating the three partial
contributions would be possible via the contrast variation
between 1H and 2H (“H/D isotopic substitution”) [1,2]. This,
in principle, allows us to derive the most detailed information
on the microscopic structure of hydrogenous (i.e., containing
1H) systems, due to the nice contrast between their coher-

ent neutron-scattering lengths [9] (bH
c = −3.740 6 fm and

bD
c = 6.671 fm).

In neutron diffraction the structure factor of 1H2O is the
one with the highest information content, for the negative
coherent scattering length of 1H: negative peaks would signify
characteristic O-H distances in the total radial distribution
function. However, as neutrons possess a (+/−) 1/2 spin, the
scattering of unpolarized neutrons on nonzero nuclear spins
results in a “spin-incoherent” scattering, whose cross section
is exceptionally high for 1H (σH

i = 80.27 b and σD
i = 2.05 b).

Thus the measurable neutron diffraction signal from pure 1H2O
is overwhelmed by incoherent scattering that is useless from a
structural point of view (see, e.g., Ref. [1]). As a consequence,
the structure factor of 1H2O is still much debated [1,2,8],
because even small errors in it have a large impact on the
O-H partial radial distribution function.

Reliable neutron total structure factors of water samples
with high light water content (ideally, of pure 1H2O) would
be decisive concerning H-bonding in water. For this reason,
numerous suggestions over the past 40 years have been made
for the treatment of the huge “incoherent background” (for an
informative figure, see, e.g., [1]), none of which has proven
to be routinely applicable. (For the various approaches, see
Refs. [10–15].) Real improvement could be expected only
from an accurate experimental determination of the incoherent
contributions from 1H over the relevant momentum transfer
range; this, unfortunately, has proven to be impossible thus
far.
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Spin incoherence can, in principle, be tackled by separating
the coherent and incoherent parts of the measured diffraction
signal; this can be realised by using polarized neutrons (see,
e.g., Ref. [16]). By measuring total scattering intensities as
recorded by “non-spin-flip” (NSF) and by “spin-flip” (SF)
modes of the instrument, the coherent and spin-incoherent
intensities can be extracted using the following formulas:

Icoh(Q) = INSF (Q) − 1
2I SF (Q) (1)

and

Iincoh(Q) = 3
2I SF (Q). (2)

Interestingly, potentialities of polarized neutron diffraction
have only been little exploited in this field. A possible
reason for this is that available instruments provide data over
only narrow momentum transfer ranges, so that traditional
evaluation, involving direct Fourier transformation, would not
be applicable. Concerning liquid water, only a couple of such
investigations have appeared [17,18], without any significant
practical use.

II. EXPERIMENT

Diffraction experiments using polarized neutrons have been
conducted on the D3 instrument [19] installed on the hot source
of the Institut Laue-Langevin (ILL; Grenoble, France). Five
isotopic compositions of 1H (protons) and 2H (deuterons) have
been prepared, containing 0, 20, 40, 64 (“zero water,” see,
e.g., [18]), and 100% light water (with 1H). Liquid samples
were put in a double-walled vanadium container (internal
diameter 8 mm, outer diameter 10.7 mm) in order to minimize
contributions from multiple scattering; the sample geometry
was therefore that of a hollow cylinder. The experiments were
performed at ambient pressure and temperature. Using the
D3 instrument with 0.5 Å wavelength neutrons, scattering
intensities were collected in both spin-flip and non-spin-flip
modes over a uniquely wide momentum transfer range of
0.8–21 Å−1 (4–120 deg in 2�). The hot neutron source
of the Institut Laue-Langevin can provide a high flux of
such short-wavelength neutrons, which is the prerequisite
for studies like reported here. This outstanding coverage of
the reciprocal space can be realized by making use of a
Heussler-alloy polarizer and a 3He analyzer cell that contains
spin-polarized nuclei [20]. We emphasize that, although it has
not been designed for liquid diffraction, the D3 instrument at
present is the only one in the world where studies of this kind
may be conducted.

