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Abstract. The paper shows a method for the theoretical calculation of the spectrum of
interaction between an ultrashort laser pulse and complex polyatomic objects. The calculation is
shown on some plasmids DNA. The special feature of the calculation is the speed of processing
the results. The method allows you to consider the scattering on all the atoms included in the
molecules, while the calculation is performed quickly enough, due to the use of symmetries in
the structure of the object in question. The method is suitable only for molecules with repeating
regions in their structure, such as some plasmids and polymers, including DNA molecules with
repeating nitrogenous bases. The calculation is based on the Hartree—Fock—Slater method.
Before mathematical modeling, the molecule is built in the Avogadro program. The coordinates
of the constructed model are used for the calculation. To date, the processing of experimental
data obtained during operation of ultrashort pulses is difficult. The proposed method can help
in deciphering the experimental data and reduce the processing time of the results.
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AnHotanua. B cratbe mpencTraBlieH  METOI ~TEOPETUYECKOIO pacuera  CIeKTpa
B3aMMOJICICTBUS YIbTPAKOPOTKOTO JIa3¢PHOI0 MMIIYJIbCAa CO CJIIOXHBIMM MHOIOATOMHBIMU
obbekTamu. PacueT mokazaH Ha mpumepe HekoTopbix miasMuaHbix JTHK. OcobeHHOCTHIO
pacdeTa SBISIETCS BpeMsI 0OpabOTKM pe3yiIbTaToB. MeTOH ITO3BOJISIET YUMTHIBATH pacCesHUE
Ha BCEX aTOMax, BXOISIIINX B COCTAB MOJIEKYJ, IPW 3TOM PacueT BBITOIHSICTCS ITOCTAaTOUHO
ObICTPO, Oylaromapsl MCIIOJb30BAaHMIO CMMMETPUII B CTPYKTYpE paccMaTpUBaeMOIo OObEKTa.
DTOT METOM MOAXOAUT TOJLKO IJISI MOJIEKYJI C ITOBTOPSIIOLIMMUCS Y4acTKaMU B UX CTPYKTYpE,
TaKMX KaK HEKOTOPBIC MIa3MUIBI U TTOJIMMEpHI, BKJtouas MoiekyJibl JIHK ¢ moBropsionmmucs
a30TUCTBIMU OCHOBaHMSIMU. Pacuer ocHoBaH Ha Metone Xaptpu—®Poka—Creittepa. Ilepen
MaTeMaTu4eCKUM MOJEIMPOBaHUEM MOJIEKYJa CTpOUTCS B Iporpamme Avogadro. [1is1 pacueTa
WCITOJIB3YIOTCS KOOPAWHATHEI TIOCTPOCHHO#W Momenw. Ha ceromusimHuii geHb 00paboTKa
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9KCIEPUMEHTAIbHBIX JAHHBIX, IOJIYYEHHbIX IpPU paboTe C YJIbTPAKOPOTKMMHU MMITYJbCAMU,
3aTpynHeHa. IlpemiaraemMblii METOA MOXKET IIOMOYb B pacliM(pOBKE 3KCIIEPUMEHTAIbHBIX
JMIAHHBIX U COKPATUTh BpeMsl 00pabOTKM pe3y/IbTaToOB.

KioueBbie ci0Ba: yabTpaKOpOTKHE Jia3epHble WMITYJIbChl, mazmunnast JHK, cnexTpsl
paccesiHusI
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Introduction

Currently spectroscopy is one of the most promising methods for studying complex molecular
structures. There are different types of radiation used in spectroscopy, but in present, one of the
most popular types is ultrashort laser pulse spectroscopy. With their help, many models of pro-
teins and molecules have already been deciphered, as indicated by the marks in the world data-
base of proteins and molecular compounds [1—3]. Using ultrashort pulses allows you to work on
the same time scale as a molecule. Thus, it becomes possible to study the structure of a molecular
compound before it changes, for example, under the influence of the environment. This is rele-
vant specifically for protein compounds, since they are the ones that are difficult to crystallize,
which complicates the experiment by other methods. To date, experiments using ultrashort pulses
are actively underway in Hamburg, at a free electron laser installation. Decoding the received
data is a complex process, especially if the object under study is a polyatomic structure. There are
different ways to decipher the spectra obtained during scattering, but all of these are quite labo-
rious and time-consuming. This article will show a method that reduces the calculation time for
the model of the scattering spectrum of ultrashort laser pulses using examples of some plasmids
and polymers.

