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Abstract

Purpose. One of the most important tasks of the nuclear industry is to control the non-proliferation of fissile
nuclear materials (for example ?*Th, #°U, 28U, #°Pu) at all stages of their use (movement, storage, etc.).
To successfully solve this problem, reliable information about their isotopic composition is required. The
present study aims to simulate the yields of pairs of photofission products of ?2Th, **U, #*U, *Pu nuclei, the
delayed gamma radiation of which can be used for nondestructive isotopic analysis of nuclear materials at
electron accelerators.

Methods. Calculations of the mass distributions of the photofission products of *?Th, *U, U, *°Pu nuclei were
carried out using the GEF code. The bremsstrahlung spectrum was simulated during the interaction of electrons

(E=12.5 MeV) with a tantalum converter (1 mm) using a GEANT4 10.7.

Results. Simulations of mass distributions of photofission products of #*Th, *°U, #8U, *°Pu nuclei have
been carried out. The yields ratios for product pairs (Y ,/Y,., Y,/V, .. Y /Y ... Yo /Y 0 Yo'V o Yoo/ 'Vine
Yo /Y.» Yoo/ Vi Yo /Y,,,) are calculated for the indicated cores. Estimates of the difference between the
numerical values of the ratio of yields of pairs of fragments for pairs of nuclei **Th and **U, **U and **U,
28U and *°Pu are made on a percentage basis. The values of the difference in the ratios of the yields of these
pairs of products are — 5.0+43.2%, 14.1+39.3%, and 14.1+39.3% for nuclear pairs **Th and **U, U and **U,

28U and *°Pu, respectively.

Conclusions. The results of the simulation indicate the possibility of using the above pairs of fission
products as sources of delayed gamma radiation when performing nondestructive isotopic analysis of
nuclear materials. The results obtained can be used to optimize experiments on electron accelerators, which
will improve the accuracy and reliability of the results

Keywords: nuclear materials, isotope analysis, photofission, product yields, delayed gamma radiation
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Introduction

One of the most important tasks of the nuclear
industry is to control the non-proliferation of
fissile nuclear materials (for example **Th, *°U,
28U, #°Pu) at all stages of their use (movement,
storage, etc.). To successfully solve this problem,
reliable information about their isotopic compo-
sition is required. As a rule, transportation and
storage of nuclear materials is carried out in
hermetically sealed capsules or containers made
of stainless steel [2; 3].

One of the widely used non-destructive
methods for the detection and isotopic identifica-
tion of unshielded and shielded fissile nuclear ma-
terials is based on the use of delayed gamma radi-
ation from the products of their separation [4-6].
The essence of this method is to use experimen-
tally obtained information on the ratio of the in-
tensity of stimulated delayed gamma radiation
from light and heavy products of their separation.
The yields of light products-fragments signifi-
cantly depend on the mass of fissile nuclei, so at
the same excitation energies their mass distribu-
tions shift towards larger masses with increas-
ing mass of fissile nucleus. At the same time, the
mass distribution of heavy fragments is almost
constant and does not depend significantly on
the mass of the fissile nucleus.

Fission products that are potential sources
of delayed gamma radiation suitable for the
analysis of shielded and unshielded nuclear ma-
terials must satisfy a number of basic require-
ments: a) a high probability of their formation
in the fission process; b) the presence of a wide
set of intense gamma radiation lines with ener-
gies> 1000 MeV, free from spectrometric interfer-
ence (characteristic, background gamma lines,
from the products of accompanying reactions)
c) with convenient half-lives for analysis. It
should be noted that fission product pairs with
close half-lives should be used in the analysis.

The following products-fragments meet
these requirements: ¥Kr, %Kr, %Rb, ¥BRb, *Sr,
B, 138Cs, 2La, which were formed as a result

of (n, f)-reactions induced by thermal, fast and
high-energy (14 MeV) neutrons [4-6] and brems-
strahlung of electronic accelerators [7-9]. Their
nuclear-physical characteristics [10] meet the
above criteria. The above works [4-9] demon-
strated the possibility of using them for the
isotopic identification of unshielded [4-7] and
shielded [8; 9] fissile nuclear materials.

The aim of the presented work is to analyze
the possibility of using these nuclides-fragments
(with A = 87, 88, 89, 92,135, 138, 142) as potential
sources of delayed gamma radiation, to identify
4 main fissile nuclear materials (**2Th, *°U, #*U,
#°Pu) when they are activated by bremsstrahlung
obtained on an electronic accelerator — a micro-
tron. Therefore, it was necessary to calculate the
dependence of number values of post-neutron
output of pairs of fragments (Y, /Y, ., Y, /Y,

YQZ/YL')’S’ Y87/Y138’ Y88/Y138’ YS/YL')’S’ Y87/Y142’
Yo'V, Yoo V000 for the above mentioned fis-

sile nuclei produced at the stimulation of the of
photofission reaction.

Modelling Post-Neutron Outputs of
Actinide Nuclear Photofission Products

In order to solve this problem, it is necessary to
model post-neutron yields of photofission prod-
ucts of actinides #*Th, U, 28U, #°Pu at a fixed
energy of bremsstrahlung, and to calculate the
numerical values of the ratios of the pairs of frag-
ments whose delayed gamma radiation analysis
is nuclei. Delayed gamma radiation suitable for
isotopic analysis of the specified nuclei.

The GEF code [11], which allows the cal-
culation of characteristics for fissile nuclei in
any type of fission (spontaneous, neutron and
proton induced, photofission) and which can be
used to calculate the post-neutron yields of pho-
tofission products of actinides [12; 13], was used
for modelling.

