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Abstract: It is well known that X-ray crystallography is based on X-ray diffraction (XRD) by atoms
and molecules. The diffraction pattern arises as a result of scattering of incident radiation, which
makes it possible to determine the structure of the scattering substance. With the advent of ultrashort
radiation sources, the theory and interpretation of X-ray diffraction analysis remained the same. This
work shows that when an attosecond laser pulse is scattered on a DNA molecule, including during its
nicking and bending, the pulse duration is an important characteristic of the scattering. In this case,
the diffraction pattern changes significantly compared to the previously known scattering theory. The
results obtained must be used in XRD theory to study DNA structures, their mutations and damage,
since the previously known theory can produce large errors and, therefore, the DNA structure can be
“deciphered” incorrectly.
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1. Introduction

It is generally believed that when scattering ultrashort laser pulses (USP) in the X-ray frequency
range, the results do not depend on the duration of such a pulse 7. As a result, the theory of diffraction
analysis of matter (XRD) usually uses a previously known theory based on an infinitely long pulse
duration [1-4]. In this theory, the key quantity in X-ray scattering is the scattering spectrum, related to
the Fourier transform of the electron density distribution p(r) in a substance as follows|[5,6]
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where % is the scattering spectrum of a free electron (Thomson scattering), p is the momentum
transferred to the electron during scattering (otherwise p = 27” (n — ny) is the scattering vector, where
n is the direction of scattered radiation, ng is direction of incident radiation), (} is the solid angle at
which scattering occurs. Using well-known methods [7] based on the inverse Fourier transform, one
can determine p(r) from the X-ray scattering pattern. It is also believed that ultrashort sources of laser
pulses are important, primarily for studying the dynamics of processes occurring in various structures
[8-11]. In this case, the interaction time of such pulses T with the structure under study should be
many times less than its characteristic time 7,, i.e. T < 7. In other words, to find the electron density
varying with time, you need to find p(r, t), i.e. in Eq.(1) you need p(r) — p(r,t) [6]. This method
is well known as time-resolved X-ray diffraction (TR-XRD). In other words the TR-XRD technique
uses the same Eq. (1), but the diffraction pattern is "read off" the system being studied over time ¢
and conclusions are drawn about the dynamics of the system from a large set of such patterns. Of
course, it is possible to study the structure without resorting to ultrashort pulses, but only in the case
of stationary objects. If dynamic structures are to be studied, ultrashort pulses must be used, and the
theory of scattering of such pulses for the study of dynamic structures must contain the pulse duration
parameter, and it is incorrect to use Eq.(1) directly. One way or another, the problem of interaction of
ultrashort pulses with atoms and molecules is an important part of modern physics[6,9,12-15].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Recently, in works [16-19] it was shown that Eq.(1) is not correct to use in the case of scattering of
attosecond laser pulses on nucleotides and trinucleotides of DNA and RNA. It was shown that the
previously known XRD theory can differ greatly from the case of the theory developed in these works,
which takes into account the USP duration parameter. Extend similar conclusions to more complex
DNA structures, for example, their mutations, breaks, folding, etc. it is not possible directly. This is
due to the fact that only direct calculation and analysis of a specific structure using the theory[16,17]
can provide information about the effect of pulse duration on scattering spectra. It can only be argued
that such pulses should be attosecond and shorter when scattered on biomolecules[16,17,19].

As an object of study we will choose a single-stranded DNA macromolecule with five nitrogenous
bases: cytosine-cytosine-guanine-cytosine-cytosine. It is interesting to consider a few states of the
molecule that are important in biology, namely the stacking interactions of DNA: Nick - the absence
of a single phosphodiester bond,bending DNA, see Figure 1. Nick can be either mutational damage
or the result of a directed biochemical reaction [20]. Nick allows DNA to unwind during replication,
is a marker for ligase recognition and was detected by XRD, at 2A resolution [21] using Eq.(1). To
achieve higher resolution, the results obtained were refined by iterative single isomorphic substitution
methods to obtain electron density maps, also by heavy atom methods [22], and indirectly by detecting
the embedded ligase in place of Nick [23]. The obtained data do not give a clear understanding of the
structure of the studied sample, which is reflected in the search for new ways to find Nick in the DNA
structure [24].

a b C
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Figure 1. (a): a DNA molecule is shown; (b): a DNA molecule is shown with a break in which there
is no phosphodiester bond between adjacent nucleotides, i.e. Nick; (c): bending DNA in the Nick
molecule.

This work shows that the previous XRD method gives a large error in the USP scattering spectra in
the case of using attosecond pulses on the objects under study, which can lead to incorrect interpretation
and “deciphering” of these structures.

