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Abstract: Molecular Dynamics simulations study material structure and dynamics at the atomic
level. X-ray and neutron scattering experiments probe exactly the same time- and length scales as
the simulations. In order to benchmark simulations against measured scattering data, a program is
required that computes scattering patterns from simulations with good single-core performance and
support for parallelization. In this work, the existing program Sassena is used as a potent solution to
this requirement for a range of scattering methods, covering pico- to nanosecond dynamics, as well
as the structure from some Ångströms to hundreds of nanometers. In the case of nanometer-level
structures, the finite size of the simulation box, which is referred to as the finite size effect, has to
be factored into the computations for which a method is described and implemented into Sassena.
Additionally, the single-core and parallelization performance of Sassena is investigated, and several
improvements are introduced.

Keywords: neutron scattering; X-ray scattering; quasielastic neutron scattering; wide-angle diffraction;
small-angle scattering; molecular dynamics simulation; finite-size effect; Sassena

1. Introduction

The purpose of this work is to show that neutron and X-ray scattering experiments are
potent tools for the validation of atomistic simulations. The fundamental idea behind this
is that scattering techniques probe the atomic structure and dynamics on relevant scales,
both in time and in space [1,2]—the scattering curves can be directly computed from the
time-dependent positions of the nuclei in the simulation. This contribution focuses on a
fast and reliable method of this computation, opening up the opportunity for the validation
of force fields or even fitting the force field parameters.

Two techniques lend themselves particularly well to be used for atomistic simulations:
Monte Carlo (MC) [3,4] and Molecular Dynamics (MD) [5,6]. While MC simulations
can only capture the structure of a sample, MD simulations give access to structure and
dynamics [7]. Both techniques are used to explore representative states of the system,
which are often determined by interatomic potentials (the force field). The closeness of
the simulation to reality has been gauged in a range of works by comparing the scattering
curves computed from the simulations to experimental scattering data (e.g., [8–14]). If the
solvent is not modeled explicitly in a solute/solvent-type system, the calculation of the
corresponding scattering curves has to pay special attention to the non-uniform density of
the solvent close to the solute [15–17].

Attempts were also made to optimize this agreement. Among several attempts, par-
ticularly notable ones are the Monte Carlo-based Reverse Monte Carlo (RMC) [6,18] and

Int. J. Mol. Sci. 2024, 25, 1547. https://doi.org/10.3390/ijms25031547 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms25031547
https://doi.org/10.3390/ijms25031547
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-4049-4060
https://orcid.org/0000-0003-0995-7602
https://orcid.org/0000-0002-9815-909X
https://doi.org/10.3390/ijms25031547
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms25031547?type=check_update&version=1


Int. J. Mol. Sci. 2024, 25, 1547 2 of 27

Empirical Potential Structure Refinement (EPSR) [19] for amorphous materials, as well as
RMCProfile [20] for polycrystalline materials. Approaches using Molecular Dynamics sim-
ulations have been applied to nanometer-sized objects [21,22], liquids in porous media [23],
and polymers [24], to name a few.

Such a fit of the simulation to the scattering data necessitates the repeated computation
of the MD trajectory and scattering patterns, namely at each iteration of the optimization
algorithm with updated potentials. Speed and energy efficiency are therefore essential for
the involved programs, also in view of sustainable operation [25]. In recent years, hardware
development saw a leveling off of the processor clock speed with more and more cores
embedded in one processor [26]. In order to use this hardware at full capacity, programs
need to support parallelization [27].

For the MD simulation itself, programs like LAMMPS [28] or GROMACS [29] ensure
this and make it possible to simulate billions of atoms [30] and times up to the range of
microseconds [31,32] with a supercomputer. With this increase in the number of atoms
and time steps, it is of prime importance to optimize the software to convert trajectories to
scattering patterns as much as possible. The most pertinent software options are currently
nMoldyn [33,34], MDANSE [35,36], LiquidLib [37,38], and Sassena [39–42]. The require-
ment for speed restricts the choice to the latter two [43], and if not only amorphous systems
are to be studied, only Sassena remains. In contrast to Sassena, LiquidLib and MDANSE
can also calculate other quantities from the simulations, but there are also many other
software options like VMD [44,45], MDAnalysis [46,47], TRAVIS [48,49], or viamd [50]
for this purpose. The focus of this work is therefore the calculation of neutron and X-ray
scattering patterns using and enhancing Sassena.

Even Sassena would take an estimated 25 years to compute the diffractogram of a
billion atoms simulation on one core. Therefore, a rather technical enhancement described
in this contribution concerns the careful use of parallelization on different levels of the
program, which results in a significant speed improvement.

A more fundamental issue is related to the finite size of the simulation box: In the
real world experiment, the “box” is virtually infinitely large, and its shape will therefore
not cause any measurable scattering signal. Due to the aforementioned computational
limitations, the actual simulation boxes are preferably as small as need be, which leads to
a very pronounced spurious signal in the small-angle region of the computed scattering
curve due to a finite size effect [51–54]. It complicates the comparison with the experimental
data. This spurious signal was removed in an innovative way: while the existing solution
for this task, which will be referred to as r-clean, distorts the wide-angle region of diffraction
patterns after removing the spurious signal from the small-angle region, our new method
Q-clean does not introduce any distortions.

In this work, we will demonstrate the capabilities of Sassena [42] by computing
the relevant quantities for the investigation of dynamics at the atomic level, and for the
investigation of structure at the atomic and nanometer levels with several examples. Fast
calculations are ensured by optimized single-core and multi-core performance.

2. Results

We aim to use Sassena for the computation of scattering curves from all kinds of
classical MD simulations and benchmark them against experimental scattering data. Some
representative examples of benchmarking the molecular structure and dynamics are shown
in this section, namely (a) pure water, exhibiting dynamics at the atomic level; (b) mixtures
of normal and heavy water, exhibiting structure at the atomic level but homogeneity at the
nanoscopic scale; (c) a thought experiment of a spherical solute in solvent as a toy example
of a well-defined structure at the nanometer level; and (d) the protein lysozyme in water as
a real-world case of a nanometer-sized object.

In order to ensure the fast computation speed of Sassena, the impact of the most im-
portant parameters on the computation times is investigated, and several optimizations are
included in Sassena to boost its single-core and parallelization (or multi-core) performance.
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2.1. Atomistic Dynamics as Seen by the Incoherent Intermediate Scattering Function

The dynamics, i.e., the motions in a sample, can be determined by measuring the
transfer of kinetic energy between sample atoms and the probe in a spectroscopic experiment:
the scattered X-ray/neutron intensity is recorded as a function of the momentum transfer
or scattering vector ~Q, after orientational averaging, simply its absolute value Q, and the
energy transfer h̄ω, or equivalently its Fourier-partner correlation time τ. Without being a
substitute for the Fourier transform needed to switch between real and reciprocal space, a
useful rule of thumb is that the scattering data at a given Q are mainly sensitive to distances
on the order of r∼2π/Q. Similarly, the time scale in picoseconds of processes causing an
energy transfer h̄ω in meV can be estimated to be τ∼0.658 · 2π/(h̄ω), where the factor 0.658
is due to the unit conversions. The pico- to nanosecond time range relevant to classical
atomistic MD simulations tends to be a forte of neutron scattering. In order to compare the
simulations to scattering data, intermediate scattering functions I(Q, τ) were calculated
from the simulated trajectories as shown in Figure 1.
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Figure 1. Incoherent intermediate scattering function of H2O at 293 K for a range of selected Q values.
Shown are the experimental results reconstructed from the literature [55] as detailed in Appendix D
together with the result of an MD simulation of the TIP3P/flexible water model. The scattering
function was calculated with both Sassena and LiquidLib. As LiquidLib restricts the choice of Q
values, the available values closest to the Sassena values were selected.

In the naming convention used in this contribution, X-rays are only scattered coherently,
while neutrons can also be scattered incoherently—terms that will be connected to formulas
below. Atoms of different elements—in the case of neutrons, even different isotopes—scatter
differently, which is quantified by a scattering strength factor f (Q). For neutrons, f coh,neutron

and f inc,neutron are Q-independent constants bcoh and binc, named the scattering length. In
the case of X-rays, the atomic form factor f coh,xray(Q) is usually approximated by a sum of
Gaussians. The values of the neutron scattering lengths are tabulated [56] as are the coefficients
of the Gaussians that make up the X-ray atomic form factor [57].

While Sassena can calculate the coherent and incoherent intermediate scattering func-
tion as discussed in Appendix A, this section will concentrate on the incoherent intermediate
scattering function because, in the example of water, the hydrogen causes so much inco-
herent scattering that the whole measured signal can be approximated as pure incoherent
scattering [58]. Since incoherent scattering does not require the preservation of the structure,
the output trajectory from the MD simulation is saved in the unwrapped format, where
atoms are allowed to move to their periodic images. This prevents any sudden jumps of
atoms due to periodic boundary conditions. Details about the simulation of the system
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are described in Appendix B. The incoherent intermediate scattering function Iinc(Q, τ),
calculated from the output trajectory, is

Iinc(Q, τ) =

〈
N

∑
j=1

∣∣∣binc
j

∣∣∣2 exp
[
i~Q ·

(
~Rj(t + τ)− ~Rj(t)

)]〉
t,Ω

, (1)

where τ is the correlation time, binc
n the incoherent neutron scattering length of the nth

atom, ~Rn(t) is the position vector of the nth atom at time t (i.e., the trajectory obtained
from the MD simulation), and 〈· · · 〉t,Ω denotes an average over time t and orientation Ω.
The Iinc(Q, τ), calculated by Sassena, is normalized to Inorm(Q, τ) as per the normalization
procedure described in Appendix C.

Inorm(Q, τ) was also calculated with LiquidLib with the same input trajectories as in
the calculation with Sassena. The normalization is implicit within LiquidLib. However, the

Q values allowed to be used in LiquidLib are 2π/L ·
√

n2
1 + n2

2 + n2
3 with the simulation

box length L and non-negative integers {ni}. Due to this restriction, the Q values used by
LiquidLib do not match the values used by Sassena exactly. In order to compare LiquidLib
and Sassena, the values that are closest to the selected round Q values are used. The
average over reference time t cannot be carried out due to some interdependence between
input parameters.

The incoherent intermediate scattering function Inorm(Q, τ) is related to the self-
diffusion coefficient [59,60], and shows how strongly the positions of the atoms with a time
τ between them are correlated with each other. Since for τ = 0 no structural changes can
happen, the system is perfectly correlated to the reference, so Inorm(Q, τ) always starts
from 1. If long-range motions are present in the sample, the correlation will be completely
lost over time, and the intermediate scattering function decays to 0 because it finds no
correlation any more. The speed of this correlation decay depends on the length scale under
investigation: the larger the length scale (hence the lower the Q), the longer the atoms need
to cover the distance, and correspondingly, the slower the decay.

Figure 1 shows the neutron incoherent intermediate scattering function of H2O. The
scattering patterns, calculated by Sassena and LiquidLib, are compared to data recon-
structed from the literature [55] as described in Appendix D. It can be seen that the correla-
tions decay exactly in the ranges of τ and Q probed by the simulation and the scattering
experiment. The Inorm(Q, τ), calculated by Sassena and LiquidLib, is qualitatively similar
to its experimental counterpart but decays faster for all Q values. The slight mismatch
at lower Q values between the Inorm(Q, τ), calculated by LiquidLib and Sassena (clearly

visible around Q = 0.1 Å
−1

), is in agreement with the general behavior of Inorm(Q, τ),
showing a faster decay with larger Q. The higher noise of the LiquidLib result (still far
below the scatter of typical experimental data) could certainly be improved by averaging
over reference time t.