The simulation is carried out for brake ra-
diation, which is generated by electricity with
energy of 12.5 MeV at a tantalum radiator with



thickness of 1 mm. The bremsstrahlung spec-
trum was simulated during the interaction of
electrons (E=12.5 MeV) with a tantalum con-
verter (1 mm) using a GEANT4 10.7 [14; 15], with
the following input parameters: the number of
events — 108, and for the distances: electron
source — bremsstrahlung target — irradiated ob-
ject, which were — 18 and 100 mm, respectively.
The choice of the specified energy was due to the
possibility of isotopic analysis for both unshielded
and shielded fissile nuclear materials[16], i.e. the

Simulation the yields of actinide nuclei photofission products as sources...

energy was lower than the thresholds of possible
photonuclear reactions for potential elements
from which stainless steel containers are made.

The results of the calculation of the spectrum
of bremsstrahlung with an energy of 12.5 MeV are
presented in Figure 1. The same figure shows
the cross sections (y, f) — reactions for #?Th, #°U,
28U, #Pu actinide nuclei from the library of esti-
mated nuclear data ENDF [17], which were used
to calculate the average excitation energy for
these fissile nuclei [12].

— « — —Th-232
106 ¢
N v -U-235 | '
- - - U-238 Jovevroven
5o A}{"Www |
10 * 4~ Pu-239 T s
3 - ] m
r =3
510 | 5
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0.0

MeV

photons,

Figure 1. Braking radiation spectrum and photofission cross sections of #*Th, **U, **U and *’Pu

The calculated average excitation energy
for the photofission of the #*2Th, *°U, #*U, #*’Pu
nuclei at the maximum braking radiation ener-
gies of 12.5 MeV were — 8,821; 10,013; 9,744 and
9,922 MeV, respectively. The obtained values
were used as input data in the GEF code sim-
ulation of post-neutron outputs of products for
fissile nuclei #?Th", 2°U", 28U", #°Pu”. The latest
version of the GEF code — 2020 / 1.1[18] was used
for calculations.

The results of the calculation of post-neu-
tron yields of fission products are presented in
the panel of Figure 2. The existing experimental
data that were studied at close excitation energies
are also presented here. Excitation energy val-
ues — for #?Th: 8.8 MeV [19], 8.35 MeV [20]; #°U:
9.7 MeV [21]; #*U: MeV 9.7 [22], 9.09 MeV [23].

The results of modeling the post-neutron
yields of **Pu were compared with the estimated
values of the yields of the reaction products **Pu
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(nfast, f) [24] resulting in a similar fissile nuclei
Py’ as there are no experimental data on the
yields of photofission of products at close energies.
The average excitation energy <E > for the fissile
nucleus *Pu’ in neutron fission was calculated
from the average neutron energy <E > by for-
mula (1):

<E"> = (4238Pu + An - 4239Pu) + <E,> (1)

where A — excess (or defect) of the mass, the
values of which were taken from [25]. The value
of <E'>=6.14 MeV.
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The results of the calculations are consistent
with the experimental data within the errors for
fissile nuclei #°U, U, #°Pu at close excitation
energies. For **Th, there is a discrepancy be-
tween the calculated and experimental yields
values [19; 20] for both light and heavy products
(with maximum yields values). It should be noted
that for #*Th there is also a discrepancy between
the existing experimental data.

8
I35
G EF 2020
X 6 o -z ]
§ 4
E
o
>-<§ g
0 T T T T
80 100 120 140
A, a.m.u
8
239Pu*
@ EF 2020
2 6f S
fr =]
< 4
5 4t
g2 2f
=i 3
0
80 100 120 140
A, a.m.u

Figure 2. Post-neutron product yields for fissile **Th, U, #*U and *Pu nuclei

Figure 3 shows the dependences of
post-neutron yields of photofission products of
#2Th, 25U, #*U, *Pu on product mass at the
same brake radiation energy of 12.5 MeV. As
can be seen from the mass distributions shown
in the figure, the yields of light products shifts
towards larger masses, increasing the mass of
the fissile nucleus. At the same time, the mass
distribution of heavy fragments remains virtually

unchanged and does not depend significantly
on the mass of the fissile nucleus. This indicates
that the yields of light photofission products of
actinide nuclei #*Th, #°U, #*U, *’Pu depend on
the mass of fissile nuclei at the same stimulation
energies.

The dependence of the ratios (Y,/Y,) of
the numerical values of the yields of light (Y))
and heavy (Y,) products on the mass of fissile



nuclei is calculated. The calculations were per-
formed for the following product pairs Y,/ Y

135
Y92/Y135’ Y92/Y138’ Y87/Y138’ Y88/Y138’ Y89/ Y138’

Yo,/ Y, Yoo/ Y, Yoo /' Y,,,. The fission prod-
ucts selected for analysis are potential sources
of delayed gamma radiation suitable for isotopic
analysis of shielded and unshielded nuclear
materials and meet the above requirements:

Y87 = Y87Kt’ Y88 = Y88Kr’ Y89 = Y89Rb’ Y92 = Y92$1’
Y135 = Y135P Y138 = Y138Cs’ Y142 = Y142La [10] )

The results of the calculation Y /Y, are
presented in panel Figure 4. As can be seen
from the figure, the output ratio depends on the
mass of the fissile nuclei. Here, the Y /Y, yields
ratios are presented, for which experimental
data were used [19-24]. The obtained data are

Simulation the yields of actinide nuclei photofission products as sources...

consistent with each other within the experi-
mental errors.