Samples with the highest 1H content have been investigated
for somewhat longer time than those dominantly with 2H, so
that statistics of the coherent signals would be comparable.
Still, the measuring time of about 24 h for pure light water
provided statistics somewhat poorer than hoped for. The
usual corrections [21] for polarization efficiency have also
been carried out before further data processing. Coherent and
spin-incoherent contributions to the total scattering have been
separated in the usual manner [16] by Eqs. (1) and (2).

III. RESULTS AND DISCUSSION

A. Incoherent scattering

Figure 1 shows the incoherent intensities, which are directly
proportional to the spin-incoherent cross sections, up to
21 Å−1.

Following a couple of trial attempts, it has become clear
that a single Gaussian and an additional constant are perfect
for fitting the measured signals within errors (see Fig. 1).
Note that this functional form, that has not been suggested
explicitly by any of the corresponding studies of the incoherent
background [10–15], operates with only three adjustable
parameters: intensity, FWHM, and a constant. These are
listed in Table I for the five mixtures of light and heavy
water considered in this study. Furthermore, the similarity
of the Gaussian width parameters obtained for the individual
measurements suggested that a fit using a common (identical)
width parameter for all measurements might be applicable.
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FIG. 1. (Color online) Incoherent intensities, obtained by multi-
plying the measured “spin-flip” intensities by 3/2 [see Eq. (2)] for
five mixtures of light and heavy water. Light water content (from
top to bottom): 100%, 64%, 40%, 20%, and 0%. Symbols with error
bars: measurement; red solid lines: Gaussian (plus constant) fits; blue
solid lines: residuals; green solid lines: residuals from the fit with
a Gaussian of identical width. The statistical accuracy deteriorates
as light water content decreases. This is just the manifestation of
the well-known fact that pure heavy water (containing only 2H
nuclei of the element hydrogen) shows only a small amount of
spin-incoherent scattering. This is why neutron diffraction is most
frequently performed on deuterated samples.

014201-2



NEUTRON DIFFRACTION OF HYDROGENOUS MATERIALS: . . . PHYSICAL REVIEW B 92, 014201 (2015)

TABLE I. Adjusted parameter intensity, FWHM, and constant term, together with goodness-of-fit (Rwp) values while fitting the measured

incoherent intensities with individual and with common FWHM [20.128(25) Å
−1

] parameters. (The number of degrees of freedom was 68 for
each individual fit and 344 for the common FWHM fit during the actual calculations.)

1H2O Individual fits Fit with common FWHM

content [%]
Intensity FWHM [Å

−1
] Constant term Rwp [%] Intensity Constant term Rwp [%]

100 85550(163) 20.217(31) 258.8(2.9) 0.53 85140(166) 266.7(2.7) 0.56
64 66752(120) 19.974(30) 175.0(2.1) 0.58 67267(135) 165.7(2.12) 0.68
40 48414(114) 19.955(40) 111.8(2.2) 0.77 48814(113) 102.8(1.8) 0.87
20 28323(102) 20.381(61) 61.6(2.1) 1.08 27980(68) 69.5(1.16) 1.21
0 6093(146) 21.193(385) 17.8(3.2) 4.75 5746(45) 25.8(0.88) 5.04

The identical width of FWHM = 20.128(25) Å
−1

provided
only slightly worse goodness-of-fit (Rwp, as defined in [22])
values than the individual parametrization, so that agreements
between fits and original curves are still good. The residuals
are also shown in Fig. 1; differences between fits and measured
curves are exclusively of statistical nature.

A short comment may be in order here: it is not yet clear
whether the parameters of the Gaussian functions (i.e., the
exact shape of the incoherent contribution) depend on the
wavelength of the neutron beam. Since this is an important
issue from the point of view of the transferability of the results
presented here, we plan to perform control experiments using
polarized neutron beams with different wavelengths.

B. Coherent scattering

In Fig. 2, coherent intensities, as derived from a simple
linear combination of the separately measured “spin-flip” and
“non-spin-flip” intensities, are displayed. Although the statisti-
cal accuracy may be further improved for the mixtures with the
highest 1H content, it is obvious that the functions are free from
the enormous spin-incoherent background (cf. [1,23]). What
is left to handle is a gentle droop towards higher Q-values that
is characteristic of inelastic effects. Numerous approximations
have been suggested to correct for such backgrounds, starting
from the pioneering work of Placzek [24] (which, as the author
himself warned, is not appropriate for hydrogen), to modern
numerical fitting algorithms (see, e.g., [25–29]).

