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Polarization analysis was used to separate experimentally the coherent and spin-incoherent nuclear static
scattering functions, from a representative set of samples of interest for protein studies. This method had so
far limited application in the study of amorphous materials, despite the relevance of the information that it
provides. It allows, for instance, the experimental determination of the structure factor of materials
containing a significant amount of hydrogen atoms, avoiding the contamination of measurements by a non-
negligible incoherent background. Knowledge of the relative importance of the coherent and incoherent
terms at different Q-values is also a pre-requisite for the interpretation of quasielastic neutron scattering
experiments, performed at instruments in which the total dynamic scattering function is measured, such as
conventional time-of-flight and backscattering spectrometers. Combining data from different instruments, it
was possible to cover a wide Q-range, from the small-angle region (0.006bQb0.04 Å−1) to the wide-angle
region (up to ≈2.35 Å−1). Quantitative information was obtained on the fraction of coherent to spin-
incoherent scattering from different protein samples: deuterated and protonated protein powders at
different hydration levels and solutions of protonated proteins in D2O at different concentrations. The results
obtained are discussed in the context of the validity of the assumptions generally made when interpreting
quasielastic neutron scattering experiments performed without polarization analysis.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

It is known that the scattering of cold and thermal neutrons by
nuclei depends on the relative orientation of the neutron and
nucleus spins [1–3]. In the case of a sample with randomly oriented
nuclear spins, it can be decomposed into an incoherent nuclear
scattering term and a coherent nuclear scattering term, each of
these terms providing information on different dynamical processes.
The incoherent term contains information exclusively on the so-
called self correlation function (the correlation between the
positions of the same atom at different time instants) and hence
on the dynamics of the individual atoms, whereas the coherent
term also contains information on the so-called pair correlation
function (the correlation between the positions of different atoms at
different time instants) and hence on the collective dynamics, as
well as on the average relative position of the different atoms
(structural information). These two types of dynamical processes
hnische Universität München,

ar).

ll rights reserved.
are intrinsically distinct and give, therefore, rise to distinct neutron
scattering functions [4–6].

Neutron scattering instruments dedicated to dynamical investiga-
tions generally measure the total scattering function, which greatly
hampers the interpretation of the results obtained for samples having
coherent and incoherent scattering terms of similar order of
magnitude. This is unfortunately frequently the case for diffuse
scattering samples, like liquids and soft-matter systems, since they are
largely amorphous, with broad structure factor peaks extending over a
large Q-range, instead of well-defined Bragg peaks.

Polarization analysis has been known to provide the means to
separate experimentally the coherent and spin-incoherent terms of
the neutron scattering function, as coherent neutron scattering events
are scattering events which do not involve a flip of the neutron spin,
whereas only 1/3 of the spin-incoherent neutron scattering events of
a sample with randomly oriented nuclei spins are without spin-flip,
the other 2/3 beingwith spin-flip [7–9]. Isotope incoherent scattering,
which results from the same atomic position being possibly occupied
in different molecules by different isotopes of the same element, also
occurs without neutron spin-flip. Nevertheless, whenever this last
term can be neglected, the separation of the coherent and the
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Table 1
Composition, total coherent and incoherent scattering cross sections, and total
transmission of the protein samples investigated.

Protonated proteins n σcoh/σtot σinc/σtot Trans.
(H→D exchanged) D2O/protein

Haemoglobin
(D920H3452C2818N764O786S12Fe4)
D2O solution 250 mg/ml 11265 0.39 0.61 0.88

Myoglobin
(D274H981C783N214O222S2Fe1)
D-dry powder 0 0.12 0.88 0.88
D-hyd powder 0.35 g/g 313 0.16 0.84 0.88
D-hyd powder 0.74 g/g 648 0.20 0.80 0.87
D2O solution 360 mg/ml 1991 0.32 0.68 0.78
D2O solution 200 mg/ml 4170 0.44 0.56 0.83
D2O solution 100 mg/ml 9071 0.56 0.44 0.88
D2O solution 50 mg/ml 18873 0.66 0.34 0.89
D2O solution 20 mg/ml 48289 0.73 0.27 0.90
D2O solution 10 mg/ml 97290 0.76 0.24 0.90
D2O solution 5 mg/ml 195311 0.77 0.23 0.90
D2O “∞” 0.79 0.21 0.90