Table 1 shows the numerical values of the
Y /Y, yields ratio for the fissile nuclei **Th, **U,
28U, #Pu and the difference (percentage) in
percent (%) between the numerical values of the
ratio of pairs of fragments for these nuclei. The
percentage difference was calculated between
the pairs of nuclei **Th and **U (5.0+43.2%),
U and *U (14.1+39.3%), *U and *Pu
(14.1+31.4%).

Thus, the selected product pairs of photofis-
sion nuclei #*Th, #°U, #U, and #?’Pu can be used as
sources of delayed gamma radiation in non-de-
structive isotope analysis of these actinides.
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Figure 3. Dependence of post-neutron yields of fission products *2Th", #°U", 28U,
and *Pu’ on their mass
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Figure 4. Dependence of the ratios of the numerical values of the yields of light and heavy products on the

Table 1. Numerical values of the Y, /Y, yields ratio for fissile nuclei **Th, **U, **U, *’Pu, and the value of
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mass of fissile nuclei ?*Th, #°U, 28U, *Pu

the difference in the yields ratios between adjacent pairs of nuclei

Y, /Y, 22Th % 25y % 238y % 239py

Y, /Y, 0,95918 432 0,54439 34.7 0,35532 314 0,24371
Y,,/Y,s 1,1013 24.0 0,8372 15.2 0,70991 27.8 0,51245
Y, /Y, 0,97806 5.0 0,92957 14.1 0,79844 16.1 0,66998
Y, /Y, 0,71654 37.9 0,44515 36.0 0,28503 17.2 0,23589
Yo/ Y, 0,85724 29.5 0,60445 33.9 0,39964 20.3 0,31862
Y, /Y, 0,94446 26.8 0,69173 28.3 0,49569 25.6 0,369

Y, /Y., 0,89638 38.5 0,5129 39.3 0,33437 14.1 0,28735
Y,/ Y., 1,0724 30.2 0,74857 37.4 0,46882 17.2 0,38813
Y, /Y., 1,18151 27.5 0,85666 321 0,5815 22.7 0,4495




Conclusions

As a result of the calculations, optimal pairs of
light and heavy products (with close half-lives)
of photofission of actinide nuclei **Th, **U, #*U,
#Pu were identified as potential sources of de-
layed gamma radiation and suitable for analysis of
their isotopic composition. It has been demon-
strated that combinations of numerical values of
the ratio of the fields of light and heavy prod-
ucts (Y88/Y135’ Y92/ Y135’ Y92/Y138’ Y87/ Y138’ Y88
/Y139 Y89/Y138’ Y87/Y142’ Y88/Y142’ Y89/Y142)
are substantially dependent on the mass of the
fissile nuclei.

Simulation the yields of actinide nuclei photofission products as sources...

The calculations made make it possible
to determine the ratio of the yields of light and
heavy photofission products of actinide kernels
for which no experimental data are available,
and allow optimization of the procedure of
non-destructive analysis of the isotope compo-
sition of unshielded and shielded fissile nuclear
materials on electronic accelerators — microtron.
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Po3paxyHOK BUXOZiB IIPOAYKTiB pOTONMOALLY siiep aKTHUHIZAIB — XKepeJt 3ali3HiIoro
raMMa-BHUIIPOMiHIOBaHHS IS MOTPeO aHasi3y iX i30TOIMHOTO CKIay

I.B. [TmunuuHensp, €.B. OneitHukoB, O0.0. ITapaar

[HcTutyT enexkTpoHHOi pisuku HAH Ykpainu
88017, Bys1. YHiIBepCcUTETCBKa, 21, M. YKropos, YkpaiHa

AHoTania

Meta. OfHMM 3 HaWBaXUIUBIIINX 3aBJjJaHb aTOMHOI IIPOMUCIOBOCTI € KOHTPOJIb 32 HEPO3MOBCIO/XKEHHIM
sIEPHUX MaTepiaiB, 10 PO3IIETLTI0IOThCA (Hampukiaz, 22Th, ®°U, 28U, #Pu) Ha Bcix eTanax iXx BAKOPUCTaHHs
(mepemimienHs, 30epiraHHa ToIo). /A ycminrtHOro BUpilleHHs Ifiel mpobseMu MOTpiOHA ZOCTOBipHA
iHpopmallisa rmpo ix i3oTormHuM ckiaz. MeToro JOCTiIKeHH € MO/IETIOBAaHHS MaCOBUX PO3IIOALIIB IPOAYKTIB
doTtomoziny saep Z*Th, 2°U, #8U, #°Pu, 3aTprMKa raMMa-BUIIPOMIHIOBAHHS SIKMX MOYKe OYTH BUKOPHCTaHO
JUIsT HePYWHIBHOT'O i30TOITHOTO aHaJi3y AZIepHUX MaTepiajiB Ha MPHUCKOPIOBavyax eJeKTPOHiB.

MeToau. Po3paxyHKN MacOBHX PO3IIOALTIB IIPOAYKTiB GoTopo3iieruieHHs saep 2*Th, U, #U, *Pu 6yro
poBeZieHo i3 3acTocyBaHHAM GEF-koxy. CIieKTp rajbMiBHOTO BUIIPOMIiHIOBAHHS 0Yy/I0 3MOZEIbOBAHO IiJ
yac B3aeMozii enekTpoHiB (E=12,5 MeB) i3 TanTanoBum nepersopioBadeM (1 mm) 3a gomomororo GEANT4 10.7.