For our present purposes, the reverse Monte Carlo (RMC)
method of structural modeling [29,30] has been selected. The
main reason for this choice was that in RMC, thousands of
realistic molecules have to be present at the correct density
in physically existing simulation boxes; that is, the limiting
values of the radial distribution functions and structure factors
are automatically built in. A cubic background may also
be refined simultaneously with the usual approach to the
measured data via random moves of the particles.

During the modeling, the calculations were performed
with 2000 molecules using an atomic number density of
0.100 28 Å−3. The H2O unit was kept together by using
fixed neighbor constraints [29], allowing small variances of
the interatomic OH (0.98 ± 0.02 Å) and HH (1.55 ± 0.03 Å)
distances. Between atoms belonging to different molecules,
closest approach distances were applied (OO 2.2 Å, OH
1.5 Å, HH 1.6 Å).

Results from such RMC calculations are presented in Fig. 3,
in the form of normalized coherent static structure factors.
Again, it may be argued that, statistically, measured curves
for the mixtures with the highest 1H contents are not as good
as the ones that correspond to the 2H-dominated samples;
still, corrections for inelasticity could also be performed
successfully. That is, the measurement-based determination
of the spin-incoherent background for hydrogenous samples
has directly led to coherent static structure factors, a result that
has been awaited for decades.
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FIG. 2. (Color online) Coherent intensities obtained via Eq. (1)
for five mixtures of light and heavy water. Light water content (from
top to bottom): 100%, 64%, 40%, 20%, and 0%.
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FIG. 3. (Color online) Coherent static structure factors for five
mixtures of light and heavy water. Light water content (from top to
bottom): 100%, 64%, 40%, 20%, and 0%. Red dots: experimental
points; black solid lines: reverse Monte Carlo fits. For three
compositions, also shown are the latest results from nonpolarized
neutron diffraction [31] (green solid lines). Deviations between
directly measured (red dots; present study) and approximated (green
solid lines; Ref. [31]) are considerable.

In Fig. 3, very recent total scattering structure factors
(TSSF) derived from nonpolarized neutron diffraction [31]
are also shown (only for pure light and heavy water, and
“zero water”). First of all, the low-Q behavior of the non-
polarized data would certainly need attention. At higher Q,
above about 1.5 Å−1, polarized and nonpolarized results are
within acceptable error margins only for pure heavy water,
although the discrepancy around the first maximum might
warrant further investigations. Differences between TSSF
values of samples with high 1H content raise serious concerns,
particularly for the case of “zero” water, and necessitate
detailed further investigations concerning data processing on
one hand, and issues with statistics on the other. As a followup,
even (RMC and empirical potential structure refinement,
EPSR (see Ref. [2])) structural modeling will have a task to
complete: it will have to be made clear whether the deviations
between polarized and nonpolarized neutron diffraction data
are reflected in the actual structural models of liquid water.

For a demonstration of the robustness of our approach,
in Fig. 4 the separated coherent and incoherent intensities
are displayed, together with their sums; the sums represent
the information measurable by standard (i.e., nonpolarized)
neutron diffraction. Note that even in the case of pure heavy
water, the precise knowledge of the incoherent intensity is
desirable. For samples with more than (about) 20% 1H content,
the incoherent contributions are much greater than the coherent
ones and therefore, proper handling of them is only possible if
one can measure both contributions separately.

Before concluding, it is appropriate to remember that
there are still inherent (although, in comparison with the
problem of spin incoherency, subtle) difficulties with the
particular case of liquid water (for a useful review, see, e.g.,
Ref. [32]). First of all, pure light and heavy water display
detectable thermodynamic differences when they are at the
same temperature that may influence the results of diffraction
measurements too (see, e.g., Ref. [33]); also, for the large
difference between the coherent scattering lengths of the
proton and the deuteron, the level of isotope incoherence is also
of concern. These problems are not specific to the approach
proposed here: they have been present in all structure studies of
liquid water. Now, after the major difficulty could be overcome,
more attention may be devoted to the remaining smaller issues.