Deuterated protein n σcoh/σtot σinc/σtot Trans.
(D→H exchanged) H2O/protein

C-phycocyanin
(H568D1879C1540N423O488S13)
H-dry powder 0 0.35 0.65 0.90
H-hyd powder 0.33 g/g 676 0.17 0.83 0.90

n refers to the number of solvent molecules per protein molecule. Cross sections
fractions calculated taking into account the cross sections for the elements and their
isotopes tabulated by NIST [18]. Transmission values obtained with FRIDA [19] for the
sample amounts in the beam.
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incoherent nuclear scattering processes can be simply achieved using
a polarized incident neutron beam and counting separately the
neutrons scattered with and without spin-flip with regard to the
incident beam polarization.

This method had, however, so far very limited application in the
study of amorphous diffuse scattering materials, probably mainly
due to the technical difficulties related to the intensity costs inherent
to a setup allowing for polarization analysis. The few works
published up to now [10–13] consist mainly of a proof of principle,
which found little or no continuation in the different fields of liquid
and soft condensed matter investigations, despite of the relevance of
the information that can be possibly obtained. Instead, some fields of
research, among which the one dedicated to the study of proteins by
neutron scattering [14], continue to base the interpretation of
dynamical measurements performed at instruments in which the
total scattering function is measured on assumptions such as the one
that the coherent term is negligible. Although systematically invoked
in quasielastic neutron scattering investigations (e.g. [15]), the
validity of this assumption, over the entire Q-range nowadays
accessed by time-of-flight or backscattering instruments, is by no
means evident. On the other hand, in small-angle scattering
investigations, it is the incoherent scattering term that is system-
atically assumed to be flat and negligible over the entire Q-range of
the acquisitions, even though the high-angle limit of these acquisi-
tions has been continuously increasing.

The instrumentation developments of the last decades should
have brought neutron flux values to a level allowing to dispense
these data analysis assumptions and to obtain experimental
information of good statistical quality on the Q-dependent fraction
of coherent to incoherent scattering from diffuse scattering sam-
ples. Here we present results of such attempts performed recently
on different samples of interest to the community studying proteins
by neutron scattering. These are results from static scattering
measurements performed with polarization analysis at two differ-
ent instruments installed at the FRM II neutron facility, MIRA [16]
and DNS [17], and covering a wide Q-range from the small-angle
region (0.006bQb0.04 Å−1), where scattering from a protein
solution is believed to be dominated by the coherent term, to the
wide-angle region (up to Q≈2.35 Å−1) usually explored in
quasielastic neutron scattering measurements under the assump-
tion that it is the incoherent term that dominates. To our know-
ledge, these are the first results of this type to be published on
protein samples.

2. Materials and methods

2.1. Samples

Three proteins have been used in the investigations reported here,
namely protonated horse heart myoglobin and protonated haemo-
globin with their labile hydrogen atoms exchanged by deuterium
atoms and per-deuterated C-phycocyanin with its labile deuterium
atoms exchanged by hydrogen. A full set of samples was then
prepared, consisting of protonated and deuterated protein powder
samples (dry and hydrated), as well as solutions of the protonated
proteins in D2O at different concentrations, ranging from dilute
solutions (5 mg/ml), generally used in small-angle scattering
experiments, to very concentrated solutions (360 mg/ml), covering
the range generally used in time-of-flight or backscattering experi-
ments. The composition, total coherent and incoherent scattering
cross sections, and total transmission of the protein samples
investigated are listed in Table 1.