PesynbTaTh. [IpoBeieHO MOZIETIOBAHHI MacCOBUX PO3MO/LTiB MPOAYKTIB poTomnogity saep **Th, #°U, 28U, *Pu.
Koediuient Buxozis npoaykTis ayia anepanx map (Vo /Y ., Y, /Y 159 Ygﬂ 139 YS/Y 159 Yoo 'Y oo Yoo Yiso Yo/ 'V i
Yoo'Viu» Yoo'Y,,,) PO3PAXOBYIOTBCS [JIs 3a3HAa4€HUX sizep. OLiHKa Pi3HUII MK YMCTOBUMH 3HAYEHHAMU
koediuienra Buxogy dparmMeHTiB map ana agepuux nap ,,,Th ra , U, . Ura, U, U rTa, Pu3spobieHo y
BiZicoTKaxX. 3HAa4YeHHs Pi3HMII Yy CIIiBBiAHOIIEHHAX BUXOAY LIUX Map MPOAYKTIB CTAHOBIATH -5,0+43,2 %,

14,1+39,3 % Ta 14,1+ 39,3 % a1 siaepraux map *2Th ta #°U, *°U Tta *8U, #*U i *’Pu BignosizaHo.

BuCHOBKU. Pe3ynbTaTy MO/ieI0BaHHA BKa3yl0Th Ha MOXKJIMBICTh BUKOPUCTaHHA 3a3HauYe€HUX BUIIlE I1ap
TIPOAYKTIB MOAUTY SIK Kepesl 3aTPUMKH T'aMMa-BUITPOMiHIOBAaHHSA MPHU MTPOBeEHHI HEPYHHIBHOTO i30TOITHOTO
aHas3y sAAepHUX MaTepianiB. OTpUMaHi pe3ylbTaTH MOXXyTh OyTH BUKOPUCTaHI /IS OITTHMI3allil eKCIIepUMEHTIB
Ha MIPUCKOPIOBaYax eJeKTPOHiB, 10 MiIBULIUTh TOYHICTh Ta HAZiNHICTh pe3y/IbTaTiB

Kiro4oBi ci1oBa: saepHi Marepiany, i30TOIMHUM aHami3, GpOTOIOZLI, BUXOAW IIPOAYKTIB, 3alli3Hime
raMMma-BUIIPOMiHIOBaHHS
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PacyeT BbIXOZ0B IIPOAYKTOB dOoTOeNeHNS AAep aKTUHNU/I0B — HICTOYHUKOB
3ama3ZibIBarolero raMmmMa-usaydeHus JJI HyXK, aHaJIru3a UX U30TOITHOrO COCTaBa

N.B. [TmniununHen, E.B. OneitHukoB, O.A. ITapiar

VHCTUTYT asekTpoHHOU dusuku HAH YkpauHbl
88017, yn. YHUuBepcuTeTcKas, 21, . YKropoz, YkpanHa

AnHOTaIMA

Hesnb. OnHOM M3 BAXKHENIINX 33/1a4 aTOMHOM IIPOMBIIIUIEHHOCTH SIBJISETCA KOHTPOJIb 33 HEPACIIPOCTPaHEHNEM
SAIEPHBIX pacCIIelIAonuXcsa MaTepuanoB (Hampumep, **Th, U, #U, *Pu) Ha Bcex dTamax HUxX
HCIIO/Ib30BaHUs (IepeMelieHre, XpaHeHWe U T.A.). i YCIIEIHOro pelleHus 3TOW MpobseMbl Hy:KHA
nmocroBepHasi uHbopMaIys 06 UX M30TOMMHOM cocTaBe. Lle/bio MCCIeOBaHUSA SIBISETCA MOZAEINPOBaHUE
MacCCOBBIX pacIpeejeHn MpoAyKToB hoToAeneHus saep 22Th, 2°U, #8U, *Pu, 3aziepkka raMMa- U3y deHus,
KOTOPO€ MOKET ObITh HCIIOIb30BAHO /IS HEpa3pyIIaIOIero M30TOMHOIO aHAIM3a AZIePHBIX MaTepHUaIOB Ha
YCKOPUTEJIAX IEKTPOHOB.

MeTozbI. PacueThl MacCOBBIX pacipeeieHuit IpoaykToB poTopaciuerienus saep »2Th, *°U, 28U, #°Pu
6bUT0 TIpoBeZieHO ¢ mpuMeHeHWeM GEF-koza. CrieKTp TOPMO3HOTO H3JIy4eHHs ObLIO CMOZETHMPOBAHO
IpU B3auMozercTBud 3yeKTpoHoB (E=12,5 M3B) ¢ TaHTasn0oBEIM IpeobpasoBaTesneM (1 MM) ¢ IOMOIIBIO
GEANT410.7.

Pe3ynbTaThl. IIpoBeZieHO MOZAETUPOBAHUE MACCOBBIX pacHpefeleHU MPOAYKTOB (OToAeNIeHUs saep
232 235 238 239

Th, U, U, *’Pu. KoapuimeHT BbIXOJOB TPOAYKTOB YIS SIEPHBIX TIap (YSB/YBS, Yo,/ Yoo Yoo/ Yoo Yo Y o
Yoo/ Yiog Yoo Yiogr Yor /Y s Yoo/ Y 105 Yoo /Y, 42) pacCYUTHIBAIOTCA 1 yKa3aHHBIX Azep. OlleHKa pasHULbl MeXAy
YHUCIOBBIMY 3HAYEHUAMU K03 PuIilreHTa Bbixoga GpparMeHTOB map i siepHbix map **Th u U, U u
28U, 28U u #Pu caeiaHoO B IpOlleHTaX. 3HaUeHe Pa3HUIIBI B COOTHOUIEHMSIX BRIXO/Ia 3TUX Map MPOAYKTOB
cocTaBiAoT 5,0+43,2 %, 14,1+39,3 % u 14,1+39,3 % a1a saaepusix map *?Th u *°U, U u 2*U, ®U u *Pu
COOTBETCTBEHHO.

