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The cross-sections of the formation of positive and negative ions
of uracil, a nitrogenous base of nucleic acids, are obtained ex-
perimentally. The values for negative ions were shown to reach
their maximum of 5.0 × 10−18 cm2 at an energy of bombarding
electrons of 1.1 eV. The magnitudes and the energy dependence
were determined for the cross-section of formation of positive uracil
ions in the electron energy interval from the formation threshold to
200 eV. The ionization cross-section peak of (1.0±0.1)×10−15 cm2

was found at an energy of 95 eV. The luminescence spectrum for
isolated uracil molecules consisting of about 20 spectral bands and
lines emitted under the action of slow electrons was obtained in
the wavelength range 200–500 nm. The uracil radiation spectrum
was shown to be driven by the processes of molecular dissociative
excitation, dissociative excitation with ionization, and excitation
of electron levels in the initial molecule and the molecular ion. The
biophysical consequences of the results obtained are discussed.

1. Introduction

Early studies of the interaction between slow monoen-
ergetic electrons and molecules of nitrogenous bases of
nucleic acids have been started by the authors of this
work as long ago as in the 1980s [1]. In our subse-
quent experiments [2, 3], the new methodological de-
velopments concerning the formation of the gas phase
of molecules without appreciable degradation of their
structures were implemented. In particular, we obtained
intense molecular beams. This allowed us to reveal that
the electron impact stimulates various physical processes
in biomolecules, such as excitation, ionization, dissocia-
tive excitation, and dissociative ionization. We also eval-
uated the probability for each processes to take place at
various electron energies.

An experimental study of the processes of inelastic
interactions between biomolecules and slow electrons is
associated, first of all, with the importance of the prob-
lem of intracellular irradiation of biostructures with sec-
ondary electrons that are formed in quantity in a sub-
stance subjected to irradiation of various kinds. In this
connection, the physical modeling of the cell ioniza-

tion processes under laboratory experimental conditions,
when the monoenergeticity and the single-action of elec-
trons on biostructures can be provided in a wide enough
energy range, is challenging. Information on the physi-
cal structure of molecules is necessary to understand the
role of primary physical processes in the maintenance of
the biosystem functioning and the influence of various
environmental factors on this process. Among those fac-
tors, a special attention is paid to natural and artificial
radiations. Generally speaking, the interaction between
high-energy radiation and living cells does not give rise
directly to the degradation of biopolymeric molecules,
in particular, to the rupture of covalent bonds in the
primary structure of nucleic acids. This action is exe-
cuted by secondary electrons that are formed in quan-
tity (4 × 104 electrons per 1 MeV of an incident high-
energy particle) in a biosubstance [4]. The majority of
secondary electrons is low-energetic (slow), with the en-
ergy ranging from fractions to tens of electronvolts [4]. It
is slow electrons that are assumed today to be responsi-
ble for the main part of destructive changes at the molec-
ular level in biostructures. The most important targets
at that are genetic DNA and RNA macromolecules.

In our previous researches [5–7], we analyzed the pro-
cesses of ionization and excitation of the molecules of nu-
cleic acid bases, cytosine and thymine, in the gas phase
by slow electrons. The present research is devoted to
uracil.

2. Experimental Installations and Methods of
Research

2.1. Ionization

The experiment is based on a technique with the use of
the intersecting beams of electrons and molecules, which
was successfully applied earlier [5]. A beam of uracil
molecules (see Fig. 1) was obtained with the use of a
thermal effusion source of the multichannel type and a
set of collimating slits. The effusion source included the
following components: a copper container with an uracil

