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Abstract: The radiolysis process of water under the impact of low - energy electrons (E = 1; 2:5; 5; 10
keV) was mathematically modeled using Monte-Carlo, single collision and pacing methods on the base of
Mathcad program. The radiation-chemical yields of the physical (single ionized molecular orbitals-

HZOj*(lai, 2a,,1b,, 3a1,]b1), e, electron - lost its energy up to a primary electron - excited energy and
electron-excited states: H.O" (A!Bi1, B'A;, Rydberg state, diffusion band, dissociative excitation and

plasmon- H.0™)) and physicochemical(OH, e__, H, H3O*, Hz, H202, HO,, Oz, OH™,0, , HO,) phase

aq’

products of the non-elastic collision of electrons and water molecules were calculated.

Keywords: Effective cross-section, excitation under, radiation-chemical yield, non-elastic collision,
molecular orbitals.

1. Introduction

Low(0.05+10 keV), moderate (10100 keV) or high (100+5000 keV) energy electrons
gradually loose their kinetic energy while passing through the water in elastic and non-elastic
collision with water molecules. According to the mechanism of radiation energy loss at the
physical phase of the non-elastic collision process (< 10,15 sec:) intermediate particles such as

Hzo;(1a1,2a1,1b2,3a1,]b1), -direct single ionization of several molecular orbitals (MO), e,

electron-lost its energy up to a primary electron-excited energy and electron-excited states:
intermediate particles such as A'Bi; BA: Rydberg state (Ry), diffusion band(ab), dissociative
excitation (de) and plasmon (ce-collective excitation) are generating. As these particles have a
strong effect on the physical, chemical, biological processes progressing in water and water
solutions, it's possible to predict events which are likely to happen in the future by studying their
roles in different fields of science (atomic, nuclear and plasma physics, astrophysics, modelling
of atmospheric phenomena, radiochemistry, radiobiology etc.). Therefore, to theoretically and
experimentally study the generation and consumption of these products is one of the main
problems.

The authors of [1-6] have defined effective cross-section of ionization process of MO of
water molecule(e‘, 2e‘) with electron impluse, by applying various experimental methods. But
the authors of [7-16] have given empiric equations in different approaches corresponded to the
estimates of effective cross-section of ionization, obtained from experience, by using different
theoretical approaches. There's no reference regarding water molecule excitation under an
electron impact yet. Only authors [17-19] determined water electron-excitation states using a
photoabsorption spectroscopy method. At the present time authors [20-24] have theoretically
calculated the effective cross-section of water electron-excitation states using different
polyempirical methods on the base of the experimental results. The total effective cross-section
of electron-water molecule scattering was identified by authors [25-30]. While comparing the
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results of the experimental and theoretical calculations it becomes evident that at the values of
energy more than 30 eV they coincide but at lower values some deviations are observed. The
radiation-chemical yields of the products generated at both phases (physical and
physicochemical) of the water radiolysis process were theoretically calculated by authors [31-41]
according to different approaches. There are some conformities with some errors between the
theoretical and experimental results of different authors and our results. In the given work the
radiolysis process of water (liquid phase) under the impact of low-energy (T = 0.5, 1.0, 1.5, 2.0
keV) electrons were mathematically modeled.

It has been calculated the radiation-chemical yield of initial products which can be
formed in the both physical (<10* san), and physical-chemical (10°+102 san) stages of
process. The radiation - chemical yields of the primary products which were likely to generate in
the physical (<10* san) and physicochemical (10%°+10"*2 san) phases of the process were
calculated. The more improved formula of Mott equation [7] was used to determine the effective
cross — section of ionization process of molecular orbitals (MO), and the equations proposed by
different authors were used to determine the effective cross - sections of electron - excited states
of different types [13] in the model. Calculation was made on the base of Mathcad program
using Monte-Carlo, single collision and pacing methods.

2. Theoretical methods and obtained results

The energy balance between low-energy electrons and water molecules during a non-
elastic collision can be simply expressed by T = Es+AE, here T and Es are accordingly Kinetic
energies of an electron before and after collision, AE is the energy transferred to water molecule
by an electron during collision. This energy is used for an electron-excitation of water molecule
(1) and direct single ionization (2) of molecular orbitals (MO) (1a1, 2a1, 1by, 3a1, 1b1)

H,O0"(H,O0™ )+e, AE=E 1
e(;+HZO—) 2 +( 2_ )_ S On ()
H,O; +e; +e, AE =¢ + B; (2)

Here e,, e, and e;are accordingly incident, scattered and ejected electrons, H,O;, H,QOf,

H,O™ —are correspondingly ionization, excitation and extreme excitation (plasmon) states of j-
th MO of water molecule.
The transferred energy(AE) during these processes equals to an excitation energy of a

molecule (Em) in (1) case and the sum of the kinetic energy of an ejected electron from j-

molecular orbital- £ and bound energy B; of the correspondent orbital in (2) case.
Kinetic energies of scattered and ejected electrons may accordingly change Es=0+ T —

T-B,
Bj18=0+ L.