2.2. Structure as Seen by Diffraction

The structure can be determined by diffraction experiments, where the scattered X-
ray/neutron intensity or diffractogram is recorded as a function of momentum transfer
only. The typically probed length scales range from some Ångströms to hundreds of
nanometers. It is customary to distinguish between two regimes: wide-angle scattering

(Q & 1 Å
−1

, correspondingly mainly sensitive to distances r . 6 Å) and small-angle

scattering (Q� 1 Å
−1

, correspondingly mainly sensitive to distances r � 6 Å). Since the
small-angle scattering signal’s sensitivity is limited to large structures, where always many
atoms contribute, a useful concept for small-angle scattering is the local scattering length
density (SLD, ρ), which is the product of the average scattering length of a group of atoms
with their local number density. It is similar in concept to the refractive index in optics [61].
Small-angle scattering will only be caused if there is a contrast, i.e., a difference in SLD,
between two regions in the sample. To compare the simulations to these experiments, the
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scattering function S(Q) is calculated from the atomic coordinates obtained from the MD
simulation, which can be expressed as

S(Q) =

〈
N

∑
j=1

N

∑
k=1

bcoh,†
j bcoh

k exp
[
i~Q ·

(
~Rj(t)− ~Rk(t)

)]〉
t,Ω

, (2)

where bcoh
n is the coherent scattering length for the nth atom and † denotes the complex

conjugate. This can be equivalently formulated using the fact that the scattered intensity is
the absolute value squared of the scattering amplitude F(~Q)

S(Q) =

〈∣∣∣F(~Q)
∣∣∣2〉

t,Ω
=

〈∣∣∣∣∣ N

∑
j=1

bcoh
j ei~Q·~Rj(t)

∣∣∣∣∣
2〉

t,Ω

. (3)

The computation results are put on an absolute scale by the normalization procedures
described in Appendix C to obtain a diffractogram D(Q).

A naïve calculation of diffractograms from an MD trajectory exhibits a spurious
small-angle scattering signal caused by a finite size effect arising from the finite size of
the simulation box [52,53]. It appears due to the difference in sample size between an
experiment and its corresponding simulation as visualized in Figure 2. In an experiment,
the size of the container of the solvent is many orders of magnitude larger than the solute,
which is in the nanometer size range. Therefore, the experimental small-angle scattering
data show the size and shape of the solute only. For computational efficiency, the size of
a simulation box is preferably slightly larger but comparable to the solute; it is therefore
no surprise that the discontinuity of density at the edges of the box introduces scattering
features in a Q range similar to that where the solute itself scatters.

Figure 2. (Left): the solute immersed in a solvent during an experiment, where the boundary of
the solvent is far away from the solute. The representative region that would be considered for a
simulation is shown as a dashed box. (Right): a solute immersed in a solvent during the simulation.
There is a finite simulation box beyond which there is no solvent, which causes a spurious small-angle
scattering signal in the computed scattering curve that is not present in the experimental data due to
the much larger sample size.

One straightforward way to remove this artifact is to use a bigger simulation box
because that would push the spurious signal to a region of smaller Q values. However, this
approach comes at the cost of even greater computation times. Therefore, two methods to
remove this artifact, without increasing the box size, are presented in the following: one,
denoted here as r-clean (Section 2.2.1), was already implemented in the original version of
Sassena. This method solves the problems in the small-angle region but simultaneously
results in a wrong wide-angle diffraction pattern. An alternative is the Q-clean method that
we present here for the first time in Section 2.2.2, which does not suffer from this problem
as will be demonstrated in several examples in Section 2.2.3.

2.2.1. r-Clean: Subtracting the Average Scattering Length Density of the Solvent from the
Scattering Lengths to Remove the Contrast between the Simulation Box and
Surrounding Vacuum

This method is based on the fact that, while wide-angle scattering is determined by the
scattering lengths of individual atoms, small-angle scattering is only caused by variations
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in the scattering length density. Therefore, a computation of the small-angle diffraction
pattern shows not only the features due to the contrast between the solute and solvent
but also the features caused by the contrast between the simulation box and the vacuum
around it. The r-clean method sketched in Figure 3 operates in the real space, subtracting
a suitable value from the scattering lengths of all the atoms within the simulation so that
the average scattering length density of the solvent becomes zero. As a result, there is no
contrast anymore between the solvent in the box and the vacuum—the spurious small-angle
scattering signal disappears.

10
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0 0 10
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0 10
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square of 
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Figure 3. Schematic of the r-clean method, where a suitable scattering length is subtracted from each
and every atom to remove the contrast between the solvent and the vacuum around it. As a result of
this subtraction, the scattering lengths of the sample atoms are changed to contrast with respect to
the solvent.

For this procedure to work, the SLD of the solvent has to be calculated from the
scattering lengths—and the to-be-subtracted SLD has to be converted back to scattering
lengths that will then be deducted from those of the atoms. In Sassena, the average SLD of
the solvent ρsol is computed by considering atoms as spheres with a radius equal to their
tabulated van der Waals radius [62] to be

ρsol =
Nsol

∑
n=1

bcoh
n

/
Nsol

∑
n=1

VvdW
n , (4)

where Nsol is the total number of solvent atoms in the system, bcoh
n is the coherent scattering

length of the nth atom, and VvdW
n = 4

3 π(rvdW
n )3 is the van der Waals volume depending

on the van der Waals radius rvdW
n of the nth atom. The same relation is used to obtain a

scattering length back from this SLD for each atom in the system so that the corresponding
scattering function Sr-clean(Q) is then calculated as

Sr-clean(Q) =

〈
N

∑
j=1

N

∑
k=1

(
bcoh

j − ρsol ·VvdW,j

)(
bcoh

k − ρsol ·VvdW,k

)
ei~Q·(~Rj(t)−~Rk(t))

〉
t,Ω

. (5)

The drawback of this approach is that the wide-angle scattering pattern will be com-
pletely distorted. This can be understood in the rather extreme case of Figure 3, where the
solvent is completely masked, and no solvent-solvent correlations will be visible anymore
in the wide-angle scattering pattern. In general, scattering signals will not simply disap-
pear, but a wrong scattering pattern (namely one belonging to a substance with completely
different scattering lengths) will emerge as will be shown in an example in Section 2.2.3.



Int. J. Mol. Sci. 2024, 25, 1547 7 of 27

2.2.2. Q-Clean: Subtracting the Scattering Amplitude of the Simulation Box in
Reciprocal Space

We introduce here a new method that allows dealing with the finite size effect without
introducing artifacts in the wide-angle scattering region that will be called Q-clean. As
summarized in Figure 4, the scattering amplitude Ftot(~Q) of the whole system is calculated
as in the naïve approach. Before converting the amplitude to a scattering intensity and
performing the orientational average, the scattering amplitude of a cuboid with the same
size as the simulation box and a homogeneous SLD is subtracted. This theoretical cuboid
has no atomic structure; it therefore creates no wide-angle scattering at all. When using the
average SLD of the solvent ρsol for this cuboid, only the small-angle scattering of the solute
is visible after subtraction.
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Figure 4. Schematic diagram of the Q-clean algorithm. In this method, the scattering from a continu-
ous medium is subtracted from the scattering of the whole system. The subtraction is accomplished
by the following steps: Fourier transform of the whole system and the continuous medium to be
subtracted, subtraction of complex numbers obtained from the Fourier transforms, and modulus
square of the resultant complex number.

The scattering amplitude of the total system, i.e., solute and solvent, Ftot(~Q) (not the
scattering intensity S(~Q)) was calculated as specified in Equation (3), as was the scattering
amplitude of a homogeneously filled cuboid:

Fsol(~Q) = ei~Q·~Rbox-centre ·
∫∫∫

V
ρsole

i~Q·~RdV

= ei~Q·~Rbox-centre · ρsol · abc · sinc(Qxa/2) sinc(Qyb/2) sinc(Qzc/2) ,
(6)

where ~Rbox-center is the position vector of the center of the simulation box, ~Q is the scattering
vector with Cartesian components (Qx, Qy, Qz), ~R is the position vector, and V is the
volume domain of the cuboid with side lengths a, b, and c. The corresponding scattering
function is then

SQ-clean(Q) =

〈∣∣∣Ftot(~Q)− Fsol(~Q)
∣∣∣2〉

t,Ω
. (7)

This procedure removes the scattering signal caused by the contrast between the SLD
of the simulation box and the vacuum around it. What remains is the small-angle scattering
signal of the simulation box content, i.e., the contrast between solute and solvent, and
the wide-angle scattering signal of all atoms in the simulated system. The intensity ratio
between these two regimes is therefore governed by the ratio between the number of solute
and solvent molecules—it assumes that the concentration of the solute in the simulated
volume is the same as in the experiment.
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2.2.3. Calculation of Example Diffractograms

The application of the r-clean and Q-clean methods in Sassena in comparison to the
naïve approach in Sassena and LiquidLib is demonstrated in this section. Since neutrons
can distinguish between isotopes, different mixtures of normal water and heavy water,
named H2O, D2O, HDO, and the null mixture (cf. Table 1), were considered for this purpose.
The mixing ratio of the null mixture is chosen such that the average scattering length of
hydrogen/deuterium is zero and therefore only oxygen–oxygen correlations determine the
scattering signal.

Table 1. The isotopic composition of the water mixtures used in this contribution. In the null sample,
scattering from hydrogen and deuterium cancel each other completely. The values given for the
scattering length density (SLD) include the contribution by oxygen. It was calculated using the
density of H2O at 300 K taken from the CRC handbook [63] and assuming a constant atomic number
density across all isotopologues.

Name of Sample Mole Fraction of
H2O avg. bcoh

H [fm] SLD [10−5Å−2]

D2O 0.00 6.671 0.6380
HDO 0.50 1.466 0.2912
null 0.64 0.000 0.1934
H2O 1.00 −3.739 −0.0559

Unlike the incoherent intermediate scattering function, calculations related to diffrac-
tograms require the preservation of structure (i.e., correct density and interatomic distance)
in the trajectory. Therefore, output trajectories were saved in wrapped format, which restricts
the coordinates to within a central periodic image. The unrealistic jumps of atoms around
the periodic boundary, enforced due to wrapping, are not a source of any error for structure
investigation. The small-angle and wide-angle diffraction patterns were calculated from
simulated trajectories using naïve, r-clean, and Q-clean methods within Sassena. The
diffractogram, calculated using LiquidLib, was limited by Q ≥ 2π/L, and therefore, the
diffractogram in the small angle could not be computed. LiquidLib used the same input
trajectories as Sassena. All results are compared with the experimental results in Figure 5.
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Figure 5. Diffraction pattern of different mixtures of H2O and D2O: the naïve calculation, after
application of the r-clean method, and after the application of the Q-clean method with Sassena; the
naïve calculation with LiquidLib; compared to experimental data.

Water does not exhibit inhomogeneities on the nanometer length scale, and therefore,
the experimental small-angle diffraction patterns do not exhibit any peaks, which is clearly
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visible even though the data are subject to systematic and statistical errors. In contrast, the
naïvely calculated pattern using Sassena shows clear features due to the finite size effect.
This problem is solved in LiquidLib by not calculating anything in this Q range. Sassena
solved this problem by removing this spurious signal using the r-clean method, but this
altered the wide-angle diffractograms, which then deviated clearly from the experimental
data. This is particularly well visible in the case of D2O, but all curves exhibit deviations—
some peaks get smaller, some get bigger. Applying the new Q-clean method instead,
Sassena removes the spurious signal in the small-angle region without changing anything
in the wide-angle region.

The diffractogram calculated by LiquidLib also suffered from a few other differences in
comparison to Sassena, apart from the limitation in the choice of Q values: (a) the average
over time t was performed over a smaller number of frames; and (b) the orientational
average was performed over fewer Q values in comparison to Sassena. Despite these
differences, the diffractograms calculated by LiquidLib match quite well with the naïve
and Q-clean calculations of Sassena. A few sporadic points in the case of D2O and HDO
are well within the error bar of experiments.