752 ISSN 2071-0194. Ukr. J. Phys. 2012. Vol. 57, No. 7



ELECTRON IMPACT IONIZATION AND EXCITATION OF URACIL MOLECULES

Fig. 1. Experimental setup for studying the ionization of uracil
molecules: crucible (1 ), collimating slits (S1–S4), molecular beam
latches (2 and 7 ), electron gun (3 ), electron collector (4 ), ion
collector (5 ), probe (7 ), molecule collector (8 ), galvanic voltage
sources (9 ), current-to-frequency converter (I–f), the digital-to-
analog converter (DAC), and voltage amplifier (VA)

specimen, the resistive heater of a container, a calibrated
thermocouple (chromel–alumel) sensor of the tempera-
ture of a container, and thermal screens. The container
itself was fabricated in the form of a hollow cylinder.
An element with effusion channels (100 channels per an
area of 1.5 × 1.5 mm2) was mounted at one of the con-
tainer ends and a hermetic choke at the other. The latter
was used to arrange the uracil specimen with a purity of
99% (Sigma-Aldrich) and the temperature sensor. The
heater was so designed that the temperature of an ele-
ment with microchannels was by 10 ◦C higher than that
of the choke (93 ◦C). In such a manner, we avoided the
plugging of microchannels in the course of experiments.
The molecules passed through the region of their inter-
action with the electron beam to be deposited at the end
of their path onto the collector bottom and to form, in
due course, an appreciable layer, the condensate. The
collector comprised a cylindrical copper chamber with
the input slit S4 and a flat bottom maintained at liquid
nitrogen temperature. The measurements of the con-
densate mass and the time of its formation enabled us
to determine the molecular beam intensity and, respec-
tively, its concentration.

As a source of electrons, we used a five-electrode gun
with a cathode made of thoriated tungsten. The elec-
tron gun temperature was kept constant at a level of
110 ◦C, which provided the stability of parameters at
the gun functioning. The first electrode of the gun was
maintained at a low negative potential to filter out low-

Fig. 2. Experimental setup for studying the excitation of uracil
molecules: electron gun (1 ), electron emitter (K ), uracil specimen
(2 ), electron collector (Faraday cylinder) (3 ), source of the scan-
ning potential of the electron beam (4 ), and block of modulation
of the electron beam 5

energy electrons emitted from the cathode. The elec-
trons in the beam that passed the collision region were
captured by the Faraday cylinder that had a positive
potential. The measurements were carried out at a cur-
rent strength of 1 × 10−7 − 1 × 10−6 A in the electron
beam and the half-height width of the electron energy
distribution ΔE1/2 ≈ 0.3 eV. The gun was arranged in a
longitudinal field with the induction B = 1.2× 10−2 T.
The electron energy scale was calibrated according to
the resonance peak of the formation of SF−6 ions, the
energy position of which was taken as the zero reference
point.

To collect all ions that were formed in the region
where the electron and molecular beams intersected each
other, an intermediate collector with an axial electrode
(a probe) was mounted at the molecular beam path. To
provide the completeness of ion collection, the probe was
maintained at a potential of 25 V, the polarity of which
was determined by the charge sign of ions to be regis-
tered. The magnetic field prevented electrons that were
scattered by uracil molecules and electrode surfaces from
getting to the probe.

2.2. Excitation

The gas phase of uracil was formed by heating the spec-
imen in a separate metallic container (Fig. 2). The
obtained gas phase of uracil was directed by a steam
line into a closed cubic mould (cell) 2 cm3 in vol-
ume. The temperature of the container with the uracil
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Fig. 3. Dependence of the cross-section of the formation of negative
uracil ions on the electron energy

powder did not exceed 350 K. A diaphragm 1.5 mm
in diameter for injecting the electron beam and the
beam source itself were mounted on one of the exter-
nal edges of the cell, and the electron beam detec-
tor (the Faraday cylinder) on the other. The elec-
tron beam was emitted by a five-electrode gun with
a tungsten cathode. The cell was so embedded into
a magnetic field that the electron beam propagated
in parallel to the force lines of the field. The elec-
tron energy scale was calibrated with respect to the
excitation threshold for the molecular nitrogen band
at λ = 315.9 nm (electron transition X1Σ+

g − C3Πu,
the second positive system) with an error of ±0.25 eV.
The magnetic field induction was about 1.2 × 10−2 T.
For the radiation to leave the cell, a quartz window
was mounted on its face. The radiation was regis-
tered with the use of a spectrophotometer consisting
of a diffraction monochromator MDR-23 with a reverse
dispersion of 1 nm/mm, a photoelectronic multiplier
FEU-106, and a system for the registration of photo-
electric pulses. To improve the signal-to-noise ratio,
the registration system was used in the photoelectric
pulse counting mode, and the electron beam was modu-
lated [5].