A more improved formula [3,7] of Mott equation was used to calculate the effective cross
- section of the single ionization of water molecule's j-th MO:

dq@_wjaﬂ 1 1 1 su[ N S
(e

de  T+B,+U, (g+Bj)2_(8+BjXT—5)+(T—g)2 3 +|3j)3+(T—g)3
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here, Uj and Nj are the kinetic energy and number of an electron correspondent to j-th MO, a0-
Bohr radius, R = 13:61 eV is Rydberg energy. The values of B; ,N;j and U; according to different
molecular orbitals were given in Table 1.

Table 1 Radiation - chemical yield of direct single ionization corresponding to molecular orbitals (MO)
of water molecule (1as, 2a1, 1b,, 3as, 1b1) under the influence of low-energy electrons.

Molecular T, keV
Orbitals | M | BineV | Upev 05 1 15 2.0
1oy 2 | 5397 | 7934 1.661 1.596 1.561 1541
2a1 2 | 3688 | 7071 1.056 1.028 1.011 0.997
102 2 | 1983 | 4836 0.578 0.570 0.564 0.560
3a 2 | 1557 | 5952 0.187 0.201 0.207 0.214
1b, 2 | 1261 | 6101 0.000 0.0005 | 00011 | 0.0020

If we integrate the (3) expression for all possible values of ejected electrons'energies, i.e.

frome=0upto o - T-8 , We can get the expression describing the dependence of ionization

effective cross - section on the kinetic energy of a primary (Fig.1) electron during non-elastic
collision corresponding to j-th MO:

o= | —d""d(jT)de (4)

T

3.0

it
T

Effective width (A?)
T

0.01 0.1 2 |
Electron energy (keV)

Fig. 1. Dependence of the effective cross - section of a direct single ionization corresponding to j-th MO
of water molecules on its kinetic energy under the impact of low — energy electrons

In order to get the total effective cross - section of ionization (Fig.1, curve 2) we should
to sum the (4) expression according to the number of molecular orbitals (MO) [11]:

Nwmo

OonlT) = Zji (T) )
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Here Nmo = 5 is the number of molecular orbitals (MO) of a water molecule.

During non-elastic collision between electrons and water molecules the effective cross-
section of electron transformation from a ground state (0) to (n) excited state was calculated on
the base of Cobut’s formula of Kutcher and Green’s equation:

do;(T, €) [a(T)Tl . ©

P =p(T, &) f;(T)In .

here, p(T,¢) =

T-Ey;
0,i
4ma3 (R

2 J— 1) a: 2
T ;) ,a(M)=4—e 4%, fi(T) = fo, \/;e[_ai](T_EO.i) are  constants

corresponding to junction and E,; [13] is an excitation energy. If we integrate (6) expression
according to electron energy 0 — n junction

T—-Eg;
do;(T,€)
oonM= [ e )

Ey,i
we will get the value of effective cross-section..Constants for each junction were choosen
according to the values of radiation-chemical yield obtained from experiments. The value of
constants (fo,i; °<o,i) and Eon, used in calculations were given in table 2. In Fig.2 the dependence
of effective cross-sections of electron-excitation states (A!Bi1, BA;, Rydberg state, diffusion
band, dissociative excitation and plasmon (ce)) in water on their kinetic energy under the
influence of low energy electrons calculated according to expression(7) were described.

In order to obtain totally effective cross-section (figure 3) of electron-excitation, (7)

expression should be summed according to the number of excitation states.