The preparation of the protein powder samples involved dissolu-
tion of the dialyzed protein powders either in D2O, in the case of
myoglobin and haemoglobin, or in H2O, in the case of C-phycocyanin,
to allow for the exchange of the protein labile hydrogen or deuterium
atoms by the solvent isotopic species. Such a procedure rendered
negligible the only possible source of isotope incoherent scattering in
our samples. In fact, the isotopic composition of the naturally
occurring atomic elements composing the proteins, and the purity
of the solvent employed in the production of a per-deuterated
protein, are such that no isotope incoherent scattering is expected to
come from the protein non-exchangeable atoms [18]. Hence, for this
type of samples, the only possibly relevant source of isotope
incoherent scattering would be a non-complete exchange of the
protein hydrogen or deuterium labile atoms by the solvent isotopic
species (whenever the latter is different from the former), with an
interchangeable mixture of H and D atoms remaining present in the
sample.

After the exchange process, the dry powders were obtained by
freeze-drying. The dryness of the powders was confirmed by further
exposing these dry powders for long periods to high vacuum
conditions, after which no further reduction of their masses was
observed. The hydrated powders were obtained rehydrating the dry
powders by vapour adsorption of D2O or H2O, up to the hydration
levels required. The water content of the samples was determined by
weighing. This was done not only before exposure to the neutron
beam, but also controlled afterwards to exclude the possibility of
dehydration during data acquisition.

The solution samples were obtained dissolving the protonated
protein powders in D2O. In the case of the highest concentration
solutions, the final concentration level was achieved by centrifuga-
tion of a less concentrated solution using centricon filters from
Millipore with a 3 kDa molecular weight cutoff. The concentration of
all the solutions was further controlled by removing and subse-
quently drying small volumes of sample, weighing the resultant
amounts of dry protein.

2.2. Measurements

Experiments covering the Q-range 0.006bQb0.4 Å−1 were per-
formed at the MIRA instrument at the FRM II neutron facility, which
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employs a supermirror for the polarization of the neutron incident
beam [16]. Two alternative instrument configurations with regard to
the polarization analyzer and detection system were used in order
to maximize the signal to background ratio over the angular ranges
of interest. The first setup (setup 1) involved the use of a quartz cell
filled with polarized 3He gas, as analyzer, and a 2D position
sensitive detector, while the second setup (setup 2) involved the
use of a supermirror analyzer and a finger detector of 2.54 cm
circular section. In both cases, a π spin flipper (of efficiency
determined to be ∼1) was introduced before the sample to reverse
the polarization of the λ=9.75 Å incident neutron beam for spin-
flip and non-spin-flip measurements. For setup 1, the total flipping
ratio was decreasing in time, due to the ongoing depolarization of
the 3He gas (R∼12→6, over a period of 24 h), while in the case of
setup 2, the total flipping ratio was determined to be R∼11.5. Setup
1 was used to explore the small-angle region (0.006bQb0.04 Å−1),
with the 2D-detector placed in the forward direction, while setup 2
was found to be the best option to explore the higher angular region
(0.04bQb0.4 Å−1).

Experiments covering the Q-range 0.15bQb2.35 Å−1 were
performed at the DNS instrument of the Jülich Center for Neutron
Science (FZ-J GmbH) now installed at the FRM II neutron facility [17].
It is a compact multi-detector instrument, covering the scattering
angle range 6°b2θb125° and employing focusing supermirrors both
for the polarization of the incident beam, and for the analysis of the
polarization of the scattered neutrons before the detector banks.
Measurements were made in diffraction mode employing λ=4.74 Å
incident neutrons and, once again, a π spin flipper (of efficiency ∼1)
was used before the sample to reverse the polarization of the incident
beam in standard z-polarization analysis mode, measuring the spin-
flip and non-spin-flip scattering intensities. Under the measuring
conditions, the instrument flipping ratio was determined to be R∼25
frommeasurements performed on a vanadium sample (a nearly 100%
spin-incoherent scattering sample in this Q-range).

All samples were studied at room temperature (293 K) either in
plane-parallel quartz cells of 1 mm sample thickness (MIRA), or in
hollow cylinder aluminum containers defining a sample layer
thickness of 0.5 mm (DNS). This choice of sample container geometry
and sample thicknesses allowed for the best exploitation of the
geometries and angular ranges available at each of the instruments,
while keeping the sample transmission high (Table 1), thereby
rendering the effects of multiple scattering negligible [20]. Measure-
ments were also performed, under the same conditions, of pure D2O,
of the empty container, of a “black” sample (absorbing 100% of the
neutrons going through the sample section), and of a vanadium
sample having the same geometry and thickness as the samples.