The experiments were carried out under the follow-
ing conditions: the electron beam current strength fell
within the limits (3 ÷ 4) × 10−5 A, the half-height
width of the electron energy distribution was ΔE1/2 ≈
0.5 eV, and the vacuum degree in the chamber where
the cell with uracil vapors was arranged equaled about
1 × 10−5 Pa. To avoid the condensation of uracil va-
pors on the windows and the electrodes of an elec-
tron gun, the cell was heated up to a temperature of
370 K.

3. Research Results

3.1. Ionization. Negative ions

In the course of our experiments, we found that nega-
tive ions of uracil are formed at the interaction of uracil
molecules with the electron beam. For the first time,
we experimentally measured the total effective cross-
sections for the formation of negative uracil ions in the
interval of electron energies from 0.4 to 5 eV. The re-
sults obtained are plotted in Fig. 3, where the energy
of bombarding electrons is reckoned along the abscissa
axis, and the ionization cross-section along the ordinate
one.

It is evident from this figure that the formation of
negative uracil ions has a resonance character with a
maximum revealed at an electron energy of 1.1 eV. The
magnitude of cross-section for the formation of negative
uracil ions should be discussed separately. The max-
imum value of this parameter, according to our mea-
surements, equals 5 × 10−18 cm2. The measured effec-
tive cross-section has the meaning of total cross-section,
i.e. it includes the cross-sections corresponding to the
formation of negative ions of both unbroken molecules
and their fragments (the so-called partial cross-sections).
However, according to the general physical ideas, if the
concentration of interacting particles is low, the forma-
tion of an appreciable number of negative ions from un-
broken molecules becomes almost impossible. Therefore,
the generated negative ion of an unbroken molecule –
following the conservation laws, it must be in an excited
(electronic or vibrational) state – would most probably
dissociate into a neutral and a charged fragment. In the
low energy range of incident electrons – just this case
is realized in our experiment – hydrogen atoms, which
are characterized by the lowest binding energy with the
pyrimidine ring [8], can be the most probable uncharged
fragments. Therefore, the formation of negative ions will
run in two stages,

e+C4H4N2O2 → [(C4H4N2O2)−]∗ → (C4H3N2O2)−+H.
(1)

Note that the estimation given in work [9] for the
cross-section of negative uracil ion formation is by two
orders of magnitude larger. However, in our researches,
in contrast to work [9], we determined the concentra-
tion of molecules in the beam, with the other details of
the routine being reliably approved [5]. Therefore, we
consider the data of work [9] to be overestimated.
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Fig. 4. Dependence of the total cross-section of the formation of
positive uracil ions on the electron energy

3.2. Ionization. Positive ions

In the direct experiment, we determined the ionization
cross-section and its energy dependence (the ionization
function) for uracil in the energy interval of bombard-
ing electrons from the threshold to 200 eV. The ob-
tained data are plotted in Fig. 4. The figure demon-
strates that, after the near-threshold growth, the ion-
ization function of uracil molecules becomes rather flat,
by revealing weakly pronounced features and a wide
plateau. The maximum of the uracil ionization cross-
section is located at an energy of 95 eV and equals
(1.0 ± 0.1) × 10−15 cm2. The threshold of the forma-
tion of positive uracil ions was found to be 9.4± 0.2 eV,
which is in good agreement with the data obtained by
other methods [10]. The cross-section of positive ion for-
mation also has the meaning of total cross-section, i.e.
it consists of the ion formation cross-sections for both
initial molecules and their fragments (the partial cross-
sections). A structure like a set of cusps is observed in
the ionization curve. In our opinion, it stems from the
contributions given by the formation of molecular ions in
excited states and the dissociative ionization processes.
The considerable cross-sections of dissociative ionization
for the studied molecules (see below) give ground for this
statement.