Switching to cases where a small-angle scattering signal has features, the two subtrac-
tion methods were applied to a toy example of a spherical solute in solvent as shown in
Figure 6a. The small-angle diffraction pattern for the spherical solute only was calculated
separately along with the analytical diffractogram of a sphere as the ground truth. The
diffraction pattern calculated from the solute and solvent was expected to match these two
curves completely, after the removal of the finite size effect. The Q-clean method performed
as well as the r-clean and removed the finite size effect, which is seen in the diffraction
pattern calculated with the naïve method.
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Figure 6. Application of the r-clean and the Q-clean method on several systems, compared to reference
data, calculated analytically and using Sassena and the naïve computation result. (a) Diffraction
pattern of the toy example of a spherical solute in a solvent; (b) Diffraction pattern of lysozyme
in water.

The final example is a lysozyme protein immersed in water, shown in Figure 6b. This
example was chosen to demonstrate the performance of the Q-clean method in a real-life
example. The calculated results are compared with the experiments [64]. Both r-clean and
Q-clean produced a good match with the experimental data and removed the finite size
effect seen in the naïvely calculated pattern. The quality of match between the experiment
and calculated pattern deteriorates slightly in the region where Q is greater than 0.1 Å−1.
At a Q higher than 0.2 Å−1, the experimental data suffer from statistical error [64] and
incoherent scattering, which was not included in the calculations. The difference between
the r-clean and Q-clean results at Q values above 0.1 Å−1 will be discussed later.
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2.3. Increasing the Computation Speed

The issue of computation speed is addressed separately for coherent and incoherent
calculations due to algorithmic differences, described in Appendix A. Before attempting to
increase the speed of the process, an analysis was carried out to identify if some parameters
of the simulation had a larger impact than others. The main factors influencing the compu-
tation time are the number of atoms, the length of the trajectory, i.e., the number of time
frames, and the number of evaluated scattering vectors ~Q, which in the case of orientational
averaging is the product of the number of Q lengths and the number of orientations [39].
The effect of variation of each of these parameters on the computation time was studied
separately for coherent and incoherent scattering. Only one parameter was varied at a time,
and all other parameters remained at the value of the base configuration. Table 2 shows how
each of the parameters was varied.

Table 2. Variation of the different parameters influencing the computation time of Sassena: the
number of atoms, length of trajectory, number of ~Q orientations, and number of Q lengths. Only
one parameter was varied at any given time while the others were kept at the value denoted in the
column base configuration.

Parameter

Coherent Incoherent

Base
Configuration *

Parameter
Variations

Base
Configuration ‡

Parameter
Variations

Number of atoms 10,125 5184, 1029 10,125 5184, 1029
Length of trajectory 10,001 5001, 1001 101 51, 11
Number of ~Q orientations 100 50, 10 100 50, 10
Number of Q lengths 100 50, 10 100 50, 10

* LiquidLib (Base config-coherent)—10,125 atoms, 10,001 frames (3999 frames for ensemble average), 100 Q values.
Number of ~Q orientations cannot be specified in LiquidLib. ‡ LiquidLib (Base config-incoherent)—10,125 atoms,
101 frames (1 frame for ensemble average), ∼100 Q values.

Figure 7 shows the scaling of the computation time for the optimized version of
Sassena created in the frame of this work. The investigation was performed on the in-house
cluster described in Section 4, with 12 MPI processes and 2 OpenMP processes.
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(a) Coherent scattering.
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(b) Incoherent scattering.

Figure 7. Computation time in dependence of several parameters. For each individual parameter
scan, the computation time is shown with respect to the computation time at the base configuration.
This process was repeated for each parameter according to the values listed in Table 2, which are
shown here normalized to the parameter value at the base configuration.

It can be seen that the computation time scales approximately linearly with all pa-
rameters, barring the exception of the number of frames when calculating incoherent
spectroscopy. The coherent type of calculation for the base configuration took just over 12 h
on one core as shown in Figure 8. Extrapolating this value, it would take around 25 years
to calculate the scattering of a simulation box with a side length of only 100 nm, containing
an estimated 1 billion atoms.
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This value visualizes the need for efficient and fast calculations. In the following, the
single-core performance and then the multi-core performance related to parallelism are
analyzed and optimized to reach this goal.
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(a) Coherent scattering *
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Figure 8. Computation time in seconds for the base configuration (cf. Table 2) using different versions
of Sassena run on the in-house cluster described in Section 4. Compared are the original version
of Sassena without vectorization (GNU compiler), run on one core; the adapted version presented
in this contribution, where vectorization is introduced by the Intel compiler, run on one core; the
same version, run on 24 cores using MPI parallelization; and finally for coherent scattering, the same
version run on 24 cores using the newly introduced OpenMP parallelization. * LiquidLib base config
(refer Table 2)—coherent calculation took 7742 s with 24 MPI processes. ‡ LiquidLib base config (refer
Table 2)—incoherent calculation took 3263 s with 1 MPI process only. More than 1 MPI process was
not allowed due to interdependency between the parameters.

2.3.1. Single-Core Performance: Efficient Vectorization

Modern processors work with vectorization: Each register can perform the same opera-
tion simultaneously on several data, which is referred to as SIMD [65]. How much data
can be processed simultaneously depends on the required precision of the data and the
available instruction set. The precision of the data decides the length of the data related to
one number. In the current case, calculations are performed in double precision (64 bits).
The instruction sets decide the length of the register. In our system, the available instruc-
tion sets were SSE2, AVX2, and AVX-512 as mentioned in Table 3. Using SSE2 (128 bits),
two numbers can be processed simultaneously; this goes up to four numbers with AVX2
(256 bits) and eight numbers with AVX-512 (512 bits) [66,67].

Table 3. Hardware specifications of the used cluster. The CPU was manufactured by Intel Corporation,
Santa Clara, USA.

Name Specification

Number of sockets 2
Number of cores per socket 12
Number of threads per core 2
CPU model Intel(R) Xeon(R) Silver 4116 CPU @ 2.10 GHz (Skylake-SP)
CPU architecture x86_64
CPU frequency (minimum) 800.121 MHz
L1d cache (i+d) 32 kB + 32 kB
L2 cache 1024 kB
L3 cache 16,896 kB
Instruction set (vectorization) SSE2, AVX2 and AVX-512
Memory (per socket) ∼96 GB

The original authors of Sassena already recognized the possibility of enhancing single-
core performance [39] but did not publish a detailed performance analysis. Profiling the
program with Intel Advisor [68] showed that the loops were not vectorized in the original
Sassena when compiled with the GNU MPI compiler [69]. We therefore decided to change
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to the Intel MPI compiler [70] that enforced auto-vectorization and the use of the Intel Math
Kernel Library [71], resulting in a significant speed increase shown in Figure 8. Care was
taken to ensure that the compiler uses the best instruction set available on the processor,
further increasing speed at the cost of reduced portability of the binary. In the figure, it can
be seen that nearly a factor of two was gained for incoherent scattering, and approximately
a factor of eight was gained for coherent scattering. A convenient option for the users to
choose their preferred compiler was added to the compilation scripts of Sassena.

2.3.2. Multi-Core Performance: Introduction of OpenMP

The multi-core performance thrives on efficient sharing of the workload, for which two
approaches are available: distributed and shared memory parallel computing. Distributed
memory parallel computing, often implemented using MPI, distributes the data to the
memory of the individual cores, which then work on their share of the data and feed their
respective results back together at the end. Shared memory parallel computing, often
implemented using threading or OpenMP, uses a common memory which is then shared
by all the participating cores. Each approach has its share of advantages and disadvantages.
In order to take full advantage of both, the implementation of hybrid parallelism (i.e., the
simultaneous use of distributed and shared memory parallel computing) in Sassena is
attempted here.

The original version of Sassena already used distributed and shared memory parallel
computing, which was implemented through MPI [72] and threading [73], respectively. The
threading implementation targets only very specific use cases where MPI parallelism does
not perform well. In an attempt to introduce hybrid parallelism, the use of OpenMP [74] was
explored and implemented for the inner two loops of the calculation of coherent scattering
patterns. The computation times with the base configuration for the Sassena compiled with
Intel MPI compiler were recorded at first with 24 MPI processes and then with 24 OpenMP
processes for the calculation of coherent scattering, and 24 MPI processes for the calculation
of incoherent scattering. The results are shown in Figure 8: up to two orders of magnitude
speed increase were achieved in comparison to the GNU compiler version run on one core,
but the OpenMP implementation does not outperform the MPI implementation.

Apart from the computation time, scalability was also investigated: the ratio of the
computation time when running the program on one core to the computation time when
running the program on N cores. Scalability shows the efficiency of the parallelization:
Ideally, one would hope for an algorithm to speed up N times when run on N cores
compared to the time it takes to be run on one core. In reality, there will be more and more
inefficiencies that will make the speedup sub-linear [75,76]. Figure 9 shows the scalability of
Sassena with MPI and OpenMP for coherent scattering and the scalability of Sassena with
MPI for incoherent scattering. It can be seen that the scaling of computations for coherent
and incoherent measurements is very similar. The new OpenMP implementation scales
only slightly less well than the original MPI implementation. The analysis of computation
time vs. the number of cores is also provided in Lindner et al. [39] with thousands of cores,
which shows Sassena’s applicability to different computational environments.

Through the introduction of optimizations related to the single-core and multi-core
performance, Sassena is now enabled to handle MD simulations with approximately one
order of magnitude more atoms or longer trajectories than before in a reasonable time. This
is a necessary step towards the calculation of scattering patterns for the large simulations
of systems.
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Figure 9. The scalability of the original MPI parallelization and the newly introduced OpenMP
parallelization for different kinds of computations with Sassena. Also shown is the line of perfect
scalability for comparison.

3. Discussion
3.1. Dynamics—Atomic

The three important contributions to the dynamics, which are measured by the quasielas-
tic spectroscopy experiment, are long-range diffusion, reorientation of the molecules, and fast
vibrations [55,60]. The TIP3P/flex force field [77,78], used in this work, can reproduce the
reorientation phenomenon well compared to the experimental observation [79] but overesti-
mates the self-diffusion coefficient [59]. Due to this overestimation, the intermediate scattering
function shows faster dynamics than the experimental data as can be seen in the quicker
decay of the intermediate scattering functions in Figure 1. One of the best estimations of the
self-diffusion coefficient [60] and a slower decay in the intermediate scattering function [14]
can be achieved by the 4-site rigid model TIP4P/2005, but it cannot estimate the reorientation
phenomenon as well as the TIP3P/flex force field [60]. In reality, no force field can reproduce
all the properties of water in an MD simulation [14,60,77].

An open point for the calculation of spectroscopic patterns, in general, is the calcula-
tion of the coherent part of dynamics. The total intermediate scattering function measured
in an experiment contains contributions from both incoherent and coherent parts. Unlike
the incoherent part, which is not sensitive to structure, the coherent part is sensitive to both
dynamics and structure. To incorporate the proper dynamics, the saved trajectory cannot
be stored in a wrapped format because it causes nonphysical motions of atoms across the
boundary as highlighted in Section 2.1. However, the calculation of the coherent scattering
signal requires this wrapping because it preserves the correct density and therefore the
structure. Due to this dilemma, we do not see how the coherent part of the intermediate
scattering function could be calculated adequately. However, the calculation of the dy-
namics of water presented in this contribution is not affected by this problem because the
incoherent scattering dominates the scattering signal due to the much larger incoherent
(compared to coherent) scattering cross section of hydrogen.