The average acquisition time required for a good quality sample
measurement at DNS was of about 6 h, for a ≈10% scattering sample
(see Table 1). This corresponded to ≈500 mg of protein being placed
in the beam for each of the protonated protein powder samples, as
well as for the hydrated powder of the deuterated protein, and to the
double of that amount in the case of the dry deuterated powder. In the
case of the liquid samples, the volume investigated at DNS was in all
cases 2.5 ml.
2.3. Data-reduction and analysis

The one dimensional non-spin-flip (NSF) and spin-flip (SF)
scattered intensities were obtained either by radial averaging the 2D
scattering rings detected at setup 1 of MIRA, or directly as detector
counts versus detector angular position for setup 2 of MIRA and for
DNS. These intensities were then normalized to the monitor counts
and the sample signals, INSFm(Q) and ISFm(Q), were obtained by
subtraction of the empty can and black sample signals taking into
account the appropriate self-absorption corrections [19,21,22].
Intensities were then corrected for the finite instrument flipping
ratio R [23]:

INSFc Qð Þ = INSFm Qð Þ + 1
R − 1

INSFm Qð Þ− ISFm Qð Þð Þ

ISFc Qð Þ = ISFm Qð Þ + 1
R − 1

ISFm Qð Þ− INSFm Qð Þð Þ

8>><
>>:

ð1Þ

after which the coherent and incoherent terms were obtained:

Icoh Qð Þ = INSFc Qð Þ− 1
2
ISFc Qð Þ

Iinc Qð Þ = 3
2
ISFc Qð Þ

:

8>><
>>:

ð2Þ

The last step, taken in the case of the DNS data, was to use the
incoherent scattering term as an internal calibration factor to
normalize the coherent term [24]. Hence, calculating α as:

α =
Icoh Qð Þ
Iinc Qð Þ ð3Þ

the coherent and incoherent terms of the scattering function were
obtained as:

Scoh Qð Þ = σ inc

σ tot
α

Sinc Qð Þ = σ inc

σ tot

8>><
>>:

ð4Þ

and the Q-dependent fractions of coherent and incoherent scattering
events as:

Scoh Qð Þ
Stot Qð Þ =

α
1 + α

Sinc Qð Þ
Stot Qð Þ =

1
1 + α

:

8>>><
>>>:

ð5Þ

Such a procedure has the further advantages of cancelling, through
α, any other possible instrumental effects (detector dependent
efficiency, geometrical factors, etc.) not previously accounted for, as
well as of cancelling the Debye–Waller factor and accounting for the
inelasticity corrections, all of these affecting in a similar way the spin-
flip and non spin-flip scattered intensities.

3. Results and discussion

Fig. 1 illustrates, for some of the protein solutions investigated,
how polarization analysis allowed the successful separation of the
coherent and incoherent terms of the static structure factors, over the
different Q-ranges accessed by the different instrumental setups used.
In all three situations, the incoherent term appears, as expected, as a
flat featureless term, while the coherent term changes significantly
with Q, exhibiting the expected behavior both in the small-angle
region (a), where a fast decay with Q is observed, as well as in the
intermediate (b) to wide-angle (c) regions, where coherent peaks,
related to either the protein–protein distances within the solution (at
about 0.10–0.15 Å−1), or to typical intramolecular helix–helix
distances within the protein (around 0.7 Å−1) and to the solvent–
solvent characteristic distances (around 2.0 Å−1) are clearly visible.

These results also demonstrate, for these solutions, the clear
predominance of a coherent term which is at least one order of
magnitude more intense than the incoherent term in the small-angle
scattering region (Fig. 1a). For higher Q-values the decaying coherent
intensities become of the same order of magnitude as the incoherent
term, with a crossover from mainly coherent to mainly incoherent
scattering around 0.25–0.30 Å−1 (Fig. 1b, c). The situation of a clear



Fig. 1. Coherent and incoherent scattering intensities obtained over different intensity
and Q-ranges using three different instrument setups: (a) setup 1 at MIRA: small-angle
scattering region (0.006bQb0.04 Å−1); (b) setup 2 at MIRA: intermediate scattering
region (0.04bQb0.4 Å−1); (c) DNS: intermediate to wide-angle scattering region
(0.15bQb2.35 Å−1).
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predominance of the incoherent term is, however, never observed, the
two terms playing alternating roles for QN0.3 Å−1 due to the
oscillations of the structure factor (Fig. 1c).