3.3. Mass spectra of uracil molecules

The results of mass-spectrometric studies (the fragmen-
tary composition) of uracil obtained at an energy of bom-
barding electrons of 95 eV are exhibited in Fig. 5. The
ratios m/z between the masses and the charges of ions
measured in the system of atomic units are reckoned
along the abscissa axis, and the intensities of the formed

Fig. 5. Mass spectrum of uracil molecules

ions are reckoned in arbitrary units along the ordinate
one. The characteristic features of the depicted mass
spectrum include the presence of the most intensive line
that corresponds to the single-charged molecular ion of
uracil (the line at m/z = 112), the presence of a con-
siderable number of lines with different intensities that
correspond to newly formed ionic fragments, and the
absence of lines corresponding to double-charged molec-
ular ions, as well as ions of di- and trimeric molecular
compounds. The identification of lines in mass spectra
was carried out by establishing their correspondence to
the masses of probable fragments, making allowance for
possible fragmentation scenarios. The known positions
and regularities in the mass spectrometry of complicated
molecules [11, 12] were taken into account at that.

A special attention should be paid to the comparison
of mass spectra obtained by us with the results of other
researchers. In Table 1, the relative intensities are pre-
sented for some mass spectral lines of uracil taken from
various sources [13, 14]. It should be noted that the en-
ergies of bombarding electrons, E, at which the mass
spectra were registered, were different a little. However,
this circumstance does not substantially affects the rel-
ative intensities of the presented mass spectral lines, be-
cause the energy dependences of the partial ionization
cross-sections are similar in the interval 75–120 eV [15].

From Table 1, it also follows that the results of our
researches coincide with the results of work [13] to within
the measurement errors, but differ from the data of work
[14]. A possible explanation of this fact may consist
in that the temperature of the working substance (used
for obtaining the gas phase of uracil) was considerably
different in our researches and in work [14]. Namely, it
was equal to about 380 K in our research and in work
[13], and to 423 K in work [14]. Whence a conclusion
can be drawn that, starting from the temperatures of
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Fig. 6. Luminescence spectrum of uracil molecules at an electron
energy of 100 eV

about 400 K, a substantial thermal fragmentation takes
place in uracil molecules. In particular, a manifestation
of this fragmentation is observed as a reduction of the
relative intensities of mass spectral lines corresponding
to molecular ions. Just this phenomenon is characteristic
of the results of researches reported in work [14].

The data obtained for the total ionization cross-
section of uracil molecules and their mass spectrum
allowed us to determine the partial formation cross-
sections for the ions of the most probable fragments of
uracil molecules emerging at an energy of bombarding
electrons of 95 eV (see Table 2). In Table 2, m/z means,
in essence, the mass of molecular fragment in atomic
mass units, and σ stands for the cross-section of the for-
mation of the corresponding ionic molecular fragment.

It is pertinent to compare the cross-sections of the
formation of positive ions, which were determined in our
researches and in work [13]. From Table 3, it is evident
that the corresponding values are different by a factor of

T a b l e 1. Relative intensities of uracil mass-spectral
lines

Intensity, rel. units
m/z Ions [14] [13] This work

E = 75 еV E = 120 еV E = 95 еV
112 C4H4N2O+

2 1 1 1
69 C3H3NO+ 0.52 0.4 0.42
42 CNO+; C2H2O+; 0.44 0.3 0.37

CH2N+
2

41 CHN+
2 ; C2H3N+ 0.26 0.13 0.13

40 C2H2N+; CN+
2 0.28 0.11 0.11

28 CO+ 0.26 0.19 0.2

almost two. This discrepancy can be explained by the
fact that the experimental results in work [13] were nor-
malized to the results of theoretical calculations carried
out in the framework of the semiclassical Deutsch–Mark
formalism [16, 17], which is based on the Bethe approx-
imation [18]. Therefore, Table 3 reflects, in essence, the
level of consistency between our and theoretical data. It
is well known [19] that the Bethe approximation over-
estimates the collision cross-sections in the low-energy
interval.