Ooc(T)= D 00,(T) 8)

2.0

Effective width (AY)
= En

n

0.01 0.1 1
Electron energy (keV)

Fig. 2. The dependence of effective cross-sections of electron-excitation states (1- A'By, 2- B*Ay, 3-
Rydberg state (Ry), diffuse band (db), dissociative excitation (de) and plasmonic (ce)) of water
molecules under the influence of low energy electrons on their kinetic energy
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Primary electrons or &-electrons of a new generation formed by them lose part of their
energy during each non-elastic collision and this process continues till the next non-elastic
collision of an electron energy. The amount of the moderate energy AE (T) lost during each non-
elastic collision of the electron with T energy with a water molecule was taken as an equivalent
to the following expression [38, 39, 41]:

AE(T)=2 Run(T)Bo, + 2P (T )i (T) 9)
()

o
_ou(l is the probability of transformation into n-excited state, P,(T)=——= is
O-IOI(T ) Oiot (T )
the probability of event occurrence corresponding to ionization of j-th MO,

ool(T)=2 00(T)+ D, 0(T) - is totally effective  cross-section  (figure ~ 3),

N—"

Here: P, (T)

.
g (T): _[g da(jjiT)dg — is the moderate energy calculated for forming of one electron-positive

Bj
ion pair in j-th MO by the electron with T energy.

On the base of model the calculations were made for the single ionization of five
molecular orbitals and six electron-excitation states of water molecules. The calculated values of
the single ionization correspondent to 1al, 2al, 1b2, 3al, 1b1 molecular orbitals (MO) were
given in Table 1, and in Table 2 the calculated values of the radiation-chemical yields of A1B1,
B1A1, Rydberg state (Ry), diffusion band (db), dissociative excitation (de) and plasmon (ce)
electron-excited states were given.

)
N\
/

~10

Effective width (A

0.01 0.1 1
Electron energy (keV)
Fig. 3. Dependence of electron-excitation (1) o, (T )= ZO-On(T)’ MO ionization (2) -, (T) = Zo'j (T)
n i

states in water under the influence of low energy electrons and the totally effective cross-section
3)—0,,(T)=0,.(T)+0c,,(T) on their energies

- Mexc

The calculated values of single ionization correspondent to lai, 2ai, 1lbz, 3ai, 1lb:
molecular orbitals (MO) were given in the Table 1 and in Table 2 the calculated values of the
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radiation-chemical yield of A'Bi, B'A;, Rydberg state (Ry), diffuse band (db), dissociative
excitation (de) and plasmonic (ce) electron-excited states were given.

Table 2 Radiation-chemical yield of electron-excited states (A'Bs, B'A;, Rydberg state (Ry), diffusion
band (db), dissociative excitation (de) and plasmon (ce)) formed in the water under the influence of low-

energy electrons

Electron- Electron- Constants T, keV
excitation excitation
states energy, ¢V fi 0 0.5 1.0 15 2.0
AlB, 8.4 0.2770 3 0.906 0.869 0.857 0.845
BA; 10.1 0.1400 4 0.419 0.407 0.376 0.359
Ry 12.26 0.0205 6 0.058 0.054 0.045 0.035
ab 12.93 0.1000 4 0.275 0.271 0.248 0.240
de 14.1 0.0840 2 0.211 0.211 0.212 0.214
ce 21.4 0.5300 0.8 1.050 1.093 1.118 1.134
Physical phase products at the next physicochemical phase: at the result of e_, - electrons'

elastic collision and dipole relaxation and transform into thermal electrons and consequently
solvates (€, = €,4), H20+ ions transform into H30+ ion and OH radical at the result of an

ion-molecular reaction, and electron-excited molecules generate their next products due to
relaxation, auto- ionization and dissociation.

The next products which were likely to be generated by the products of the physical
phase in the course of ~10"*?sec were given in Table 3.

Table 3 The percentage of products which are likely to be generated in physical-chemical stage by
products of physical phase in water

Physical stage G Forming channels Percentage, %
products 100eV
e, 3.4 €y 100
H20* 3.4 HsO* + OH 100
AlB, 0.869 { o {35
H + OH 65
H,0 23
H,+H,0, 3.1
BIA; 0.407 H,0" +OH +e, 50
H +OH 20
2H +0 3.9
H,O 50
(Ry, db, de) 0.536 {H3o+ +OH +e, {50
{H30*+OH {92-2
ce 1.093 x
H"+OH 78
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In the calculation carried out by us the radiation- chemical yield of products generated in
the physical and physicochemical phase of the radiolysis process progressing in the course of
~10"sec were determined and obtained results (Table 4) were given in comparison with the
theoretical [31,42] and experimental [43,44,50,51] ones obtained by different authors.