In the following, detailed attention will be given to the region
0.15bQb2.35 Å−1, for which data of good statistical quality were
obtained at the DNS instrument (Fig. 1c), and where, as will be seen,
for most of the samples the coherent term comes underneath the
incoherent term, while still exhibiting significant oscillations. This is
also the Q-range usually accessed by time-of-flight and backscattering
spectrometers, the results being therefore relevant for the interpreta-
tion of many of the information on protein and protein hydration
water dynamics obtained at such instruments.
3.1. Powders and solutions of protonated myoglobin in D2O

Fig. 2 depicts the results obtained for the myoglobin powders
investigated, while Fig. 3 exhibits the same information for three of
the solutions of myoglobin in D2O investigated, with concentrations
ranging from5mg/ml to 360mg/ml (see Table 1). These comprise the
coherent structure factors, displayed on the left-hand side of the
figures (a), as well as the Q-dependent fractions of coherent and
incoherent scattering events, displayed on the right-hand side of the
figures (b), corresponding to the three quantities defined by
expressions (4) and (5) presented above.

The coherent structure factors (a) exhibit maxima and minima
consistent with the results previously obtained for amorphous
myoglobin samples from diffraction experiments performed without
polarization analysis [25]. In the case of the dry myoglobin powder,
three interference maxima (at 0.23 Å−1, 0.65 Å−1 and 1.4 Å−1)
corresponding to characteristic inter and intra protein distances [26]
can be clearly distinguished, even though the coherent term
represents only between 10% and 20% of the total scattering over
this Q-range. For the hydrated powders, an intensity increase in the
small-angle region is observed, as a result of the formation of a layer
of D2O molecules around the protein which has a scattering length
considerably distinct from that of the protein, therefore enhancing
the contrast between the protein and its environment. Differences
with regard to the dry powder are also observed in the region 1.5–
2.3 Å−1 due to the existence of new positional correlations between
the solvent molecules and the protein outer atoms, as well as
between the solvent molecules themselves. These latter positional
correlations give raise, in the bulk solvent [27,28], to a broad
peak around 2.0 Å−1 which becomes of increasing importance as
the protein concentration decreases when going from the powders
(Fig. 2a) to the protein solutions (Fig. 3a).

As for the Q-dependent fractions of coherent and incoherent
scattering events, displayed on the right-hand side (b), the impor-
tance of the contributions oscillates, as expected, around the tabulated
σcoh/σtot and σinc/σtot values (listed in Table 1). These oscillations
increase in amplitude with increasing D2O content of the samples due
to the increase in coherent scattering cross section. For the dry
powder, the percentage of incoherent scattering events varies only
between 79% and 91% of the total scattering over the entire Q-range
investigated, whereas for the hydrated powders bigger changes are
observed, specially for Qb0.35 Å−1 (Fig. 2b). It is particularly
noteworthy that for the powder of 0.74 g/g hydration the scattering
is even predominantly coherent for any Q-value below 0.28 Å−1, the
percentage of coherent scattering events reaching a level as high as
80% already at Q=0.18 Å−1. Nevertheless, for QN0.35 Å−1, the
fractions of coherent and incoherent scattering events still follow
the tabulated values σcoh/σtot and σinc/σtot, with only relatively small
oscillations: namely, the percentage of incoherent scattering events
varies between 88% and 80% of the total scattering for the 0.34 g/g
hydrated sample and between 85% and 72% for the 0.74 g/g hydrated
sample over the Q-range investigated.