3.4. Excitation

In this work, we experimentally measured the photoe-
mission (luminescence) spectra of uracil in the wave-
length interval 200–500 nm under the influence of the
electron impact at various energies of bombarding elec-
trons. In Fig. 6, the photoemission spectrum of uracil
obtained at an electron energy of 100 eV is shown. The
spectrum reveals pronounced molecular bands, the max-
ima of which are located at the wavelengths λM = 205.5,
218.5, 241.9, 254.0, 265.3, 277.4, 297.2, 310.0, 317.1,
328.4, 333.5, 344.5, 357.3, 377.1, 387.9, 398.0, 412.3,
421.0, 427.3, 451.1, and 486.1 nm. It is evident from the
figure that almost all the bands have a complicated char-
acter, which testifies to their superposition origin. For
the sake of comparison, we should notice here that the
photoexcitation of polycrystalline uracil films produces
a luminescence spectrum consisting of a wide smooth
band in the wavelength interval between about 300 and
550 nm [20, 21].

It is rather difficult to correctly identify spectral bands
with the use of the database available in the literature.
However, despite of that, we succeeded in carrying out

T a b l e 2. Cross-sections of the formation of positive
ions of uracil molecules and their fragments at an electron
energy of 95 eV

m/z Ions σ, 10−16 cm2

112 C4H4N2O+
2 2.69

96 C4H4N2O+ 0.14
83 C3H3N2O+ 0.34
70 C3H4NO+ 0.28
69 C3H3NO+ 1.14
68 C3H2NO+; C4H4O+ 0.59
56 C2H2NO+; C3H4O+ 0.18
42 CNO+; C2H2O+; CH2N+

2 0.99
41 CHN+

2 ; C2H3N+ 0.34
40 C2H2N+; N+

2 0.30
28 CO+ 0.53
18 H2O+ 0.20
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the following analysis concerning the origin of bands
in the spectrum obtained. For this purpose, we used
the results of mass-spectrometric studies of uracil re-
ported above and the data concerning the effective cross-
sections for the total and dissociative ionization of uracil
by the electron impact. In addition, we analyzed the
photoemission spectra of relevant chemical compounds
[21–25]. We also calculated the levels of electron excita-
tion for the uracil molecule.

The data in Table 3 testify to a high probability of
the uracil molecule fragmentation under the action of
the electron impact. Of course, some of charged frag-
ments are in excited states. In this case, it is neces-
sary to pay attention, first of all, to those fragments,
the partial formation cross-sections of which are the
largest. These are the molecular ion C4H4N2O+

2 and the
fragments CNO, C3H3NO+, C3H2NO+, and C4H4O+.
Moreover, the scheme of the uracil fragmentation also
predicts the formation of neutral fragments, which can
also be in excited states (the dissociative excitation).
First of all, these are the fragments CO (at the decay
of ion C3H3NO+), HNCO and C3H3NO (at the decay of
molecular ion C4H4N2O+

2 ), and H (at the decay of ion
CHNO+). The radiative decay of the excited states of
charged and neutral fragments should somehow manifest
itself in the emission spectrum of uracil.

For instance, the band with a maximum at the wave-
length λ = 205.5 nm is evidently a superposition of a few
emission lines belonging to the ion CO+ (the first neg-
ative system, the electron transition B2Σ+ → X2Σ+,
λM = 206.8, 206.1, and 204.2 nm). The band with a
maximum at λ = 218.5 nm is a superposition of several
emission lines belonging to a molecule CO (the fourth
positive system, the transition A1Π → X1Σ+, λ =
217 nm) and the ion CO+ (the first negative system, the
electron transition B2Σ+ → X2Σ+, λ = 219 nm). The
band with a maximum at λ = 241.9 nm belongs to an
ion CO+ (the first negative system, the electron transi-
tion B2Σ+ → X2Σ+, λ = 241.9 nm). In the bands with
maxima at the wavelengths λ = 256.4 and 297.2 nm,
there are lines given by the neutral fragment CO (the
third positive system, the transition A1Π → X1Σ+,
λ = 256.2 and 297.3 nm). The band with a maximum at