In order to compare the performance of Sassena with similar software, the incoherent
intermediate scattering pattern was also calculated using LiquidLib. The comparison
between LiquidLib and Sassena confirms the overall trend of the quicker decay of I(Q, τ)
with respect to τ at higher Q. The restriction of the Q values with which LiquidLib computed
the scattering patterns is due to the reciprocal lattice approach [80]. It chooses points where
no contribution from the shape and size of the simulation box is visible. In contrast, Sassena
can calculate scattering patterns at all Q values. Since the incoherent calculations are not
influenced by the shape and size of the simulation box, the freedom in the choice of Q values
is an advantage and allows better benchmarking with experimental results. The reciprocal
lattice approach also limits the number of orientations over which the orientational average
can be performed, but it does not leave any significant impact in the case of water due
to its isotropic structure. LiquidLib also could not perform the average over reference
time t, which signifies the ensemble average. This is the reason behind the noise at a
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higher correlation time τ because the size of the ensemble of states increases at a higher τ.
In contrast, the number of frames related to the ensemble average is not dependent on any
other input parameter in Sassena. This allows a noise-free calculation, especially at higher τ.

3.2. Structure—Atomic and Nanoscopic

Diffractograms, calculated by Sassena and LiquidLib, could be compared one to one,
despite the restriction in the choice of Q values within LiquidLib as shown in Figure 5.
In addition to this, the ensemble average could be performed for LiquidLib and Sassena
both in the case of diffractograms. Although the number of frames over which the average
was performed in LiquidLib was smaller than in Sassena, it did not leave a very large
impact. No control over the orientational average, due to the restriction in the choice of Q
values, persisted for diffractograms as well. This might have caused one to two sporadic
points in the diffractogram of D2O and HDO.

A naïve calculation of diffractograms by Sassena and LiquidLib from the simulated
atomic structure of different mixtures of H2O and D2O show fairly good agreement with
the experimental data in Figure 5 in the wide-angle region. There are smaller differences,
like a too-strong oscillation of the calculated patterns at high Q, best seen in the case of D2O,

and a mismatch at intermediate Q values (∼1–5 Å
−1

), which highlight the inaccuracies of
the employed force field: a too-well-defined O H bond length, and differences between
the model and reality in the intermolecular correlations, respectively. This information can
be used to improve the inter-atomic potentials or their parameters [14].

The biggest disagreement between the naïvely calculated scattering curves and experi-
ments can be observed in the small-angle region of the diffractogram due to the finite size
effect [51–54]. This has nothing to do with the MD simulation, only the scattering pattern
calculation. This kind of finite size effect can be compared to the peak broadening due to
the finite size of grain in a crystalline sample, where the ideal scenario would be an infinite
crystal [81,82]. LiquidLib solves this problem by restricting its calculation to Q ≥ 2π/L,
where L is the length of the simulation box. The restriction would necessitate a bigger L for
the calculation at smaller Q values. In contrast, the r-clean and Q-clean methods, employed
in Sassena, remove these strong features eliminating the need for a bigger simulation box.
In between the r-clean and Q-clean methods, the Q-clean method has the clear advantage
over r-clean because it performs equally well at low Q while keeping the scattering pattern
at high Q undisturbed, as shown in Figure 5.

Also at low Q, the Q-clean performs better than the r-clean method since it does
not introduce a shift in the computed D(Q): the calculation is directly comparable to the
experimental data. This shift is not visible in Figure 6 because it was manually corrected
by multiplying the r-clean result with an empirically determined factor to ease the visual
comparison to the Q-clean method. The case of lysozyme shows, however, that a qualitative
difference between the two methods starts already in the Q-range covered by the small-
angle scattering data. From this comparison alone, it is not possible to decide if the r-clean
or Q-clean method is closer to the ground truth: the comparison to the experimental data
suffers from the fact that (a) the employed force field was not particularly good, and
(b) incoherent scattering was not taken into consideration in the calculations. What can
be concluded is that at least one of the computed scattering curves (both using the same
simulation trajectory) is distorted to a degree that should not be neglected; the results of
Figure 5 show that the r-clean method is affected by distortions, while the Q-clean is not.

The calculation of small-angle scattering from the spherical solute in a solvent toy
example (Figure 6) shows that our method predicts exact results. This strengthens our
argument that the source of the mismatch observed for lysozyme is not due to our method
but rather the simulation, which did not capture the full complexity of the system.

The spurious small-angle scattering is only one type of finite size effect. Others, not
corrected by the methods presented here, arise when correlations between atoms still per-
sist across distances on the same order of magnitude as the size of the simulation box [83].
These might affect the simulation itself (e.g., insufficient sampling of the ensemble [52])
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or the scattering pattern calculation (e.g., Bragg peak broadening of a crystalline mate-
rial [82,84]). The Q-clean method introduced here is currently only implemented for cubic
simulation boxes; a future extension could incorporate other shapes of simulation regions
like octahedrons or dodecahedrons [85].

It should be noted that the investigation of the atomic structure of crystals is very
sensitive to the numerically performed orientational average: since the Bragg peaks are very
sharp in reciprocal space, a very large number of ~Q vectors have to be computed to ensure
representative sampling of the scattered intensities. For structural calculations, this can be
circumvented by implementing the analytical solution for the orientational average [86–88]
as performed, for example, by the program Debyer [89] (not maintained anymore).

3.3. Increasing the Computation Speed

The question related to computation speed was split into two parts: single-core
performance and multi-core performance.

The single-core performance mainly benefited from a change of compiler, which en-
forced vectorization. The used processor was equipped with the instruction sets SSE2,
AVX2, and AVX-512, which are expected to give a theoretical speed boost of two, four, and
eight times, respectively. Since it was ensured through a compiler flag that the best instruc-
tion set of the system would be used, a theoretical maximum of an eight-times speed boost
was expected. The results for the calculation of coherent diffraction indeed did show a speed
boost of eight times. A computation rarely achieves the theoretical optimum because there is
always a part of the code that is not vectorized [75]. We hypothesize that this speed increase
is due to the additional contribution from the efficient Intel Math Kernel Library [71].

The calculation of incoherent spectroscopy did not benefit equally from the vectoriza-
tion and use of the Intel Math Kernel Library. This indicates that the bottlenecks are not
the non-vectorized loops. Since the calculation of incoherent spectroscopy computes the
autocorrelation function, which is implemented via the FFTW algorithm in Sassena, this is
a likely place to concentrate on for further optimizations.

It is noteworthy that the single-core optimizations presented here can only be accessed
when using the Intel MPI compilers. However, the GNU MPI compiler offers vectorization
as well. Future development could therefore aim to enable vectorization also while compil-
ing with the GNU MPI compiler through, for example, compiler flags or pragmas to allow
the user a free choice of compiler.

Generally speaking, multi-core optimization with distributed memory paralleliza-
tion alone suffers from high memory usage and overhead. On the other hand, shared
memory parallelization has limited capacity in comparison to distributed memory par-
allelization [90] and can suffer from load balancing issues [91]. Therefore, the main goal
of the multi-core optimization was to implement hybrid parallelization, i.e., distributed
memory parallelization (MPI) and shared memory parallelization together.

The existing implementation of shared memory parallelization using threading in the
original version of Sassena was only useful for very specific cases. It ensures that Sassena
can parallelize well for cases where MPI performs poorly. Since MPI and shared memory
parallelization should be equally effective to ensure efficient hybrid parallelization, an
additional layer of shared memory parallelization was added using OpenMP. Although
the scalability with OpenMP and MPI was comparable, an improvement over the MPI
implementation could not be achieved with hybrid parallelization in this work. However,
finding a perfect combination of MPI and OpenMP is a cumbersome problem in many
cases [90].

The computation speed of Sassena was also compared with LiquidLib as mentioned
in Figure 8. For coherent calculations, Sassena compiled with the Intel compiler was
approximately 18 times faster than LiquidLib compiled with the GNU compiler with
24 MPI processes, despite considering more frames for ensemble averaging in the case of
Sassena. For incoherent calculations, the GNU-compiled LiquidLib was about as fast as
the Intel-compiled Sassena when both were run with one MPI process. However, in this
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calculation, LiquidLib did not perform an ensemble average. This caused noise for the
calculation of the incoherent intermediate scattering pattern as shown in Figure 1, and
more importantly, it restricted the number of allowed MPI processes to a maximum of
1 for LiquidLib. This means that Sassena can easily outperform LiquidLib by using more
MPI processes. It is possible to include the ensemble average in LiquidLib, allowing MPI
parallelism for incoherent calculation at the cost of reduced time points. However, it was
not attempted due to technical difficulties in the implementation.

4. Materials and Methods

A summary of technical details regarding all simulations, the calculation of the scatter-
ing patterns from them, and relevant experiments are described in this section. All compu-
tations were performed on our in-house cluster, characterized in Table 3.

4.1. Simulations

The output of all simulations includes a pdb file of the initial structure, providing
information about which atom is which element, and a dcd trajectory file, providing
information about the atomic coordinates as a function of time. In general, dcd files are
saved in wrapped format for the investigation of structure and in unwrapped format for
the investigation of dynamics.

4.1.1. Water

A detailed description of the MD simulation of water is given in Appendix B.

4.1.2. Spherical Solute in Solvent

The atomic coordinates were generated for 1 timestep directly from the coordinate
generation script [92,93] without the use of an MD engine and saved as pdb and dcd files.
“Atoms”, either assigned to be solute or solvent material, were placed on a simple cubic
lattice with a unit cell edge length of 1 Å. A 2D cut through the middle of this 3D structure
is shown in Figure 10. In total, the system contains 8000 atoms, which are uniformly
distributed in a cube of side length 20 Å. The coordinate of the atom closest to the origin is
(0.5, 0.5, 0.5); the whole assembly is positioned in the first octant of the coordinate system.

0.5 

20 

 

1 

10

Material A

Material B

Figure 10. A two-dimensional cut through the middle of the spherical solute in a solvent toy system.
The solute atoms are shown in yellow, and the solvent atoms in violet.

4.1.3. Lysozyme in Water

The details of the MD simulation of lysozyme in water can be found in Appendix E.

4.2. Calculation of Scattering Curves from Simulations

For calculation with Sassena, pdb and dcd files are used as input from the simulation.
For the calculation with LiquidLib, the xyz file format is generated from pdb and dcd files
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using the program Visual Molecular Dynamics (VMD) [45]. In the case of Sassena, the
values of the scattering lengths are read from a database, which is shipped along with
Sassena. In contrast, LquidLib requires scattering lengths to be mentioned explicitly in the
input script. The values can be found in literature [56].

4.2.1. Probing the Dynamics

Water

In the case of Sassena, the incoherent intermediate scattering function of water was
calculated using Sassena for 20 uniformly spaced values of Q from 0.1 Å−1 to 2.0 Å−1.
The orientational average was carried out explicitly by a Monte Carlo scheme, computing
the scattering functions for 10 orientations of ~Q and averaging over the results (for a
detailed description of Sassena’s algorithm, refer to Appendix A).

In the case of LiquidLib, an input file specified the value of the start frame, end frame,
and frame interval as 0, 10,001, and 1, respectively. The values of the trajectory delta
time, time interval, and number of time points were set to 0.04, 1, and 10,001 with a linear
time scale type. The value of the number of frame intervals is dependent on the above
parameters and could only be set to a maximum value of 1. Although the range of k was set
from k = 0 to k = 2 with an interval of 0.1, where k is an alias of Q, the values of k at which
the scattering patterns were calculated were restricted by the length of the simulation box,
which was given as 46.584 Å.

4.2.2. Probing the Structure

Water

In the case of Sassena, the wide-angle diffraction pattern of water was calculated at

601 uniformly spaced points with 0 Å
−1 ≤ Q ≤ 30 Å

−1
. For the small-angle diffraction

pattern, 601 uniformly spaced points were considered in the range 0 Å
−1 ≤ Q ≤ 1 Å

−1
.