IV. CONCLUSION

Summarizing the achievements reported here: (1) the
incoherent and coherent scattered intensities from hydroge-
nous water samples, including pure light water, have been
determined by polarized neutron diffraction over an unprece-
dentedly wide momentum transfer range; (2) the incoherent
intensities could be described, within statistical error, by
Gaussian curves and a constant using three adjustable param-
eters only, a finding which may later be used for correcting
data from nonpolarized neutron diffraction; (3) the separated
coherent intensities are shown to contain roughly equal
proportions of inelastic contributions, which is consistent with
the notion that their origin lies in molecular recoil effects
(as opposed to single-atom relaxation); (4) this remaining
inelastic background could easily be corrected for by using
the RMC method of structural modeling, thus providing
the coherent static factors for hydrogenous materials with
an arbitrary amount of protons 1H; significant differences
between “traditional” [31] and polarized neutron diffraction
results have been revealed that need further, close attention.

There may be far-reaching consequences of the present
findings: (1) it has now been demonstrated that hydrogenous
samples without deuteration can be handled by (polarized)
neutron diffraction, which, in turn, means that the microscopic
structure of “soft matter” systems of any complexity (like, for
instance, reported in Refs. [34] and [35]) can be considered;
(2) the H/D isotopic substitution, wherever feasible, may now
gain an enhanced reputation, since the large contrast between
the coherent scattering lengths of 1H and 2H may be fully
exploited; (3) it is now clear that for a proper consideration
of incoherent contributions from hydrogenous samples, one
needs to measure them at least up to Q values as reported
here and the angular range should be as high as possible,
otherwise the points of inflection (between 10 and 15 Å−1,
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FIG. 4. (Color online) Measured spin-incoherent (red lines) and coherent (black lines) intensities for five mixtures of light and heavy water.
Light water content (from left to right): 0%, 20%, 40%, 64%, and 100%. Blue lines: sums of the (here, separately measured) coherent and
incoherent intensities, which therefore represent the neutron diffraction signal measurable without polarization analysis. If one wishes to reach
the coherent intensities (black curves) from nonpolarized data, then a large number must be approximated (individual points of the red curves)
and subtracted from another large number (individual points of the blue curves) and the desired result is a small number (individual points
of the black curves). That is, taking the standard (nonpolarized) way, the statistical errors on their own are large enough to render the entire
analysis problematic, not to mention systematic uncertainties in conjunction with estimating the (spin-)incoherent contributions.

see Fig. 1) will be missed; (4) since this takes extra long
experiments (ideally, as we see it now, of the order of several
days on the D3 instrument for just one hydrogenous sample
with 1H only), a very carefully planned list of the “reference”
samples, to be measured by any means, has to be drawn; (5) we
envisage an inevitable boost in developing polarized neutron
instrumentation capable of the experiments described here;
(6) emphasis may still have to be put on the more precise
description of the incoherent background (cf. Fig. 1), so that
the functional form could be applied for correcting data taken
at neutron diffractometers without polarization analysis (as
opposed to measuring more and more samples—there may not
be enough beam time for practicing both kinds of activities
freely). To this end, the incoherent intensities presented
here can provide a rather encouraging initial step towards a
reference set of spin-incoherent backgrounds measured for

materials with varying 1H content, and for molecules of
different chemical behavior.

ACKNOWLEDGMENTS

The authors thank Dr. Werner Schweika (FZ Jülich,
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[17] J. C. Dore, J. H. Clarke, and J. T. Wenzel, Separation of coherent
and spin-incoherent neutron scattering by polarization analysis,
Nucl. Instrum. Methods 138, 317 (1976).

[18] L. Temleitner, L. Pusztai, and W. Schweika, The structure of
liquid water by polarized neutron diffraction and reverse Monte
Carlo modeling, J. Phys. Condens. Matter 19, 335207 (2007).
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