Materials and methods

The calculation is based on the method described in [4, 5]. The method is derived from a the-
oretical description of the interaction of an ultrashort pulse with a test substance using numerical
modeling and the Dirac—Hartree—Fock—Slater model. To simplify the decoding of molecular
structures, it is proposed to conduct theoretical modeling of the interaction in order to obtain a
reference diffraction pattern. But if there are repeating sections or links in the studied molecule,
then the method can be simplified. The main calculation of the spectrum is carried out according
to the formula:
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where N, is the number of electrons in the atom of the ith variety; N, is the number of atoms
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of the ith variety. F, =N I p..(r)e™d’r=1 is a form factor of the atom of the ith variety
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with an electron density p, , (r).

Coefficient §, , = Z o P(RauRy) depends only on the coordinates of atoms of the ith variety
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(with Ai number), which position is determined by the radius vector R,. Eq. (1) is analytical,
which contributes to a fairly simple calculation of spectra. The calculation of the electron density
is difficult here. But if there are repeating sections in the molecule, the interference factor can be
calculated in another way:

O ’pRA‘BZSlZBl BN 2
. ~ &
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Here, the interference factor is calculated by the sum of the repeated sections. For example,
a DNA molecule has three repeating nitrogenous bases. Calculations within a single nitroge-
nous base are taken into account, and then the result is summed up by the number of repeti-
tions. In this paper, the varieties of plasmids’ ring forms are considered: one ring and two rings.
Interestingly, gel electrophoresis is mainly used to study such structures. In the gel, plasmids begin
to move under the influence of electricity, and the magnitude of their movement in the gel helps
to distinguish large ring shapes from smaller ones. The ring plasmid of DNA is a closed DNA
helix. Let us replace one spiral period with one element, as illustrated in Fig. 1.
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helix

Fig. 1. Simplified model of the DNA ring plasmid

The position of plasmid DNA after gel electrophoresis in agarose gel provides an understand-
ing of its structure. The method is simple and relatively inexpensive, and it has proven itself well.
But this method couldn’t help to evaluate changes in plasmids, such as ruptures. In addition,
the method has a high error rate, since the difference between some forms of plasmids is small,
for example, one ring and two rings of the DNA helix. In this paper, the use of ultrashort pulses
for the analysis of such structures is proposed. Let us perform the calculation on the simplified
structure of two ring plasmids. A supercoiled DNA plasmid will be used as the second sample for
the study in Fig. 2.
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Fig. 2.Simplified model of a doubled circular DNA plasmid
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Results and discussion

In this study the main objective is to identify the difference in the shapes of the spectra from
two circular DNA plasmids. These shapes are interesting because despite a complex geometric
arrangement of atoms in the structure, their number may practically not change. It is necessary
to check whether the proposed method can capture changes only in the geometric position of
the atoms. A simplified form of DNA plasmids, idealized rings, is used for this task. Theoretical
modeling of the interaction of an ultrashort laser pulse with plasmids obtains results that shown
on the following contour plots of scattering spectra (Fig. 3).
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Fig. 3. Contour graph of the scattering spectrum during the interaction of an ultrashort
laser pulse with a plasmid: ring plasmid of DNA (a); supercoiled plasmid of DNA (b)
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Fig. 4. Difference between the spectra. To visualize the difference between
the obtained spectra, the contour graph images were superimposed on each other.
The image of the DNA superplasmid spectrum is cut out in white

Here 6 is the angle between the spiral axis and the scattering direction n, ¢ is the angle between
the x-axis and the projection n on a plane perpendicular to the axis of the spiral. As can be seen
from the graphs obtained, the spectrum of the DNA plasmid has a large number of spots. This
is due to the large number of atoms, as well as the re-emission in repetitive areas. The laser
pulse irradiated DNA as shown in Figs. 1, 2. The spectra differ significantly, although they are
based on the same shape and the position of the main spots near the central maximum has the
same direction.
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Conclusion

As a result, a method is shown that makes it possible to calculate the structure of DNA plas-
mids using a simplified model. According to the results, the method enables to detect changes
in the plasmid structure. Using the proposed method, it is possible to more accurately assess the
structure of complex DNA.
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