Table 4 Radiation - chemical yield generated in the physicochemical phase (10™°+70**san) of the
radyolysis prosess processing in the steam under the influence of low-energy electrons

Initial Experimental
products Turner [42] | Kaplan [31] results [31,42] Our results

OH 8.4 5.85 5.9 5.52
€ 6.3 5.16 4.7 4.875
H 2.1 0.61 0.7 0.765
HsO" 6.3 5.16 4.8 4.875
Ho 0.3 0.39 0.45 0.029
H20; 0.3 0.39 - 0.013

The results obtained for the radiation-chemical yields of the active intermediate products
generated in the physical and physicochemical phases of the radiolysis process progressing in
water, calculated on the base of our model from the theoretical calculations and experiments
conducted by different authors according to different approaches conform with some errors. The
processes progressing in water and water solutions under the impact of ionizing radiation
(electron and y -quantum) can be calculated on the base of this model. The model can be used to
determine the processes progressing in aerosols of the atmosphere under the effect of space rays,
changes in water and water solutions used in atomic and nuclear power-engineering as an
energy-carrier or for different purposes, the nano-, micro and total absorption dose during
radiating ancological patients by electrons and y quantum in the same and different directions as
well as for the minimum selection of by-effects.
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MATEMATHYECKOE MOJEJIUPOBAHUE ITPOLHECCA PAJINOJIN3A BOJAbI I1IOJ
BJIMAHUEM HU3KOHEPTETHYECKUX 3JIEKTPOHOB

A, dxadapos, P.T. I'ynueBa

Pesrome: Tporiecc paanonn3a BOAbI MO BO3ACHCTBHEM HU3KOIHEpreTHUeckux 3ekrponos (E = 1; 2: 5;
5; 10 x9B) mMaremMaTH4ecKH MOeaupyeTcss MeTogoM Monrte-Kapio, ofHOKpaTHBIM CTOJIKHOBCHHEM H
METO/IOM CTHUMYJIAIMK Ha Oaze mporpamMmel Mathcad. Beutn BeIYHCICHBI pagHallMOHHO-XMMHYECKHE
BBIXO/IBI (busnveckux (omHOKpATHO HWOHU3HPOBAHHBIX MOJICKYJISIPHBIX opOuTanei

HZO;(1a1,2a1,1b2,3a1,]bl), €y, JTEKTPOH - TOTEPAN CBOIO SHEPTHIO JIO IIEPBHYHOIO DIEKTPOHA —

BO3OY)KJIEHHbIE DHEPreTHUECKHE M dJIEeKTPOHHO-BO3OykaeHHble coctosumsa. H.O™ (A'Bi, B'Aj,
Punoeprosckoe cocrosinue, AudpPpy3noHHas MOJI0Ca, TUCCOMATHBHOE BO30YKaeHHe U mia3MoH H,O ))

u ¢pusuko-xumuueckue (OH, €, H HsO*, Hz, H20,, HO2, O, OH™, O, , HO, ) da3osbie npomyKTs!

HEYNPYToro COyJapeHHs JIEKTPOHOB M MOJICKYJI BOJBI.

Knrwouesvie cnosa: DPPekTrBHOE ceueHHe, Ciydan BO30OYXKICHHS, paAHallMIOHHO-XUMHUYECKHN BBIXO],
HEYNpyroe coyJapeHue, MOJICKYJIIpHbIe OpOUTAIIH.

KiCiK ENERJILI ELEKTRONLARIN TOSIiRi ALTINDA SUYUN PARCALANMASI
PROSESININ RiYAZI MODELLOSDIRILMOSI

Y.D. Cafarov, R.T. Quliyeva

Xiilasa: Kigik enerjili elektronlarin tasiri altinda suyun parcalanmasi prosesi (E = 1; 2:5; 5; 10 keV)
Monte Karlo, sado toqqusma vo addimlama metodlarindan istifado edilorok Matchad programi ssasinda
riyazi modellosdirilmisdir. Su molekullar1 vo elektronlarin qeyri elastik toqqusmasinin fiziki (sado

ionlagdirilmis molekulyar orbitallar- HZOj*(lai, 2a,,1b,,3a,,1b, ), 6z enerjisini osas elektron hayacanlanma
enerjisina godar itirmis e, elektronu Vs elektron hayacanlanma hallari: H.O" (A'Bs, B*As, Ridberq hali,
diffuzyon zolaq, dissosiativ hayacanlanma vo plazmon-H20™)) va fiziki-kimyavi (OH, €, H, HsO",

Ha, H202, HO,, Oz, OH™, O, , HO, ) faza mohsullarinin radiasiya-Kimyovi ¢iximi hesablanmisdir.

Acar sozlor: Effektiv en-kasiyi, hoyacanlanma hallari, radiasiya-kimyovi ¢ixis, geyri elastik toqqusma,
molekulyar orbitallar.

52