Bigger variations are observed for the aqueous solutions (Fig. 3b),
for which a first crossover from mainly coherent to mainly
incoherent scattering is observed in the small-angle region at Q-values
between 0.18 and 0.26 Å−1, depending on the protein concentration.
A second crossover, this time from mainly incoherent to mainly
coherent, is then also observed for all the solutions investigated
with the exception of the most concentrated solution (Fig. 3a, top),
at Q-values between 1.1 and 1.7 Å−1 depending on the protein
concentration, due to the rising solvent structure factor peak.
Conversely, in the intermediate Q-range the percentage of incoherent
scattering events supersedes the tabulated σinc/σtot values, reaching
levels of about 80% in the case of the 360 mg/ml solution, 70% in the
case of the 100 mg/ml solution and 60% in the case of the most
diluted solution.



Fig. 2. (a) Coherent structure factors and (b) Q-dependent fractions of coherent and incoherent scattering events extracted from the DNS data onmyoglobin powders at different D2O
hydration levels (see Table 1). The straight horizontal lines in (a) represent for each sample the value σcoh/σtot presented in Table 1.
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3.2. Powders of per-deuterated C-phycocyanin

Fig. 4 depicts the results, coherent structure factors (a) and
Q-dependent fractions of coherent and incoherent scattering events
(b), obtained for powders of per-deuterated C-phycocyanin (see
Table 1).
Fig. 3. (a) Coherent structure factors and (b) Q-dependent fractions of coherent and incoh
myoglobin in D2O. The straight horizontal lines in (a) represent for each sample the value σ
Themaxima andminima observed in the structure factor of the dry
sample (Fig. 4a, top), have bigger amplitude than the ones observed
for the dry myoglobin sample due to the higher coherent scattering
power of the per-deuterated sample (Table 1). These maxima and
minima are consistent with previous results of structural investiga-
tions on amorphous per-deuterated C-phycocyanin [29]. As for the
erent scattering events extracted from the DNS data on three exemplary solutions of
coh/σtot presented in Table 1.



Fig. 4. (a) Coherent structure factors and (b) Q-dependent fractions of coherent and incoherent scattering events extracted from the DNS data on the deuterated C-phycocyanin
powders. The straight horizontal lines in (a) represent for each sample the value σcoh/σtot presented in Table 1.
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structure factor of the hydrated powder, a significant reduction in the
amplitude of the coherent oscillations above 0.60 Å−1 is observed, due
to the overall reduction in the coherent scattering power of the
sample. At the same time, an increase of coherent scattering is
observed below 0.60 Å−1 due to the formation of a hydration layer of
H2O molecules around the protein of scattering power significantly
different from that of the protein.

Concerning the Q-dependent fractions of coherent and incoher-
ent scattering events, displayed in Fig. 4b, three aspects are worth
mentioning: First, the dry powder scatters mainly incoherently over
the entire Q-range investigated, with the incoherent term repre-
senting between 55% and 77% of the scattering, depending on the
particular Q-value considered (Fig. 4b, top). This implies that
quasielastic neutron scattering experiments performed on such a
sample access simultaneously self-diffusion of the protein labile
hydrogen atoms, as well as collective dynamics of the protein atoms.

Second, the hydrated powder also scatters mainly incoherently
above a certain Q-value, the fraction of incoherent scattering
events following the expected σinc/σtot value, with some oscillations
that may be considered of small amplitude (the fraction of
incoherent scattering varying between 88% and 80% of the signal for
QN0.60 Å−1 — Fig. 4b, bottom). It should be noted, however, that only
about 70% of the incoherent scattering will originate from the
hydrogen atoms in the hydration layer of the protein, the remaining
30% originating from the labile hydrogen atoms present in the protein
(as can be easily seen from the sample atomic composition presented
in Table 1). This implies that, in fact, only about 55–60% of the total
scattering from this sample will actually represent incoherent
scattering from the hydration layer of the protein. Great caution
should, therefore, be exercised when interpreting the results from
dynamic neutron scattering experiments on such samples, as the
scattering signal will contain information on at least three distinct
dynamical processes: self-diffusion of the hydration water molecules,
single particle fluctuations of the labile atoms of the protein and the
collective dynamics of the other protein atoms.