In both cases, the orientational average was carried out over 100 directions of ~Q.
In the case of LiquidLib, the values of the start frame, end frame, and frame interval

were set to 0, 10,001, and 1, respectively. The value of the number of frame intervals could
not be set to 10,001, like Sassena. We set it as 3999. The range of k (alias of Q) was set
as k = 0 to k = 30 with an interval of 0.05. The length of the simulation box, governing
the actual values of k, was given as 46.61 Å. For the sake of visual ease, every fifth value
of Q, starting from the first, is plotted in this contribution. In order to be consistent with
the Sassena result, the LiquidLib results were multiplied by N

〈
bcoh〉2

, where N is the
number of atoms and

〈
bcoh〉 is the average coherent scattering length, before applying the

normalization.
For all mixtures of heavy water D2O and normal water H2O, the MD trajectory of H2O

was used as an input, and the coherent scattering length of hydrogen bcoh
H was adjusted

as per Table 1. This approach works here because H2O and D2O have in very good
approximation the same molecular structure albeit different dynamics.

In order to remove spurious signal in the small-angle region of the computed curves,
the r-clean was triggered by selecting all atoms in the background.factor.selection field
of Sassena. The newly implemented Q-clean method was triggered by specifying a cube of
edge length 46.61 Å, center at (0,0,0), and the sample-corresponding value of the SLD as
listed in Table 1 in Sassena’s background.cut.box field.

Spherical Solute in Solvent

The small-angle diffraction of the whole system was calculated using Sassena for

301 uniformly spaced points with 0 Å
−1 ≤ Q ≤ 1 Å

−1
. The orientational average was taken

over 100 randomly distributed directions. The coherent scattering length of solvent and
solute atoms were taken as 6.646 fm and −3.739 fm, respectively.
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For the r-clean method, the solvent atoms were selected in Sassena’s input script. The
resulting change of scattering lengths in the computation led to a change in the intensity
of the result, which was counteracted by multiplication with an empirically determined
factor of 5.82× 10−3. For the Q-clean method, a cube of edge length 20 Å, positioned with
its center at (10, 10, 10), and a scattering length density of 6.646× 10−5Å

−2
(the solvent

SLD) was employed.

Lysozyme in Water

The small-angle diffraction of neutrons by lysozyme in H2O was calculated using

Sassena on 581 uniformly spaced points with 0 Å
−1 ≤ Q ≤ 1 Å

−1
. The orientational

average was carried out over 10 directions.
For the r-clean method, the H2O molecules were selected in Sassena’s input script,

and the shift of the resulting scattering curve was corrected by an empirically determined
multiplication factor of 14.29. For the Q-clean method, a cube was defined with an edge
length of 69.49 Å, center at (34.745, 34.745, 34.745), and the scattering length density of H2O
(cf. Table 1), −0.0559× 10−5Å

−2
.

4.3. Experiments

Real experimental data were extracted from the literature. The only exception is the
toy example of a spherical solute in solvent, where the result of a computation using only
the solute and the analytical result was used as reference.

4.3.1. Water Dynamics

The diffusive motions in water were studied by a quasielastic neutron spectroscopy
measurement of H2O [55]. The raw data themselves were not available for this experiment;
therefore, they were reconstructed using the fit formula and optimal parameters deter-
mined in their original analysis (details are given in Appendix D). Measured at the IN6
spectrometer at the Institut Laue Langevin (ILL) with an energy resolution of about 35µeV
(half width at half maximum) and a cut-off of the experimental data at an energy transfer
of 3 meV, the data are primarily sensitive to processes happening on a time scale between
roughly 1 ps and 100 ps.

4.3.2. Water Structure

The experimental wide-angle neutron diffraction data related to the structure of
the water samples defined in Table 1 are taken from a meta analysis of several datasets
measured at different instruments [94], where the average of the measurements is given
together with their root mean squared deviations as error bars.

4.3.3. Spherical Solute in Solvent

To obtain a reference “data” set, the scattering pattern of only the spherical solute
(i.e., after the deletion of all solvent atoms) was calculated with Sassena. As the deletion of
scatterers changes the scattering intensity, the result had to be multiplied by an empirically
determined factor of 7.71 to be comparable to the calculated scattering curves of the whole
system. The analytical formula of form factor the sphere, taken from the literature [95], is
also added as a reference “data”. It was also multiplied by a factor of 7.71. The radius of
the sphere was 5 Ångstrom, and the scattering length density was −3.941× 10−5Å

−2
.

4.3.4. Lysozyme in Water Structure

The small-angle neutron diffraction data for lysozyme in H2O buffer were taken from
the SASDPZ4 entry in the small-angle scattering biological data bank SASDB [96], a curated
repository for small-angle scattering data and models. This entry is a consensus dataset
of 76 experiments performed at 4 SANS instruments [64]. Since the scattering intensities
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are given in arbitrary units, they were scaled by an empirically determined factor of 100 to
match the computation result.

5. Conclusions

This work uses Sassena [42] as a potent tool for the calculation of scattering patterns
from MD simulations. We achieved a substantial improvement in the computation speed
over the original version of Sassena, which was already very fast. In the future, we expect
that this speed gain will enable the fit of force field parameters to scattering data, which
requires many iterations of MD simulation and scattering pattern calculation. Together with
the proposed method to alleviate a finite size effect visible in the small-angle region, this
makes it possible to compute scattering patterns from nanoscopically structured samples
and validate them against experimental scattering data. We plan to use this for explaining
in situ neutron scattering studies of nanoscopically sized hydrogen storage materials [97].
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Appendix A. Algorithm of Sassena

A detailed description of the algorithm of Sassena can be found in the work of Lindner
et al. [39]. This section provides a bird’s eye view of the algorithm as shown in Figure A1.

The information from the MD simulation is given to Sassena through two files. One of
these files is referred to internally as a structure file, a snapshot of the simulation that is
used to assign a chemical element to each atom. Within this work, the structure file is given
to Sassena in the pdb format. The other file contains the trajectory, describing the evolution
of atomic positions over time, which is given to Sassena in the dcd format.

Within Sassena, one has to define two variables: one is TYPE and the other is DSP. The
value of the variable TYPE can be ‘all’ or ‘self’: ‘all’ is used for a coherent type of calculation,
and ‘self’ is used for an incoherent type of calculation. The value of DSP can be ‘square’,
‘autocorrelate’ or ‘plain’: ‘square’ is for calculating the diffraction pattern, ‘autocorrelate’ is
for calculating the intermediate scattering function, and ‘plain’ is for calculating the elastic
structure factors. The output is saved in the HDF5 format, and it contains four quantities.
These quantities are ‘fq’, ‘fqt’, ‘fq0’, ‘fq2’: ‘fq’ is the relevant quantity for the calculation of
diffraction pattern; ‘fqt’ is the relevant quantity for the calculation of spectroscopic pattern;
‘fq2’ is the relevant quantity for the calculation of the elastic structure factors; and ‘fq0’ is

https://doi.org/10.5281/zenodo.10037785
www.gauss-centre.eu
www.lrz.de
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the intermediate scattering function at correlation time τ = 0, which is a useful quantity
for normalizing the intermediate scattering function.Workflow of sassena*

30.11.2023 *B. Lindner et. al. DOI: doi:10.1016/j.cpc.2012.02.010 1

TYPE

coh

inc

DSP

diffraction

spectroscopy

Elastic part of 
spectroscopy

Structure
(pdb)

Trajectory
(dcd)

Molecular
Dynamics

Sassena
(xml)

Output
(HDF5)

*all – coherent calculation
**self – incoherent calculation

$Square – diffraction pattern, 
$$autocorrelate – spectroscopic pattern, 
$$$plain – elastic part of spectroscopiy pattern  

Figure A1. Schematic diagram of the workflow in Sassena. The information from the molecular
dynamics simulation is given through pdb and dcd files. A series of choices is then specified in an xml
file concerning the value of TYPE and DSP (digital signal processing). Depending on these, the hdf5
file contains the corresponding output. In Sassena’s nomenclature, coherent scattering is calculated
by setting the value of TYPE to ‘all’, and incoherent with ‘self’. Diffraction would then be computed
by setting DSP to ‘square’, spectroscopy with ‘autocorrelate’, and the elastic part of spectroscopy
with ‘plain’.

The computation algorithm of Sassena is designed in such a way that it calculates the
amplitude of the scattered wave at its core. To get to a scattering pattern, the algorithm then
has to loop over the length of scattering vector ~Q, orientation of scattering vectors, number
of atoms, and number of frames. However, the order in which the loops are executed has to
be different for different values of TYPE. If the TYPE is ‘all’, Sassena loops and sums over
atoms first and frames second because it has to calculate the intensity of the summation
of the scattering waves related to all the atoms. If the TYPE is ‘self’, Sassena loops over
frames first and atoms second because it has to calculate the scattering intensity for each
atom and then calculate a summation of all intensities. The two outermost loops over
orientations and length of scattering vectors ~Q are the same for both values of TYPE. Due
to this interchange in the order of the innermost loops, the parallelization strategies for ‘all’
and ‘self’ are completely different, and the challenges for both cases are completely different.
The difference in parallelization strategies is explained in detail by B. Lindner et al. [39].

Appendix B. Molecular Dynamics (MD) Simulation of Water

Two Molecular Dynamics simulations of water were carried out at different tem-
peratures using the program LAMMPS [98] (Large-scale Atomic/Molecular Massively
Parallel Simulator) [28]. A cubic simulation box was chosen to simulate water with a
periodic boundary condition. The simulation box was filled with 3375 water molecules,
which makes a system of 10,125 atoms. The interaction potential used for the system was
TIP3P/flexible [99]; the corresponding parameter set is given in Table A1 for reference. The
inputs, given to LAMMPS, were taken from the LAMMPS website [99].

After creating a periodic initial structure at a fairly low density, any potential steric
clashes in the system were resolved using an energy minimization with the conjugate
gradient method. Subsequently, a series of NVE runs with an increasing limit on the
atomic displacement per time step was performed, followed by an NVT run to the desired
temperatures of 293 K and 300 K for the dynamics and structure, respectively. Then the
simulation box was compressed during an NVE run to a cube of side lengths 46.610 Å and
46.584 Å in order to obtain the density of water at this temperature, and 0.998 g/cm3, and
0.9965 g/cm3 [63] for the dynamics and structure, respectively. As the final step of the
initial equilibration, the temperature was brought back to 293 K and 300 K using an NVT
for the dynamics and structure, respectively. This whole setup covers a simulation time
of 219.2 ps.
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Table A1. TIP3P/flexible parameters used for the Molecular Dynamics simulation of water in this
work. The parameters are taken from the literature [99].

Parameter Value Unit

bond length (r(OH)) 0.9572 Å
bond stiffness (kbond(OH)) 450 1 kcal/mol/Å2

angle (HOH) 104.52 degree
angular stiffness

(
kang(HOH)

)
55 kcal/mol/rad2

charge (q) 0.415 e
Lennard-Jones parameter (Oxygen) (σO) 3.188 Å
Lennard-Jones parameter (Oxygen) (εO) 0.102 kcal/mol
Lennard-Jones parameter (Hydrogen) (σH) 0.0 Å
Lennard-Jones parameter (Hydrogen) (εH) 0.0 kcal/mol

1 LAMMPS uses 1 cal = 4.184 J.

As a barostat would regulate the pressure via box volume variations, the pressure
coupling was deactivated in the production run in order to prevent an influence on the
motions of atoms. Both systems, i.e., for the evaluation of dynamics and structure, were
simulated for 400 ps, and the trajectory was saved every 0.04 ps.

The initial atom arrangement was saved as a pdb file that allowed later on to assign an
element to each atom in the trajectory, which was saved in dcd files in two different ways
for the dynamics and structure. In the first one, there is no wrapping to the central image,
and atoms can move through the periodic boundary into neighboring images. This avoids
unrealistic jumps of atoms from one end of the simulation box to the periodical equivalent
on the other side and is therefore suitable for the calculation of the incoherent spectroscopy
to investigate the dynamics. In the second one, the coordinates of the atoms are wrapped to
the central image of the periodic simulation box to preserve the correct density and structure
of the substance. This file is used for the calculation of diffraction patterns to investigate the
structure. It should be noted that the simulation itself uses periodic boundary conditions in
both cases; the coordinates are only written to file differently.