Next, we will use the atomic system of units: /1 = 1; |e| = 1; m, = 1, where 1 is the Dirac constant, e
is the electron charge, m, is the electron mass.
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2. Scattering of attosecond laser pulses

Let’s consider the scattering of attosecond laser pulses on single-stranded DNA macromolecules
shown in Figure 1. In this work, we study single-stranded DNA macromolecules, since we are
interested in comparing and contributing to the scattering spectra of an undamaged DNA chain
(Figure 1(a)) with a damaged one ((Figure 1(b) and ( c¢)). Obviously, if calculations on single-stranded
DNA macromolecules differ from the same calculations using the previous theory, then the same will
happen for double-stranded structures. We will also carry out calculations on the same structures
in the case of using the previous XRD theory, i.e. where the pulse duration is considered infinitely
long. Let us consider in more detail the three structures presented above, on which the USP falls, see
Figures 2-4.
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Figure 2. The USP is shown falling on a section of a single-stranded DNA molecule. The red balls are
oxygen atoms (O), the yellow ones are phosphorus (P), the blue ones are nitrogen (N), the light grey
ones are hydrogen (H) and the dark grey ones are carbon (C).
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Figure 3. The USP is shown falling on a section of a single-stranded Nick molecule. The colors of the
atoms are the same as in Figure 2.
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Figure 4. The USP is shown falling on a section of a single-stranded bending DNA. The colors of the
atoms are the same as in Figure 2.

Since we are considering attosecond pulses, we can use the sudden perturbation approximation
to find the scattering spectra of ultrashort pulses. In this approximation, the theory of ultrashort
pulse scattering was developed in the works [16,17,19,25,26]. In this approximation, it is assumed
that the duration of an ultrashort pulse T is many times shorter than the characteristic atomic time
T, ~ 1,ie. T < 7;. Let us recall that for sufficiently light atoms 7; ~ 1. Also, this theory is also
suitable for longer pulses [27], including femtosecond ones. If we consider the USP to be spatially
inhomogeneous, i.e. electromagnetic field strength E(r,t) = Eph(t — nor/c), where Ey is the field
amplitude, h(t — ngr/c) is an arbitrary function that determines the shape of the USP, c is the speed of
light (in a.e. ¢ & 137 ), then the scattering spectra (scattering energy and unit solid angle) of a Gaussian
pulse h(w) = ‘/Tge_(“’_“’())z/ 02 (p = 1/1, h(w) this is the Fourier transform of h(x), wy is the carrier
frequency of the pulse) can be represented as [16,17,25,26]
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where N ; is the number of atoms of i type; N, ; is the number of electrons in the atom i type; Ry; is a
radius vector specifying the position of an atom i of type with number A;; the summation is carried
out over all atoms (A;, Aj) and over all types of atoms (i,j); po = “2(n — ng) has the meaning of
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recoil momentum when light with frequency wy is scattered by a bound electron and p. = CLT (n—mny);
Fi(po) = N%z [ pe,i(x)e~Pord3r is the form factor of the i atom of the variety with electron density p,;(1).
The electron density of the atoms p, ; variety i will be chosen in the independent atom model [28]. In
this case we get p, ;(r) = i\% Zi:l Ak,ia%,ie_“k'i', where Ay ;, &y ; are constant coefficients defined in [28].
It should be added that Eq.(2) was obtained in the case of multi-cycle pulses, i.e. woT > 1. This case is
precisely realized on well-known ultrashort pulse X-ray sources, for example, Free Electron Lasers
(XFELSs).

Let us add that if in Eq. (2) we increase T — oo, we get the known Eq. (1). Thus, Eq. (2)
contains characteristics responsible for the duration of USP 7. Indeed, if T — oo, then the parameter
pr = %(n —np) — 0, and Eq. (2) becomes proportional to T (Fermi’s golden rule), and therefore
coincides with Eq. (1). In this case, it is especially interesting to understand the physical meaning of
the pr momentum, since it is precisely this that is responsible for the main difference between Eq.(2)
and Eq.(1). Its physical meaning is quite easy to understand if we consider that the incident USP is
non-monochromatic, i.e. this pulse has a frequency dispersion proportional to 1/7. This means that
during USP scattering, a recoil momentum lying in the interval ~ po & pr is transferred to atomic
electrons. From Eq.(2), namely the parameter ; ;(po, pr) it is clear that the momentum ~ pg + pr
can be transferred not to all electrons in the system under consideration, but only to those where
the distance between electrons is of the order of cT. In other words, due to frequency dispersion, it
is not a plane wave of infinite extent that falls, but a wave packet of limited size ~ c¢7; accordingly,
only those electrons that are located inside the region of space ~ cT are scattered together. As a
result of this analysis, we can say that if we consider a structure whose asymmetrical part dimensions
are comparable to or greater than ~ c7, then the pulse duration will have a significant contribution
to the scattering spectra, i.e. there will be a big difference between Eq.(2) and Eq.(1). If we choose
attosecond pulses with T ~ 1 and even an order of magnitude more than this, then such systems can be
various macromolecules, including DNA, RNA, various proteins, etc. Although the exact quantitative
contribution can only be determined as a result of direct calculations.