BBIBO/IbI. Pe3ymbTaThl MOZIETMPOBAHMSA YKA3bIBAIOT HA BO3MOXKHOCTH MCIIOTb30BAHMSA YKAa3aHHBIX BBIIIIE TTaP
MIPOZAYKTOB JleJIeHUsI KaK MCTOYHUKOB 33ZIeP:KKU TaMMa-u3IydyeHus IpU MPOoBeleHUU HepaspylIlaiollero
M30TOITHOTO aHaM3a sSePHbIX MaTepUasIoB. [1oyYeHHbIEe PE3YJAbTATHl MOTYT OBITh WCIIOJIB30BAHbBI IS
ONTUMU3ALNMN SKCIIEPUMEHTOB Ha YCKOPUTENAX 3JeKTPOHOB, YTO IOBBICUT TOYHOCTb W HAa/le’KHOCTb
pe3y/ibTaToB

KiarouyeBbie ciaoBa: AAE€PHbIE MaTEpHaJibl, M30TOIHBIN aHaIn3, (l)OTO,ZLeJIeHI/Ie, BbIXOZbI IIPOAYKTOB,
3alasJbiBaromniee raMma-nusjiIydceHue
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Abstract

Purpose. This paper presents the results of investigation of y-ray yield enhancement from "*Cd(n, xy)
reactions obtained in experiments with 14-MeV neutrons in comparison with theoretical spectrum calculated
in Empire code.

Methods. The experiment was carried out applying TOF-technique for n-y discrimination. The MCNP simulation
of the experiment was performed and the influence of scattered neutrons background at gamma-ray spectrum

shape was estimated.

Results. It was shown that despite TOF-technique thermal neutrons capture by °Cd isotope gives
considerable contribution to gamma-spectrum induced in "*Cd sample by primary DT-neutrons. The thermal
neutron flux was determined to be nearly constant at different locations of experimental hall.

Conclusions. For the correct measurements of the y-production cross sections for cadmium samples the
sufficient separation between primary neutrons and scattered ones must be provided

Keywords: thermal neutrons, DT-neutrons, cadmium, gamma-spectrum, gamma-ray yield

Introduction

The cross sections of gamma-rays production
induced by neutron interactions are required for
radiation damage and shielding calculations of
the fission and fusion reactors. The 14-MeV neu-
trons are of utmost importance for these tasks
because of the big number of open reaction chan-
nels at this incident neutrons energy. Almost all

Suggested Citation:

of interactions between neutrons and nuclei of
interest are accompanied by the prompt gam-
mas emission, and the (n, xy) reactions cross
sections must be precisely known for the modern
and future reactor construction elements under-
going neutron exposure. Despite large number
of experiments performed with DT-neutrons they

Bondar BM, Leshchenko BYu, Kadenko IM. Enhancement of gamma-ray yield from fast neutrons interaction with Cadmium isotopes.
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are still relevant for fusion reactors design. It is
caused by disagreements between nuclear data
from different authors [1] or between experi-
mental results and theoretical calculations. In
particular, the last ones were obtained in our ex-
periments for Cd element[2], which iscommonly
used in the reactors industry. The measured
gamma-ray spectrum appeared to be enhanced
in comparison with theoretical calculations. In
this work we present the investigation of this
phenomenon.

Data Analysis

Our experiments in gamma-ray Spectroscopy
were performed with 14-MeV neutrons for dif-
ferent samples, such as "Fe, "Bi, "*Cd, "*Ni,
natSn and "*C [2-5]. All the measurements were

10° i?

aQ natc d 3
Y (n, xy)

carried out using the pulse neutron generator
facility PNG-200 under the same geometry (sam-
ples had the torus shapes with outer and inner
radii of 10+16.5 cm and 1.5 cm, respectively) and
with the same settings: for n-y discrimination
the time-of-flight (TOF) technique was applied
with pulse repetition period (PRP) of 140 ns and
with y-detection time window of 20 ns (the de-
tailed description of experiments and DAQ can
be found in [4]). A good agreement between ex-
perimental results and theoretical calculations
performed in Empire code [6] was obtained for
all elements except natCd sample, where notable
discrepancy in the 5+10 MeV energy range is ob-
served (Fig. 1). Such enhancement of measured
gamma-spectrum from "*“Cd was also observed
in works of other authors [7; 8].

= Bondar et al. 2011
—o—Empire (HF+PE)

]
o
-3
o H
ol

Hol
-]
8
m
1
e
=3
]
[ 1
HEo
o
o

o

o

o
o
o
o

H
H

L
3 100
= s
B \o\o %EII
g 10'4 >
> \:\°\° I
2 ]
© 10°-
o
10! —T T

10 12 14 16 18

E , MeV
Y

Figure 1. The experimental data and theoretical calculations of gamma-ray spectrum
from "*Cd(n, xy) reactions induced by 14-MeV neutrons

The origin of this discrepancy can be caused
by the experimental conditions such as presence
of thermal neutrons background. The neutron
scattering on construction elements and walls of
the experimental hall leads to continuous neutron
spectrum formation in the experimental hall, as
well as the sample itself, and takes much longer
than PRP time. Hence, despite TOF technique,
the background gammas induced by low-energy
neutrons interaction can also be detected in the
time window. Itis well-known that for "“Fe, "4Bi,
"afNi, "*Sn and "*C elements capture cross section

even for thermal neutrons does not exceed several
barns. But for "“Cd this value is about 2500 b,
and (n, y) reactions can cause an essential impact
on gamma-ray spectrum.