Appendix C. Normalization of Scattering Curves

For the measurements of dynamics, the computational curve was normalized at each Q
value by the value of I(Q, τ = 0), expressing that the system is completely correlated with
itself at this point. This is a difference from the experimental data, which are normalized to
the Debye–Waller factor (DWF) at I(Q, τ → 0). The reason for this is that the simulation
can actually access τ = 0, where the correlation is indeed 100%; the smallest τ accessible
in the experiment is determined by the largest measured energy transfer. Since this will
always be less than infinity, τ will never reach zero but, in the present case, only a time at
which the correlations have already decayed somewhat due to the fast vibrations of the
atoms that are taken into consideration by the DWF.

In order to be congruous with the experimental data for structure determination [94],
the computed neutron diffraction patterns were normalized using

Dneutron(Q) =

S(Q)−
N
∑

j=1

(
bcoh

j

)2

100 · N , (A1)

where Dneutron(Q) is the normalized diffraction pattern for neutrons. Division by 100 con-
verts the unit from fm2 to barn.

The dependence of the X-ray atomic form factors on the electronic configuration
and on Q makes the normalization of X-ray scattering data less straightforward than that
of neutron scattering data. Several options are discussed elsewhere [94]; we used their
normalization II
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DX-ray(Q) =

S(Q)−
N
∑

j=1
f 2
j (Q)

N
∑

j=1
f 2
j (Q)

, (A2)

where DX-ray(Q) is the normalized data; S(Q) is the result of Sassena; and f j(Q) is the
corresponding atomic form factor.

Appendix D. Quasielastic Neutron Scattering (QENS) Experiment on Water

In the original publication [55], it was proposed that the microscopic motion of water
molecules can be decomposed into three decoupled contributions: fast vibrations, molecular
rotation, and long-range diffusion. The resultant intermediate scattering function can then
be formulated as a simple product of the three components

I(Q, τ) = Vibration(Q) · Rotation(Q, τ) · Translation(Q, τ) . (A3)

Going into detail through these three contributions, the fast vibrations can be approxi-
mated by the Debye–Waller factor (DWF) in the quasielastic region, leading to a decrease
in the quasielastic scattering intensity as Q increases,

Vibration(Q) = DWF = exp
[
−Q2〈u2〉

3

]
, (A4)

where 〈u2〉 is the mean squared displacement of the atomic positions due to vibrations.
The contribution to I(Q, τ) due to the molecules’ rotational diffusion was approximated
using the first three terms of the expression due to Sears [100,101]

Rotation(Q, τ) = j20(Qa) + 3j21(Qa) exp
[
− τ

3τ1

]
+ 5j22(Qa) exp

[
− τ

τ1

]
, (A5)

where a is the rotation radius (here identified with the O H bond length), jn(x) is the
spherical Bessel function of the nth order, and τ1 is the relaxation time related to rotational
diffusion, which can be expressed as a thermally activated process

τ1 = τ0
1 exp

[
EA
kBT

]
, (A6)

where τ0
1 is a constant, EA is the activation energy, and kB is Boltzmann’s constant. Fi-

nally, the long-range translational motion is modeled using the random-jump-diffusion
model [101,102], which results in a contribution

Translation(Q, t) = exp[−Γ(Q)t] , (A7)

with
Γ(Q) =

DQ2

1 + DQ2τ0
, (A8)

where τ0 is the residence time, and D is the translational diffusion coefficient, which can be
expressed in terms of mean square jump length L as

D =
L2

6τ0
. (A9)

Equation (A3) was then fit to the acquired experimental data after analytic Fourier
transform to energy space and convolution with the experimental resolution function. The
parameter values obtained in the original study are listed for reference in Table A2 and
were used with the formulas given above to reconstruct the experimental intermediate
scattering function “data” shown in this contribution.
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Table A2. The parameter values taken from the literature [55], which are used here to reconstruct the
experimental intermediate scattering function “data” for H2O.

a
[Å]

τ0
[ps]

τ0
1

[ps]
EA

[kcal/mol]
L

[Å]

√
〈u2〉
[Å]

0.98 1.25 0.0485 1.85 1.29 0.48

Appendix E. Molecular Dynamics (MD) Simulation of Lysozyme Immersed in Water

The program GROMACS (GROningen MAchine for Chemical Simulations) [29,103,104]
was used to simulate the protein lysozyme in water. The starting structure of lysozyme used
here was entry 1AKI in the RCSB database [105], containing 1960 atoms. In order to emulate a
real experiment, 10,636 water molecules and 8 chloride counter ions were generated around
the protein in a cubic box, adding up to a total number of 33,876 atoms. The input files were
taken from [106].

For this proof-of-concept simulation, the interaction between the atoms of lysozyme
was modeled using the Optimized Potentials for Liquid Simulations (OPLS) [107,108] with
the understanding that the protein structure would not be captured completely correctly in
the simulation. Water was modeled with the Simple Point Charge—Extended (SPC/E) force
field [109]. The parameters of the potentials were chosen from the database of GROMACS.

After placing the molecules randomly (without overlap) in the simulation box, the
system was subjected to energy minimization. Afterwards, the temperature and pressure
were coupled with NVT ensemble and NPT ensemble, respectively. The system was run
for 100 ps for each coupling. After the temperature coupling, the temperature of the system
reached 300.0 K. The pressure of the system equilibrated at 7.5 bar after 100 ps. Finally, the
density of the system reached a value of 1.019 g/cm3.

The production run was performed for 1 ns, and the atomic positions were saved every
10 ps. The output of the simulation was saved as a gro file. For treatment with Sassena, the
program Visual Molecular Dynamics (VMD) was used to convert this file: the first frame
was saved as a pdb file, and the whole trajectory was saved as a dcd file.
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21. Ivanović, M.T.; Bruetzel, L.K.; Lipfert, J.; Hub, J.S. Temperature-Dependent Atomic Models of Detergent Micelles Refined against
Small-Angle X-Ray Scattering Data. Angew. Chem. Int. Ed. 2018, 57, 5635–5639. [CrossRef]

22. Chen, P.C.; Shevchuk, R.; Strnad, F.M.; Lorenz, C.; Karge, L.; Gilles, R.; Stadler, A.M.; Hennig, J.; Hub, J.S. Combined Small-Angle
X-ray and Neutron Scattering Restraints in Molecular Dynamics Simulations. J. Chem. Theory Comput. 2019, 15, 4687–4698.
[CrossRef]

23. Youngs, T. Dissolve: Next Generation Software for the Interrogation of Total Scattering Data by Empirical Potential Generation.
Mol. Phys. 2019, 117, 3464–3477. [CrossRef]

24. Wolf, C.M.; Guio, L.; Scheiwiller, S.; Pakhnyuk, V.; Luscombe, C.; Pozzo, L.D. Strategies for the Development of Conjugated
Polymer Molecular Dynamics Force Fields Validated with Neutron and X-ray Scattering. ACS Polym. Au 2021, 1, 134–152.
[CrossRef]

25. Saha, B. Green Computing. Int. J. Comput. Trends Technol. (IJCTT) 2014, 14, 46–50. [CrossRef]
26. Shalf, J. The Future of Computing Beyond Moore’s Law. Philos. Trans. R Soc. Math. Phys. Eng. Sci. 2020, 378, 20190061. [CrossRef]

[PubMed]
27. Grama, A. Introduction to Parallel Computing; Pearson Education: London, UK, 2003; pp. 2–9.
28. Thompson, A.P.; Aktulga, H.M.; Berger, R.; Bolintineanu, D.S.; Brown, W.M.; Crozier, P.S.; in’t Veld, P.J.; Kohlmeyer, A.;

Moore, S.G.; Nguyen, T.D.; et al. LAMMPS-A Flexible Simulation Tool for Particle-Based Materials Modeling at the Atomic,
Meso, and Continuum Scales. Comput. Phys. Commun. 2022, 271, 108171. [CrossRef]

29. Abraham, M.J.; Murtola, T.; Schulz, R.; Páll, S.; Smith, J.C.; Hess, B.; Lindahl, E. GROMACS: High Performance Molecular
Simulations Through Multi-Level Parallelism from Laptops to Supercomputers. SoftwareX 2015, 1–2, 19–25. [CrossRef]

30. Nguyen, H.T.; Pabit, S.A.; Meisburger, S.P.; Pollack, L.; Case, D.A. Accurate Small and Wide Angle X-ray Scattering Profiles from
Atomic Models of Proteins and Nucleic Acids. J. Chem. Phys. 2014, 141, 22D508. [CrossRef] [PubMed]

31. Gotz, A.W.; Williamson, M.J.; Xu, D.; Poole, D.; Le Grand, S.; Walker, R.C. Routine Microsecond Molecular Dynamics Simulations
with AMBER on GPUs. 1. Generalized Born. J. Chem. Theory Comput. 2012, 8, 1542–1555. [CrossRef] [PubMed]

32. McCulley, C.H.; Walker, A.R. Dimer Interface Destabilization of Photodissociative Dronpa Driven by Asymmetric Monomer
Dynamics. J. Phys. Chem. B 2023, 127, 9248–9257. [CrossRef] [PubMed]

33. Róg, T.; Murzyn, K.; Hinsen, K.; Kneller, G.R. nMoldyn: A Program Package for a Neutron Scattering Oriented Analysis of
Molecular Dynamics Simulations. J. Comput. Chem. 2003, 24, 657–667. [CrossRef]

34. Konrad Hinsen. nMOLDYN3—Version 3.0.12. Available online: https://github.com/khinsen/nMOLDYN3/ (accessed on
27 December 2023).

35. Goret, G.; Aoun, B.; Pellegrini, E. MDANSE: An Interactive Analysis Environment for Molecular Dynamics Simulations. J. Chem.
Inf. Model. 2017, 57, 1–5. [CrossRef]

36. UKRI STFC ISIS Neutron and Muon Facility. MDANSE—Version 1.5.2. Available online: https://github.com/ISISNeutronMuon/
MDANSE/ (accessed on 27 December 2023).

37. Walter, N.P.; Jaiswal, A.; Cai, Z.; Zhang, Y. LiquidLib: A Comprehensive Toolbox for Analyzing Classical and Ab Initio Molecular
Dynamics Simulations of Liquids and Liquid-like Matter with Applications to Neutron Scattering Experiments. Comput. Phys.
Commun. 2018, 228, 209–218. [CrossRef]

38. Z-laboratory. LiquidLib—Version 1.0. Available online: https://github.com/Z-Laboratory/LiquidLib/tree/master (accessed on
8 December 2023).

39. Lindner, B.; Smith, J.C. Sassena—X-ray and Neutron Scattering Calculated from Molecular Dynamics Trajectories Using Massively
Parallel Computers. Comput. Phys. Commun. 2012, 183, 1491–1501. [CrossRef]

40. Lindner, B. Towards a Unification of Supercomputing, Molecular Dynamics Simulation and Experimental Neutron and X-ray
Scattering Techniques. Ph.D. Thesis, University of Tennessee, Knoxville, TN, USA, 2012.