T a b l e 3. Cross-sections of the formation of positive
ions of uracil molecules at an electron energy of 95 eV (in
terms of 10−16 cm2 units)

m/z Ions This work [13] Measurements
112 C4H4N2O+

2 2.7 4.5
69 C3H3N+

O 1.1 2.3
42 CNO+C2H2O+; CH2N+

2 1.0 2.0

λ = 265.3 nm is obviously a superposition of two emis-
sion lines of the ion CO+ (the first negative system, the
electron transition B2Σ+ → X2Σ+, λM = 267.2 and
263.9 nm).

A separate attention should be paid to the most in-
tensive band in the spectrum with a maximum at the
wavelength λ = 275 nm. In our opinion, its appear-
ance is connected with the radiative decay of the first
excited electron-vibrational state of an uracil molecular
ion into the ground state. The following speculations
confirm this hypothesis. First, as Table 1 demonstrates,
the cross-section of formation of the molecular ion is the
largest. Hence, it is reasonable to expect that the cross-
sections of formation of the molecular ion in the excited
states – the lowest ones in the first place – should also be
larger than those for other charged fragments in excited
states. This factor can explain the largest spectral in-
tensity of the band with a maximum at the wavelength
λ = 275 nm. Second, the intense peak at an energy of
about 14 eV was found in the photoelectric spectrum
obtained at the uracil photoionization, which was pre-
sented in work [25]. If we sum up the energy of spectral
transition (at λ = 275 nm) and the energy of uracil
ionization (9.4 ± 0.2 eV), we obtain a value of about
13.9 eV, which practically coincides with the energy po-
sition of the peak in the photoelectric spectrum. There-
fore, we may suppose that the molecular ion of uracil
has an excited electron-vibrational state at an energy of
about 13.9 eV, from which the radiative transition into
the ground state of ion is possible.

As one can see from Fig. 6, in the wavelength inter-
val 300–440 nm, two wide molecular bands are observed,
which partially overlap each other and serve a pedestal (a
background) for other narrower bands. We identify one
of them with the radiation emission of an uracil molecule
in a singlet state, and the other with that of the same
molecule in a triplet state. This interpretation does not
contradict the results of our calculations, which were ex-
ecuted with the use of the AM1 semiempirical method
with the help of the HyperChem 8.0 software package.
Note that, when films of polycrystalline uracil are pho-
toexcited, two maxima located at wavelengths of about
350 and 420 nm emerge in its broad luminescence band
[20, 21].

The spectral band at λ = 317.1 nm (see Fig. 6) can be
emitted by the pyrimidine ring (transitions A-X). The
band at λ = 328.4 nm is made up of radiation emis-
sion contributions by the fragments CN+ (transitions
C1Σ − A1Σ) and NCN (transitions 3Πu −3 Σg). The
band with a maximum at λ = 333.5 nm is emitted by
the NCN group (transition 3Πu −3 Σg), and the bands
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with maxima at λ = 344.5 and 357.3 nm correspond to
the HNCN group (transitions A-X). The neutral frag-
ment CO of comet (379.6 nm) and Herzberg (389.3 nm)
systems reveals itself by emitting at λ = 377.1 and
388.3 nm. The band at λ = 411.5 nm is formed by
the fragments CO (transitions in the Herzberg system,
412.5 nm) and hydrogens (Hδ, 410.1 nm). The intense
line at λ = 421.0 nm belongs to the fragment CH+

(transition A-X, λ = 421.0 nm ). The radiation emis-
sion by the neutral fragment CO reveals itself in the
band at a wavelength of 427.3 nm (the comet system,
λ = 427.3 nm) and the band at 451.1 nm (the Angström
system, λ = 451.0 nm). The excitation of the CO and
CO+ bands mentioned above by means of the electron
impact was studied in work [25] in detail. Some spectral
bands may contain a contribution from hydrogens (the
Balmer series). In particular, these bands have maxima
at λ = 398.4 nm (Hε = 397.07 nm), λ = 412.3 nm
(Hδ = 410.1 nm), and λ = 427.3 nm (Hγ = 434.05 nm).
The hydrogen line Hβ at λ = 486.1 nm is observed es-
pecially distinctly.