3. Results

Next, we consider the scattering of USPs on the systems presented in Figures 2-4 and show that
for such systems the use of Eq. (1) introduces large errors. Results of calculations of scattering spectra
using Eq. (2) (top of figures) and using Eq. (1) (lower part of the figures) are shown in Figures 5-7.
In the presented calculations, the incident USP on the systems under study is presented as shown in
Figure 5-7 with photon energy fiwg = 7.46 keV, pulse duration T = 1as. It should be added that the
choice of USP duration is T = 1 as. purely conditional, in order to better navigate the timeline. We can
choose a longer duration in our calculations, about tens of T ~ 10 (as), but the results will be close,
but more similar to the results of calculations using Eq. (1). It should be added that USP durations
of tens of attosecuns have already been implemented [29,30], then our theory and calculations are
implementable in practice.
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Figure 5. Scattering spectra of USP on a region of a single-stranded DNA molecule, see Figure 2:
(upper part of the figures) calculated from Eq. (2), (lower part of the figures) calculated from Eq. (1).

The spectra are presented as 2D (left) and 3D (right) graphs. 2D plots are presented in dimensionless

units and normalized to the maximum value of the spectrum. Angles ¢, 6 are angles in the spherical
coordinate system shown in Figure 2.
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Figure 6. The same as in Figure 5, but the calculations were carried out for a section of a single-chain
Nick molecule, see Figure 3.


https://doi.org/10.20944/preprints202309.2016.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 September 2023 doi:10.20944/preprints202309.2016.v1

9of11

0.0 05 1.0 15 20 25 3.0

Figure 7. The same as in Figure 5, but the calculations were carried out for a section of a single-stranded
bending DNA, see Figure 4.

It can be seen from Figures 5-7 that the scattering spectra in the case of using Eq. (2) and Eq.
(1) are significantly different. There is one basic pattern in the calculations when using Eq. (1) there
are more diffraction peaks, especially at large scattering angles. This is easy to explain based on the
analysis in the previous section. When using Eq. (1) the pulse duration is not taken into account in
the calculations, which means the dimensions of such a pulse are infinitely large, i.e. this is a plane
wave. Such a plane wave, incident on the system under study, interacts equally with all the electrons
of the polyatomic system, which means there are more scattering centers. When using Eq. (2) the pulse
duration is taken into account, and therefore the size of the USP, which is ~ ¢t. The dimensions of our
macromolecules are ~ 100, which is comparable to the size of USPs. This means that a USP incident on
such a system does not interact equally with all electrons of such a structure, which leads to a decrease
in scattering centers and, accordingly, diffraction peaks.

4. Conclusion and discussion

The main result obtained in this work is that the use of the previously known and widely used
Eq.(1) is unacceptable in the case of scattering of attosecond pulses on the structures under study, see
Figures 2-4. In this case, it is necessary to use Eq.(2) to calculate the scattering spectra. This output is
extremely important for time-resolved X-ray diffraction (TR-XRD). Indeed, to study the dynamics of
processes occurring on an atomic and molecular time scale, i.e. where the characteristic time 1, of such
systems is comparable to tens of attoseconds, to study the dynamics of such systems it is necessary
to use pulses with a duration T < 7,. When “deciphering” the scattering spectra of such pulses, as
shown above, the differences between the old and the presented theory can be very large, which will
lead to incorrect determination of the structure and dynamics of the system being studied. Thus, Eq.
(2) is more general in XRD (or TR-XRD) theory, where the previous theory is a special case of the theory
presented here.
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It should be noted that this work studied scattering from spatially oriented structures, which
is not the case in the TR-XRD experiment, which uses the pump-probe method. In the pump-probe
method, the structures under study are fed randomly oriented relative to the incident USP. To do this,
we would need to average the obtained spectra over all possible angles of incident USP. We also carried
out similar calculations and all the conclusions are the same as those presented above, i.e. averaging
does not qualitatively change the scattering spectra.
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