41. Lindner, B. Sassena—Version 1.4.2. 2017. Available online: https://github.com/camm/sassena (accessed on 1 March 2023).

http://dx.doi.org/10.1051/epjconf/202227201015
http://dx.doi.org/10.1016/0014-5793(72)80708-7
http://www.ncbi.nlm.nih.gov/pubmed/11946854
http://dx.doi.org/10.1016/0022-2836(72)90347-6
http://dx.doi.org/10.1107/S0021889874009137
http://dx.doi.org/10.1080/08927028808080958
http://dx.doi.org/10.1080/08927022.2012.732222
http://dx.doi.org/10.1088/0953-8984/19/33/335218
http://www.ncbi.nlm.nih.gov/pubmed/21694141
http://dx.doi.org/10.1002/anie.201713303
http://dx.doi.org/10.1021/acs.jctc.9b00292
http://dx.doi.org/10.1080/00268976.2019.1651918
http://dx.doi.org/10.1021/acspolymersau.1c00027
http://dx.doi.org/10.14445/22312803/IJCTT-V14P112
http://dx.doi.org/10.1098/rsta.2019.0061
http://www.ncbi.nlm.nih.gov/pubmed/31955683
http://dx.doi.org/10.1016/j.cpc.2021.108171
http://dx.doi.org/10.1016/j.softx.2015.06.001
http://dx.doi.org/10.1063/1.4896220
http://www.ncbi.nlm.nih.gov/pubmed/25494779
http://dx.doi.org/10.1021/ct200909j
http://www.ncbi.nlm.nih.gov/pubmed/22582031
http://dx.doi.org/10.1021/acs.jpcb.3c03798
http://www.ncbi.nlm.nih.gov/pubmed/37871275
http://dx.doi.org/10.1002/jcc.10243
https://github.com/khinsen/nMOLDYN3/
http://dx.doi.org/10.1021/acs.jcim.6b00571
https://github.com/ISISNeutronMuon/MDANSE/
https://github.com/ISISNeutronMuon/MDANSE/
http://dx.doi.org/10.1016/j.cpc.2018.03.005
https://github.com/Z-Laboratory/LiquidLib/tree/master
http://dx.doi.org/10.1016/j.cpc.2012.02.010
https://github.com/camm/sassena


Int. J. Mol. Sci. 2024, 25, 1547 25 of 27

42. Majumdar, A.; Lindner, B. Sassena—Version 1.4.3. 2023. Available online: https://codebase.helmholtz.cloud/DAPHNE4NFDI/
sassena (accessed on 27 December 2023). [CrossRef]

43. Lion, D.; Chiu, A.; Stumm, M.; Yuan, D. Investigating Managed Language Runtime Performance: Why JavaScript and Python Are
8x and 29x Slower Than C++, Yet Java and Go Can Be Faster? In Proceedings of the 2022 USENIX Annual Technical Conference
(USENIX ATC 22), San Diego, CA, USA, 11–13 July 2022; USENIX Association: Carlsbad, CA, USA, 2022; pp. 835–852.

44. Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular Dynamics. J. Mol. Graph. 1996, 14, 33–38. [CrossRef] [PubMed]
45. Theoretical and Computational Biophysics Group-University of Illinois at Urbana-Champaign. VMD—Version 1.9.4a48. Available

online: https://www.ks.uiuc.edu/Research/vmd/ (accessed on 27 December 2023).
46. Michaud-Agrawal, N.; Denning, E.J.; Woolf, T.B.; Beckstein, O. MDAnalysis: A Toolkit for the Analysis of Molecular Dynamics

Simulations. J. Comput. Chem. 2011, 32, 2319–2327. [CrossRef] [PubMed]
47. MDAnalysis. MDAnalysis—Version 2.7.0. Available online: https://github.com/MDAnalysis/mdanalysis (accessed on

27 December 2023).
48. Brehm, M.; Thomas, M.; Gehrke, S.; Kirchner, B. TRAVIS—A Free Analyzer for Trajectories from Molecular Simulation. J. Chem.

Phys. 2020, 152, 164105. [CrossRef] [PubMed]
49. Brehm M. TRAVIS. Available online: https://www.travis-analyzer.de/ (accessed on 27 December 2023).
50. Skånberg, R.; Hotz, I.; Ynnerman, A.; Linares, M. VIAMD: A Software for Visual Interactive Analysis of Molecular Dynamics.

J. Chem. Inf. Model. 2023, 63, 7382–7391. [CrossRef] [PubMed]
51. Fisher, M.E.; Barber, M.N. Scaling Theory for Finite-Size Effects in the Critical Region. Phys. Rev. Lett. 1972, 28, 1516–1519.

[CrossRef]
52. Brisard, S.; Levitz, P. Small-Angle Scattering of Dense, Polydisperse Granular Porous Media: Computation Free of Size Effects.

Phys. Rev. E 2013, 87, 013305. [CrossRef]
53. Olds, D.P.; Duxbury, P.M. Efficient Algorithms for Calculating Small-angle Scattering from Large Model Structures. J. Appl.

Crystallogr. 2014, 47, 1077–1086. [CrossRef]
54. Dohn, A.O.; Markmann, V.; Nimmrich, A.; Haldrup, K.; Møller, K.B.; Nielsen, M.M. Eliminating Finite-size Effects on the

Calculation of X-ray Scattering from Molecular Dynamics Simulations. J. Chem. Phys. 2023, 159, 124115. [CrossRef]
55. Teixeira, J.; Bellissent-Funel, M.C.; Chen, S.H.; Dianoux, A.J. Experimental Determination of the Nature of Diffusive Motions of

Water Molecules at Low Temperatures. Phys. Rev. A 1985, 31, 1913. [CrossRef]
56. Sears, V.F. Neutron Scattering Lengths and Cross Sections. Neutron News 1992, 3, 26–37. [CrossRef]
57. Brown, P.; Fox, A.; Maslen, E.; O’Keefe, M.; Willis, B. Intensity of Diffracted Intensities. Int. Tables Crystallogr. C 2006, 554, 554–595.

[CrossRef]
58. Arbe, A.; Nilsen, G.J.; Stewart, J.R.; Alvarez, F.; Sakai, V.G.; Colmenero, J. Coherent Structural Relaxation of Water from Meso-to

Intermolecular Scales Measured Using Neutron Spectroscopy with Polarization Analysis. Phys. Rev. Res. 2020, 2, 022015.
[CrossRef]

59. Qvist, J.; Schober, H.; Halle, B. Structural Dynamics of Supercooled Water from Quasielastic Neutron Scattering and Molecular
Simulations. J. Chem. Phys. 2011, 134, 144508. [CrossRef]

60. Piskulich, Z.A.; Thompson, W.H. Examining the Role of Different Molecular Interactions on Activation Energies and Activation
Volumes in Liquid Water. J. Chem. Theory Comput. 2021, 17, 2659–2671. [CrossRef]

61. Sivia, D.S. Elementary Scattering Theory: For X-ray and Neutron Users; Oxford University Press: Oxford, UK, 2011.
62. Bondi, A. van der Waals Volumes and Radii. J. Phys. Chem. 1964, 68, 441–451. [CrossRef]
63. Lide, D.R. CRC Handbook of Chemistry and Physics; CRC Press: Boca Raton, FL, USA, 2004; Volume 85.
64. Trewhella, J.; Vachette, P.; Bierma, J.; Blanchet, C.; Brookes, E.; Chakravarthy, S.; Chatzimagas, L.; Cleveland, T.E.; Cowieson,

N.; Crossett, B.; et al. A Round-Robin Approach Provides a Detailed Assessment of Biomolecular Small-Angle Scattering
Data Reproducibility and Yields Consensus Curves for Benchmarking. Acta Crystallogr. Sect. Struct. Biol. 2022, 78, 1315–1336.
[CrossRef]

65. Parhami, B. SIMD Machines: Do They Have a Significant Future? ACM SIGARCH Comput. Archit. News 1995, 23, 19–22.
[CrossRef]

66. Hofmann, J.; Treibig, J.; Hager, G.; Wellein, G. Comparing the Performance of Different x86 SIMD Instruction Sets for a Medical
Imaging Application on Modern Multi-and Manycore chips. In Proceedings of the 2014 Workshop on Programming Models for
SIMD/Vector Processing, Orlando, FL, USA, 16 February 2014; pp. 57–64. [CrossRef]

67. Gottschlag, M.; Brantsch, P.; Bellosa, F. Automatic Core Specialization for AVX-512 Applications. In Proceedings of the 13th ACM
International Systems and Storage Conference, Haifa, Israel, 13–15 October 2020; pp. 25–35. [CrossRef]

68. Intel Corporation. Intel Advisor 2020—Initial Release. 2019. Available online: https://www.intel.com/content/dam/develop/
external/us/en/documents/intel-advisor-2020-release-notes-562228.pdf (accessed on 20 December 2021).

69. GCC Team. GCC, The GNU Compiler Collection—Version 8.3.0. 2019. Available online: https://gcc.gnu.org/ (accessed on
20 December 2021).

70. Intel Corporation. Intel® oneAPI DPC++/C++ Compiler—Version 2021.8.0. 2003. Available online: https://www.intel.com/
content/www/us/en/developer/tools/oneapi/dpc-compiler.html#gs.4pn6zz (accessed on 25 March 2023).

71. Intel Corporation. Intel® oneAPI Math Kernel Library. 2023. Available online: https://www.intel.com/content/www/us/en/
developer/tools/oneapi/onemkl.html (accessed on 25 March 2023).

https://codebase.helmholtz.cloud/DAPHNE4NFDI/sassena
https://codebase.helmholtz.cloud/DAPHNE4NFDI/sassena
http://dx.doi.org/10.5281/zenodo.10037485
http://dx.doi.org/10.1016/0263-7855(96)00018-5
http://www.ncbi.nlm.nih.gov/pubmed/8744570
https://www.ks.uiuc.edu/Research/vmd/
http://dx.doi.org/10.1002/jcc.21787
http://www.ncbi.nlm.nih.gov/pubmed/21500218
https://github.com/MDAnalysis/mdanalysis
http://dx.doi.org/10.1063/5.0005078
http://www.ncbi.nlm.nih.gov/pubmed/32357781
https://www.travis-analyzer.de/
http://dx.doi.org/10.1021/acs.jcim.3c01033
http://www.ncbi.nlm.nih.gov/pubmed/38011026
http://dx.doi.org/10.1103/PhysRevLett.28.1516
http://dx.doi.org/10.1103/PhysRevE.87.013305
http://dx.doi.org/10.1107/S1600576714005925
http://dx.doi.org/10.1063/5.0164365
http://dx.doi.org/10.1103/PhysRevA.31.1913
http://dx.doi.org/10.1080/10448639208218770
http://dx.doi.org/10.1107/97809553602060000600
http://dx.doi.org/10.1103/PhysRevResearch.2.022015
http://dx.doi.org/10.1063/1.3578472
http://dx.doi.org/10.1021/acs.jctc.0c01217
http://dx.doi.org/10.1021/j100785a001
http://dx.doi.org/10.1107/S2059798322009184
http://dx.doi.org/10.1145/218864.218868
http://dx.doi.org/10.1145/2568058.2568068
http://dx.doi.org/10.1145/3383669.3398282
https://www.intel.com/content/dam/develop/external/us/en/documents/intel-advisor-2020-release-notes-562228.pdf
https://www.intel.com/content/dam/develop/external/us/en/documents/intel-advisor-2020-release-notes-562228.pdf
https://gcc.gnu.org/
https://www.intel.com/content/www/us/en/developer/tools/oneapi/dpc-compiler.html#gs.4pn6zz
https://www.intel.com/content/www/us/en/developer/tools/oneapi/dpc-compiler.html#gs.4pn6zz
https://www.intel.com/content/www/us/en/developer/tools/oneapi/onemkl.html
https://www.intel.com/content/www/us/en/developer/tools/oneapi/onemkl.html


Int. J. Mol. Sci. 2024, 25, 1547 26 of 27

72. Gabriel, E.; Fagg, G.E.; Bosilca, G.; Angskun, T.; Dongarra, J.J.; Squyres, J.M.; Sahay, V.; Kambadur, P.; Barrett, B.; Lumsdaine, A.;
et al. Open MPI: Goals, Concept, and Design of a Next Generation MPI Implementation. In Proceedings of the 11th European
PVM/MPI Users’ Group Meeting, Budapest, Hungary, 19–22 September 2004; pp. 97–104. [CrossRef]

73. Kormanyos, C. Real-time C++: Efficient Object-Oriented and Template Microcontroller Programming; Springer: Berlin/Heidelberg,
Germany, 2013. [CrossRef]

74. Dagum, L.; Menon, R. OpenMP: An Industry Standard API for Shared-Memory Programming. IEEE Comput. Sci. Eng. 1998,
5, 46–55. [CrossRef]

75. Amdahl, G.M. Validity of the Single Processor Approach to Achieving Large Scale Computing Capabilities. In Proceedings of the
Spring Joint Computer Conference, Atlantic City, NJ, USA, 18–20 April 1967; pp. 483–485. [CrossRef]

76. Gustafson, J.L. Reevaluating Amdahl’s Law. Commun. ACM 1988, 31, 532–533. [CrossRef]
77. Jorgensen, W.L.; Chandrasekhar, J.; Madura, J.D.; Impey, R.W.; Klein, M.L. Comparison of Simple Potential Functions for

Simulating Liquid Water. J. Chem. Phys. 1983, 79, 926–935. [CrossRef]
78. Price, D.J.; Brooks, C.L., III. A Modified TIP3P Water Potential for Simulation with Ewald Summation. J. Chem. Phys. 2004,

121, 10096–10103. [CrossRef] [PubMed]
79. Woolf, L. Tracer Diffusion of Tritiated Water (THO) in Ordinary Water (H2O) Under Pressure. J. Chem. Soc. Faraday Trans. Phys.