4. Discussion of Results

First of all, we would like to note that the results to
be discussed were obtained by us for a molecular object
that has an exclusive biological importance. Uracil, to-
gether with other nitrogenous bases – thymine, adenine,
cytosine, and guanine – is an important component of
genetic macromolecules, nucleic acids.

Schematically, the set of basic physical processes with
the participation of a molecule M in inelastic interac-
tions with an electron e can be classed as follows:
molecular excitation,

M + e→M∗ + e;

formation of a positive molecular ion,

M + e→M+ + 2e;

formation of a negative molecular ion

M + e→M−;

dissociative excitation,

M + e→M∗
1 +M2 + e;

dissociation with the formation of a positive ion,

M + e→M+
1 +M2 + 2e;

dissociative ionization with the formation of a negative
ion,

M + e→M−
1 +M2;

and dipolar dissociation,

M + e→M+
1 +M−

2 + e.

Other transformations are also possible. For instance, in
addition to excited and ionized products, neutral frag-
ments can also be formed, which are rather difficult to be
identified. Note that the processes given above run prac-
tically simultaneously at high rates and with different
probabilities. Therefore, for the explanation of specific
experimental results to be adequate, the contributions
of various channels have to be taken into account.

We should also bear in mind that, owing to inelastic
interactions between slow electrons and molecules and
in contrast to photo-induced processes, the direct exci-
tation of metastable triplet states becomes possible. We
may suppose that it is through such long-living excited
states that the conditions for the resonance formation of
negative ions are created. The direct formation of the
triplet excited states of cytosine and thymine molecules
was shown in our previous works (see, e.g., works [2] and
[7], respectively). For the interpretation of data obtained
for uracil to be more complete, it is expedient to experi-
mentally study the excitation functions of corresponding
spectral bands and their energy thresholds. We are plan-
ning to fulfill those tasks in our future researches.

The issue concerning the role of negative ions in
biostructures remains open. The resonance nature of
the formation of negative ions at low (just this circum-
stance is very essential!) energies gives ground to assume
that the given mechanism is responsible for considerable
damages in macromolecules of nucleic acids. According
to our estimates, the formation cross-section for uracil
negative ions is approximately 500 times as small as the
corresponding cross-section for positive ions. However,
this fact is not sufficient to be a basis for the conclusion
that the resulting destructive influence of negative ions is
less than that of positive ions, because their reactivities
are different. Moreover, one should bear in mind that
the probability for a whole negatively ionized molecule
to appear and get stabilized becomes larger if the con-
centration of particles is high, e.g., under the conditions
in a living cell.

It is also important that, as follows from relation (1),
the low-energy electrons produce atomic hydrogen – be-
sides negative ions of uracil and its complicated frag-
ments – in the cell. The initial localizations of hydro-
gen atoms are unknown. However, is not excluded that
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the hydrogens can be detached from atoms C5 an C6 in
the pyrimidine ring. Generally speaking, this scenario is
possible, because, as the results of our calculations show,
the regions of large positive charge are concentrated here.
Therefore, these regions are the most probable places for
the first electron attack.

Concerning the uracil excitation with slow electrons,
the emission spectrum of uracil initiated by an electron
impact in this energy range is governed by various pro-
cesses. First, these are the spectral transitions between
electron-vibrational-rotational states of both the whole
uracil molecule and the molecular ion. For such a mul-
tiatomic molecule, the most probable transitions are only
those from the lowest singlet and triplet electron states
into the ground state. The same is valid for the molecu-
lar ion. Second, these are also the spectral transitions be-
tween electron-vibrational-rotational states of molecule
fragments that were formed under the action of an elec-
tron impact (the processes of dissociative excitation and
dissociative ionization with excitation).