Third, for the hydrated sample and forQ-values below0.60 Å−1, the
coherent termwill increasingly dominate the scattering signalwith the
crossover from mainly incoherent scattering to mainly coherent
scattering occurring at 0.30 Å−1, the coherent term even reaching a
level of 87%of the signal at 0.16Å−1 (Fig. 4b, bottom). A change froman
80% coherent scatterer at 0.20 Å−1 to an 80% incoherent scatterer at
0.60 Å−1, must necessarily be taken into account for the proper
interpretation of any dynamic neutron scattering results collected over
this Q-range, especially if Q-dependent effects are considered.
4. Conclusions

Polarization analysis was successfully used to separate experi-
mentally the coherent and incoherent contributions to the static
scattering functions of different protein samples, over a wide range
of Q-values extending from the small-angle region (0.006bQb0.04
Å−1) to the intermediate and wide-angle regions (up to 2.35 Å−1).
Thereby, not only coherent structure factors have been directly
obtained from the experiment over a Q-region where significant
incoherent backgrounds are already present, but also quantitative
information was obtained on the Q-dependent fraction of coherent
to incoherent scattering, over the Q-region usually accessible
on backscattering and time-of-flight instruments. This latter infor-
mation is of special relevance to the community investigating
protein and protein hydration water dynamics by quasielastic
neutron scattering methods, as it provides a means for a more
accurate interpretation of the results obtained at instruments
measuring the total dynamic scattering function.

The results obtained show, for all the samples investigated, that
even though for Q-values higher than 0.20–0.30 Å−1 the coherent
scattering term does fall below the incoherent term, the situation of a
clear predominance of the incoherent term over the coherent term, to
the extent that the latter can be neglected, is never observed. The two
terms even alternate roles at higher Q-values in the case of the
aqueous solutions investigated.

The Q-dependent fractions of coherent and incoherent scattering
oscillate around the values given by σcoh/σtot and σinc/σtot with
amplitudes that increase with the value of σcoh/σtot. Hence, whereas
for some samples (say with σcoh/σtot ≤0.20) and for Q-values
higher than a certain threshold (determined to be 0.35 Å−1 in the
case of the protonated myoglobin samples and 0.60 Å−1 in the case
of the per-deuterated C-phycocyanin samples), it might still be
possible to assume that the total scattering signal is composed by a
fairly Q-independent mixture of coherent and incoherent scattering
(of fractions given by σcoh/σtot and σinc/σtot), for other samples of
higher coherent scattering power this assumption no longer holds,
with the Q-dependent fractions of coherent and incoherent scatter-
ing changing significantly over the entire Q-range investigated. Such
an assumption also does not hold for Q-values below the mentioned
thresholds, since there the coherent scattering will increasingly
dominate with decreasing Q-values.

Hence any interpretation of the results of dynamic neutron
scattering experiments performed exploring the Q-values above
0.05 Å−1 should bear in mind that a mixture of coherent and
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incoherent scattering is being observed, as well as the possible
variation of importance of the two contributions, whenever
Q-dependent effects are being analyzed. As an example, we would
like to mention the crossover from predominantly incoherent
scattering to predominantly coherent scattering observed for many
protein samples when Q-decreases below ≈0.30 Å−1. This crossover
should provide an interesting means for the analysis of the transition
from a scattering function dominated by self-diffusion to a scattering
function dominated by collective diffusion. On the other hand,
ignoring the presence of this transition and analyzing the data in
this Q-range assuming being in the presence of just incoherent
scattering, would probably lead to incorrect interpretations of the
Q-dependent effects observed.

At last we would like to mention, that a natural step forward from
these investigations would be to perform directly quasielastic
scattering experiments with polarization analysis. This would allow
to experimentally determine, at the same Q-value, the differences
between self and collective dynamics. It should also be emphasized
that the measurements discussed in this paper are static scattering
measurements. Hence the results obtained represent the proportions
of coherent and incoherent scattering at t=0 (at the starting point of
the intermediate scattering function). How these proportions may
vary in the time domain depends on the coherent and incoherent
relaxation processes at the origin of the quasielastic scattering signal
and how different their characteristic times may be. Also for this
reason quasielastic measurements with polarization analysis would
be of great interest.
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