An additional contribution to y-spectrum
is mainly expected to be from the "*Cd(n, y) *Cd
nuclear reaction. The *Cd isotope has 12.23% in
natural abundance and average cross section of
20 000 b for thermal neutrons capture resulting
in formation of compound nucleus "Cd with
excitation energy 9.04 MeV. The de-excitation
of this state occurs with high probability by the



cascade E2 transitions through the discrete levels
0-558.45 keV-1283.7 keV-1991 keV-2670 keV, ac-
companied by gamma-rays with the energies

Enhancement of gamma-ray yield from fast neutrons interaction with Cadmium...

9.04 MeV, 8.48 MeV, 7.76 MeV, 7.05 MeV, and
6.37 MeV (Fig.2).
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Figure 2. Possible y-transitions from the *Cd(n, y) **Cd reactions at excitation
energy of 9.04 MeV

The energy resolution for these energies
in experiment was near 1 MeV, so along with
continuum transitions these gamma-rays due to
neutron capture could provide smooth enhance-
ment of gamma-spectrum within the energy inter-
val 5+10 MeV. The continuum transitions from
BCd(n, y)"™Cd reactions give notable contribu-
tion below 7 MeV [9], therefore the observed
double-humped spectrum can be formed by the
sum of a group of peaks around 7 MeV and the
continuous spectrum increasing at lower ener-
gies (left part), and discrete gamma-rays with
energies from 7.05 to the 9.04 MeV in the right
part of the spectrum. All these considerations
indicate possible influence of low-energy neu-
trons. To figure this out, the scattered neutrons
fluxes must be determined.

MCNP Simulations

The 14-MeV and thermal neutrons fluxes were
estimated by MCNP [10] simulations. The geometry

of the experiment is presented in Figure 3. The
main components that can effectively moderate
neutrons, such as concrete walls, floor, roof and
oil filled bucket for high voltage supply were
also built for simulations.

Concrete Cd torus

sample
] !
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e I /
TiT "
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Figure 3. The MCNP geometry of the experiment

The overall time of neutrons moderation
to the thermal energies and subsequent diffu-
sion before absorption is several hundreds of
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microseconds. The PNG-200 generates pulses of
DT-neutrons with period of 0.14 us, so it can be
considered as constant neutrons source relative
to the scattered neutrons lifetime in experimen-
tal hall. In such conditions the flux of thermal
neutrons is statistically averaged and nearly
constant during the measurements with strong
dependence on intensity of DT-neutrons from
the Ti-T target. Therefore the continuous and

isotropic point-source of 14-MeV neutrons was
specified in simulations.

The neutrons fluxes per one DT-neutron
from the source were determined at different
locations in the experimental hall: near the sam-
ple, behind the shielding bar and near the wall,
which is at 3.5 m distance from Ti-T target. The
results of simulated fluxes are shown in Table 1.

Table 1. Primary 14-MeV and scattered low-energy (0+0.5 eV) neutron fluxes

at different locations
. F. ,1/cm?/DT — neutron F_,1/cm?/DT — neutron
14° th?

tocation (14 MeV) (0+0.5 eV)

Near the 2.92:10~ 9.66:10-7

sample

Behind S 5

shielding bar 9.57-10 9.48-10
Near the 7.5910°7 9.65:10-7
wall

The simulated neutron spectra near the
sample within the 0.1+15 MeV and 0+0.5 eV
energy ranges are shown in Figure 4 The ratio
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10°4
1044,
10°4#
10°
1074
10*4

F, 1/cm?/DT-neutron/MeV

between 14-MeV (F, P and thermal (from 0 and
up to 0.5 eV, F,) neutron fluxes near the sample
appeared to be F /F, =302.3.
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The yield of gamma-rays from (n, xy)
reactions induced by 14-MeV neutrons in the "*Cd
sample equals (1):

Yig = NiaF140,014 @))

where N, is the number of nuclei undergoing
irradiation by 14 MeV neutrons; F, is the 14-MeV
neutron fluence; an — coefficient for 14-MeV
neutrons beam attenuation in the sample; o,
cross section of gamma-production from (n, xy)
reactions induced by 14-MeV neutrons. In case
of thermal neutrons, the high cross section of
radiative capture by "Cd isotope limits the free
path of thermal neutron in cadmium by the value
of A, =1/Z, =8.6*10"°cm. As aresult, all the thermal
neutrons are absorbed within a thin (x< 0.1cm)
layer of cadmium, and (n, y) reactions rate equals
to the total number of neutrons hitting the torus
sample (2):

Riy = Fen(1 —exp (=x [ Aen))S = FenS  (2)

Here S is the area of the sample surface,
and (1 — exp(—x/A,) determines the neutrons
attenuation at distance x inside the sample.
The gamma-yield caused by thermal neutrons
Y, is the product of capture reactions rate R,
and multiplicity of capture y-rays M,. During
experiments the total yield Y, =Y, +Y, is mea-
sured including both thermal and 14-MeV neu-
trons induced reactions, and the enhancement
of gamma-yield caused by thermal neutrons
contribution can be expressed as follows (3):
L L T