At last, it is very important to understand that the
ionization, fragmentation, and excitation of molecules of
nucleotide bases induce changes in the primary and sec-
ondary structures of important bioinformative macro-
molecules (RNA and DNA) even if the electron energy
is low. First of all, we should expect a destabilization in
the system of hydrogen bonds between complementary
base pairs, a degradation of nucleotides, and genotoxic
modifications. As a result, the irreversible degradation
and mutagenic processes can be initiated in living cells
even at insignificant influence energies.

5. Conclusions

The processes of ionization and excitation of isolated
uracil molecules at their collisions with low-energy elec-
trons have been studied. The data on the formation
cross-sections have been obtained for negative and posi-
tive ions of uracil, the nitrogenous base of nucleic acids.
It was shown that the formation cross-section of neg-
ative ions reaches its maximum value at an energy of
bombarding electrons of 1.1 eV, with the magnitude be-
ing equal to 5.0 × 10−18 cm−2. The absolute value and
the energy dependence of the formation cross-section
were also determined for the positive ions for uracil
in the range of electron energies from the threshold
(9.4 ± 0.2 eV) to 200 eV. The maximum of the ion-
ization cross-section is attained at an energy of 95 eV
and is equal to (1.0 ± 0.1) × 10−15 cm−2. It was ex-
perimentally found that the electrons with energies of a
few electronvolts (below the threshold energies of elec-

tron excitation and positive ionization) effectively de-
stroy the uracil molecule, producing a mobile hydrogen
radical and a negatively charged fragment of uracil.

The interaction of slow electrons with uracil molecules
in the gas state is accompanied by the emergence of a
complicated emission spectrum in the range 200–490 nm,
which testifies to an intense fragmentation of molecules.
The radiation spectrum of uracil is formed by the pro-
cesses of dissociative excitation of molecules, dissociative
excitation with ionization, and excitation of electron lev-
els in both the initial molecule and the molecular ion.
The data obtained can be used to estimate radiation-
induced changes in DNA and RNA molecules at the in-
ternal β-irradiation of bioobjects.
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IОНIЗАЦIЯ ТА ЗБУДЖЕННЯ МОЛЕКУЛ УРАЦИЛУ
ЕЛЕКТРОННИМ УДАРОМ

М.I. Суховiя, М.I. Шафраньош, М.М. Чаварга,
I.I. Шафраньош

Р е з ю м е

Експериментальним шляхом отримано данi про абсолютнi ве-
личини перерiзiв утворення позитивних i негативних iонiв азо-
тистої основи нуклеїнових кислот – урацилу. Показано, що ма-
ксимальних значень перерiз утворення негативних iонiв дося-
гає при енергiї бомбардуючих електронiв 1,1 еВ, i його абсо-
лютна величина становить 5, 0 · 10−18 cм2. Визначено абсолю-
тну величину та енергетичну залежнiсть перерiзу утворення
позитивних iонiв для урацилу в iнтервалi енергiй електронiв
вiд порога до 200 еВ. Максимум перерiзу iонiзацiї знаходиться
при енергiї 95 еВ i дорiвнює (1, 0± 0, 1) · 10−15 cм2. Отримано
спектри люмiнесценцiї iзольованих молекул урацилу в областi
довжин хвиль 200–500 нм пiд дiєю повiльних електронiв. У спе-
ктрi спостерiгаються близько 20 спектральних смуг i лiнiй. По-
казано, що спектр випромiнювання урацилу формують проце-
си дисоцiативного збудження молекул, дисоцiативного збудже-
ння з iонiзацiєю, збудження електронних рiвнiв вихiдної моле-
кули та молекулярного iона. Обговорено бiофiзичнi наслiдки
отриманих результатiв.
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