Chem. Condens. Phases 1975, 71, 784–796. [CrossRef]
80. Frenkel, D.; Vos, R.; de Kruif, C.D.; Vrij, A. Structure Factors of Polydisperse Systems of Hard Spheres: A Comparison of Monte

Carlo Simulations and Percus–Yevick theory. J. Chem. Phys. 1986, 84, 4625–4630. [CrossRef]
81. Scherrer, P. Bestimmung der Größe und der inneren Struktur von Kolloidteilchen mittels Röntgenstrahlen. Nachrichten Von Ges.

Wiss. GöTtingen Math.-Phys. Kl. 1918, 1918, 98–100.
82. Balaguer, M.; Solís, C.; Serra, J.M. Study of the Transport Properties of the Mixed Ionic Electronic Conductor Ce1−xTbxO2-δ+ Co

(x = 0.1, 0.2) and Evaluation as Oxygen-Transport Membrane. Chem. Mater. 2011, 23, 2333–2343. [CrossRef]
83. Salacuse, J.J.; Denton, A.R.; Egelstaff, P.A. Finite-Size Effects in Molecular Dynamics Simulations: Static Structure Factor and

Compressibility. I. Theoretical Method. Phys. Rev. E 1996, 53, 2382–2389. [CrossRef]
84. Patterson, A.L. The Scherrer Formula for X-Ray Particle Size Determination. Phys. Rev. 1939, 56, 978–982. [CrossRef]
85. Cao, T.; Ji, X.; Wu, J.; Zhang, S.; Yang, X. Correction of Diffusion Calculations When Using Two Types of Non-Rectangular

Simulation Boxes in Molecular Simulations. J. Mol. Model. 2019, 25, 1–10. [CrossRef]
86. Debye, P. Zerstreuung von Röntgenstrahlen. Ann. Der Phys. 1915, 351, 809–823. [CrossRef]
87. Guinier, A. X-ray Diffraction in Crystals, Imperfect Crystals, and Amorphous Bodies; Courier Corporation: Chelmsford, MA, USA, 1994.
88. Farrow, C.L.; Billinge, S.J. Relationship Between the Atomic Pair Distribution Function and Small-Angle Scattering: Implications

for Modeling of Nanoparticles. Acta Crystallogr. Sect. Found. Crystallogr. 2009, 65, 232–239. [CrossRef] [PubMed]
89. Marcin Wojdyr. Debyer. 2015. Available online: https://github.com/wojdyr/debyer (accessed on 27 December 2023).
90. Jin, H.; Jespersen, D.; Mehrotra, P.; Biswas, R.; Huang, L.; Chapman, B. High Performance Computing using MPI and OpenMP

on Multi-Core Parallel Systems. Parallel Comput. 2011, 37, 562–575. [CrossRef]
91. Rabenseifner, R.; Hager, G.; Jost, G. Hybrid MPI/OpenMP Parallel Programming on Clusters of Multi-Core SMP Nodes.

In Proceedings of the 2009 17th Euromicro International Conference on Parallel, Distributed and Network-Based Processing,
Weimar, Germany, 18–20 February 2009; pp. 427–436. [CrossRef]

92. van Rossum, G. Python Tutorial, Technical Report CS-R9526; Technical Report; Centrum voor Wiskunde en Informatica (CWI):
Amsterdam, The Netherlands, 1995.

93. McGibbon, R.T.; Beauchamp, K.A.; Harrigan, M.P.; Klein, C.; Swails, J.M.; Hernández, C.X.; Schwantes, C.R.; Wang, L.P.; Lane, T.J.;
Pande, V.S. MDTraj: A Modern Open Library for the Analysis of Molecular Dynamics Trajectories. Biophys. J. 2015, 109, 1528–1532.
[CrossRef]

94. Soper, A.K. The Radial Distribution Functions of Water as Derived from Radiation Total Scattering Experiments: Is There
Anything We Can Say for Sure? Int. Sch. Res. Not. 2013, 2013, 279463. [CrossRef]

95. Guinier, A.; Fournet, G.; Walker, C.B.; Yudowitch, K.L. Small-Angle Scattering of X-rays; Wiley: New York, NY, USA, 1955.
96. Kikhney, A.G.; Borges, C.R.; Molodenskiy, D.S.; Jeffries, C.M.; Svergun, D.I. SASBDB: Towards an Automatically Curated and

Validated Repository for Biological Scattering data. Protein Sci. 2020, 29, 66–75. [CrossRef]
97. Aslan, N.; Horstmann, C.; Metz, O.; Kotlyar, O.; Dornheim, M.; Pistidda, C.; Busch, S.; Lohstroh, W.; Müller, M.; Pranzas, K.

High-Pressure Cell for In Situ Neutron Studies of Hydrogen Storage Materials. J. Neutron Res. 2019, 21, 125–135. [CrossRef]
98. Sandia Corporation. LAMMPS—Version 22 December 2022. Available online: https://www.lammps.org/ (accessed on 1 March 2023).
99. Sandia Corporation. A Flexible Version of TIP3P. 2003–2023. Available online: https://docs.lammps.org/Howto_tip3p.html

(accessed on 27 December 2023).
100. Sears, V. Theory of Cold Neutron Scattering by Homonuclear Diatomic Liquids: II. Hindered Rotation. Can. J. Phys. 1966,

44, 1299–1311. [CrossRef]
101. Bée, M., General Aspects of Neutron Scattering. In Quasielastic Neutron Scattering; Chapter General Aspects of Neutron Scattering;

IOP Publishing Ltd.: Bristol, UK, 1988;
102. Egelstaff, P. An Introduction to the Liquid State; Academic: London, UK, 1967. [CrossRef]
103. Hess, B.; Kutzner, C.; Van Der Spoel, D.; Lindahl, E. GROMACS 4: Algorithms for Highly Efficient, Load-Balanced, and Scalable

Molecular Simulation. J. Chem. Theory Comput. 2008, 4, 435–447. [CrossRef]

http://dx.doi.org/10.1007/978-3-540-30218-6_19
http://dx.doi.org/10.1007/978-3-662-56718-0
http://dx.doi.org/10.1109/99.660313
http://dx.doi.org/10.1145/1465482.1465560
http://dx.doi.org/10.1145/42411.42415
http://dx.doi.org/10.1063/1.445869
http://dx.doi.org/10.1063/1.1808117
http://www.ncbi.nlm.nih.gov/pubmed/15549884
http://dx.doi.org/10.1039/f19757100784
http://dx.doi.org/10.1063/1.449987
http://dx.doi.org/10.1021/cm103581w
http://dx.doi.org/10.1103/PhysRevE.53.2382
http://dx.doi.org/10.1103/PhysRev.56.978
http://dx.doi.org/10.1007/s00894-018-3910-6
http://dx.doi.org/10.1002/andp.19153510606
http://dx.doi.org/10.1107/S0108767309009714
http://www.ncbi.nlm.nih.gov/pubmed/19349667
https://github.com/wojdyr/debyer
http://dx.doi.org/10.1016/j.parco.2011.02.002
http://dx.doi.org/10.1109/PDP.2009.43
http://dx.doi.org/10.1016/j.bpj.2015.08.015
http://dx.doi.org/10.1155/2013/279463
http://dx.doi.org/10.1002/pro.3731
http://dx.doi.org/10.3233/JNR-190116
https://www.lammps.org/
https://docs.lammps.org/Howto_tip3p.html
http://dx.doi.org/10.1139/p66-109
http://dx.doi.org/10.1016/B978-0-12-395515-9.X5001-2
http://dx.doi.org/10.1021/ct700301q


Int. J. Mol. Sci. 2024, 25, 1547 27 of 27

104. GROMACS. GROMACS—Version 2020.1-Ubuntu-2020.1-1. Available online: http://www.gromacs.org (accessed on 27 December
2023).

105. Carter, D.; He, J.; Ruble, J.; Wright, B. The Structure of The Orthorohmbic Form of Hen Egg-White Lysozyme at 1.5 Angstroms
Resolution. 1997. Available online: https://www.wwpdb.org/pdb?id=pdb_00001aki (accessed on 27 December 2023).

106. Justin A. Lemkul. GROMACS Tutorial: Lysozyme in Water. 2018. Available online: http://www.mdtutorials.com/gmx/
lysozyme/index.html (accessed on 27 December 2023).

107. Jorgensen, W.L.; Tirado-Rives, J. The OPLS [Optimized Potentials for Liquid Simulations] Potential Functions for Proteins, Energy
Minimizations for Crystals of Cyclic Peptides and Crambin. J. Am. Chem. Soc. 1988, 110, 1657–1666. [CrossRef]

108. Damm, W.; Frontera, A.; Tirado-Rives, J.; Jorgensen, W.L. OPLS All-Atom Force Field for Carbohydrates. J. Comput. Chem. 1997,
18, 1955–1970. [CrossRef]

109. Armstrong, J.A.; Bresme, F. Water Polarization Induced by Thermal Gradients: The Extended Simple Point Charge Model
(SPC/E). J. Chem. Phys. 2013, 139, 014504. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://www.gromacs.org
https://www.wwpdb.org/pdb?id=pdb_00001aki
http://www.mdtutorials.com/gmx/lysozyme/index.html
http://www.mdtutorials.com/gmx/lysozyme/index.html
http://dx.doi.org/10.1021/ja00214a001
http://dx.doi.org/10.1002/(SICI)1096-987X(199712)18:16<1955::AID-JCC1>3.0.CO;2-L
http://dx.doi.org/10.1063/1.4811291

	Introduction
	Results
	Atomistic Dynamics as Seen by the Incoherent Intermediate Scattering Function
	Structure as Seen by Diffraction
	r-Clean: Subtracting the Average Scattering Length Density of the Solvent from the Scattering Lengths to Remove the Contrast between the Simulation Box and Surrounding Vacuum
	Q-Clean: Subtracting the Scattering Amplitude of the Simulation Box in Reciprocal Space
	Calculation of Example Diffractograms

	Increasing the Computation Speed
	Single-Core Performance: Efficient Vectorization
	Multi-Core Performance: Introduction of OpenMP


	Discussion
	Dynamics—Atomic
	Structure—Atomic and Nanoscopic
	Increasing the Computation Speed

	Materials and Methods
	Simulations
	Water
	Spherical Solute in Solvent
	Lysozyme in Water

	Calculation of Scattering Curves from Simulations
	Probing the Dynamics
	Probing the Structure

	Experiments
	Water Dynamics
	Water Structure
	Spherical Solute in Solvent
	Lysozyme in Water Structure


	Conclusions
	Appendix A
	Appendix B
	Appendix C
	Appendix D
	Appendix E
	References 