Ni4Fi400,014

Yexp Yth
=142

Y14- Y14-

While the measured cross section of gam-
ma-ray production o is proportional to the yield
(because Y, was normalized to N F ), and
the response functlon of the spectrometer is the
same for gamma-rays of different origins, the
relation between different gamma-production
cross sections correlates with corresponding
yields. The cross section discrepancy between

measured experimental data and theoretical
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calculations in the 5+10 MeV energy range is (4):

d
[3" =2 dE

10do
S déf*dE

while equation (3) gives close to this discrepancy
value between experimental and theoretical
yields (5):

= 1.64 + 0.18 “4)

FepnSMy, Ny ip,
Ni4F140,014Ny14

=1.47 (5)

Here M, =4.1 is average gamma-ray mul-
tiplicity of 113Cd(n Y)"*Cd reactions, N, ,=10.2%
is part of gamma-spectrum within con51dered
energy range induced by thermal neutrons [11]
and N, =2.2% is the same for 14-MeV neutrons
obtained from Empire calculations.

The values in (4) and (5) confirm the idea
of contribution from thermal neutrons to the
measured spectrum. The excess of the measured
gamma-production cross section within 5+10 MeV
is 60 mb, and one could assume that it is caused
not by 14-MeV, but thermal neutrons interac-
tions with "*Cd nuclei. Then the cross section of
gamma-ray production renormalized to the flux
of thermal neutrons and number of "*Cd nuclei
equals 11 450 barn, which makes 12.7% of the total
cross section of gamma-yield, namely 88 000 b [11].

The value obtained in (5) shows that the
number of gamma-rays generated by thermal neu-
trons is about 47% of gamma-rays from 14-MeV
neutrons and it is comparable with obtained dis-
crepancy (4). Obviously, this contribution must
be taken into account during gamma-spectra
measurements from fast neutrons interactions.
It can be seen from table 1 that the primary 14-MeV
neutrons beam near the sample is bigger than at
other locations by 30 (behind the shielding bar)
and 385 (near the wall) times respectively, while
the thermal neutrons flux is nearly constant re-
gardless of the location of control volume in the
experimental hall. It means that the changing
of the sample position will not reduce the influ-
ence from scattered neutrons and the additional
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shielding is required. In particular, it can be re-
alized with the help of neutronstop covering on
walls, ceiling and floor. According to MCNP sim-
ulations, such type of shielding (with bricks of
10 cm thickness and 5% of '’B addition by mass)
leads to the reduction of thermal neutrons flux
up to 10* times. But the clear gamma-spectra from
14-MeV neutrons can be obtained only taking
into account the scattered ones.

Despite values in (4) and (5) are close, the
experimental enhancement is still higher than
expected one from thermal neutrons. This bump
was also observed in the experiments with high
flux of thermal neutrons and enriched ™Cd
sample in [11], and it could not be reproduced by
theoretical calculations. So this energy region
is under the interest and requires additional
investigations.

Conclusions

It was shown that the discrepancy in the gamma-
spectrum from natCd sample is caused by the
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ITizcuieHHA BUXOAY raMMa-KBaHTiB IPH B3a€MOJii IIBUAKUX HEUTPOHIB 3
i3oTomaMu KasiMiro

B.M. Bongap'?, B.1O. Jlemenko?, .M. Kagenko!

'KuiBchbKuMi Hal[iOHAMIbHUH YHiBepcuTeT iMeHi Tapaca IlleBueHKa
01601, Bys1. Bomoaumupcbka, 64/13, M. KuiB, Ykpaina

’HallioHaTbHUM TEXHIYHUN YHIBEPCUTET YKpaiHU
«KuiBchbKUI OMITEXHIYHUM iHCTUTYT iMeHi Iropsa CikopcbKoTro»
03056, npocm. ITepemorwu, 37, m. KuiB, Ykpaina

AHoTa1ia

Mera. V 11i#i cTaTTi IPEICTaBIEHO PE3YAbTATU JOCTI/KEHHS 301TbITIEHHS BUXO/y TaMMa-BUITPOMiHIOBaHHS
Biz peakuiii "“Cd(n,xy), mo Oyl0 OTPUMAHO IIifi Yac eKCIepUMEeHTY 3 HEHTpOHaMH 3 eHeprieio 14-MeB,
TIOPiBHSHO 3 TEOPETUYHUM CIIEKTPOM, PO3paxoBaHUM y KoZi Empire.

MeToau. ExcliepyMeHT MPOBEZEHO 3 3aCTOCYBAHHAM YacCOIIPOJbOTHOI METOAWKYU BUMIPIOBAHb I N-Y
avckpuMiHaiii. 3a gomomoro MCNP cumyssiilii 6y/10 BUKOHAHO eKCIIEPUMEHT I OLliHeHO BILIHB GOHY Bia
PO3CIsTHUX HEUTPOHIB Ha GOPMY raMMa-CIIeKTPY.

PesysnbTaTH. Byno nokasaHo, 110 He3BaXKal04y Ha 4acOBY celapallito IMO/il, 3aXBaT TeIVIOBUX HEUTPOHIB
izororrom "*Cd zmae cyTTeBHIT BHECOK y raMma-ciekTp i3 peakmiii "“Cd(n, xy), 3yMOBI€HUX IPIMUMU
DT-HeliTpoHamMu. Byso BusHaueHO QUIIOEHC TEIUIOBUX HEHTPOHIB, SKUH BUABUBCS CTAIUM V Pi3HUX TOYKAX
eKCIIepUMEHTAIBHOI 3aJIH.

BucHOBKH. /|11 KOpEKTHOI'O BUMipIOBaHHs ITepepisiB BUXO/y raMMa-KBaHTIB /IS 3pa3KiB KaZMito HeoOXiIHO
3abe3mevuyBaTy OJATKOBY Cellapallito MixK MPSIMUMH Ta PO3CITHUMU HEATPOHAMU

KirouoBi citoBa: terutosi Hetitpouu, DT-HEUTPOHH, KaAMili, TaMMa-CIeKTp, raMMa-BHXi/

YcuneHue BbIXoZ|a raMMa-KBaHTOB IIPU B3aUMO/I€eICTBUH ObICTPBIX HEHTPOHOB C
M30TONaMH KaJ[MUS

B.M.bonzaap'?, B.E. Jlemenko?, .H. Kagenko'

'KuieBCcKUI HallMOHAIbHBIM YHUBEpCUTET MMeHU Tapaca IlleBueHKO
01601, yn. Bnagumupckas, 64/13, r. KueB, YkpauHa

’HallMOHa/IbHBIM TEXHUYECKU YHUBEPCUTET YKPauHbI
«KreBCKUH MOMUTEXHUIECKUN HHCTUTYT UMeHH iropss CHKOPCKOT0»
03056, mpocir. [To6exsl, 37, r. Kues, YkpauHa

AHoTaia

Iens. B sTo# craThe IpeZcTaBieHbl Pe3ylbTaThl UCCIEAOBAHNSA YBEJINYEHNA BbIX0/Aa TaMMa-U3/IydeHNA
ot peakuuii "*Cd (n, Xy), 94T0 OBUIH ITOJIyYEHEI B X0/le SKCIIEPUMEHTA C HEUTPOHAMH ¢ SHepruei 14-MaB no
CpPaBHEHMIO C TEOPeTUYECKUM CIIEKTPOM, pacCUUTaHHBIM B koZie Empire.

MeTozbl. DKCIIEpUMEHT MPOBeZieH ¢ MPHUMeHEeHWEeM YacOIPOJETHOM METOAVMKU U3MepeHUM Ajad n-y
muckpuMuHanuy. C momorisio MCNP cumynaiiiy 65UT0 BEITOTHEHO SKCTIEPUMEHT U OlleHeHO BauAHue GpoHa
OT paccesTHHBIX HEUTPOHOB Ha GOPMY raMMa-CIeKTpa.

Pe3ynbTaThl. BbUIO NIOKa3aHO, YTO HECMOTPS Ha BPEMEHHYIO CemMapaliiio COOBITHIH, BOCTOPT TEIUIOBBIX
HelTpoHOB u3oromoM *Cd gaeT cyllecTBeHHBIN BKJIaJ, B raMma-clieKTp ¢ peakunuwii "“Cd (n, xy),
00y CIOBIEHHBIX MPAMBIMU DT-HeiTpoHaMM. BeUIO ompezieneHo GpJIIeHC TEIUIOBEIX HEMTPOHOB, KOTOPHIH
OKa3aJIcsl yCTOMYMBBIM B Pa3HBIX TOYKAX SKCIIEPUMEHTATBHOMN 3aIBL.

BbIBOABI. /151 KOPPEKTHOTO M3MEPEHUS CeYeHUH BBIXO/Ia FaMMa-KBaHTOB it 0OpasIoB KaMUs HEOOXOUMO
obecreynBaTh JOMOTHUTEIBHYIO CeMapalfio MeX/Iy IPSAMBIMHU U pacCeTHHBIMU HEUTPOHAMMU

KiroueBsle cj10Ba: TelioBble HEUTPOHBI, DT-HeUTpOHBI, KaAMUM, raMMa-CIIeKTpP, TaMMa-BbIXO/
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Theoretical Calculations of Electron Excitation of the Lowest Autoionization
States of the Rb Atom
V.I. Roman, O.M. Pop, L.V. Pylypchynets®

Institute of Electron Physics, NAS of Ukraine
88017, 21 Universitetska Str., Uzhhorod, Ukraine

Abstract

Purpose. The value of the autoionization cross section and its energy dependence are determined to a
great extent by excitation and subsequent electron decay of the lowest energy states. Recently, experimental
data on the excitation cross sections of the rubidium atom lowest doublet (4p°5s’)’P, , , and quartet

(4p°4d59)°P, ,, ,  , autoionizing states were obtained which promoted their theoretical investigations.

Methods. Theoretical calculations were performed using the Flexible Atomic Code universal program
package which takes account of the relativistic nature of the complex atoms excitation by the use of the
Dirac-Coulomb Hamiltonian. The radial orbitals for basic relativistic wavefunctions were obtained by solving
the Dirac-Fock-Slater equation.

Results. Comparison of the experimental excitation cross sections for the doublet (4p*5s>)*P, 121, and quartet
(4p*4d5s)*P, 123/2572 autoionizing states with available theoretical data and our relativistic calculations is
presented. The results of the study of the parameter R  for the intensity ratio for the ’P, , and’P, , states of the
4p°5s? configuration are presented. Our calculations in the distorted waves approximation is shown to well
describe the experimental data in the energy region above 70 eV. At low collision energies our calculations
qualitatively predict the presence of the threshold resonant excitation; however in the energy region 20-50 eV
only the R-matrix method qualitatively describes the complex nature of excitation and decay of the lowest

quartet autoionizing states of the rubidium atom.

Conclusions. Electron excitation of the doublet (4p®5s*)°P, 11, and quartet (4p°4d5s)°P, ,, , ., autoionizing
states of the rubidium atom in the collision energy range from the excitation thresholds up to 700 eV was
studied in the terms of the distorted waves relativistic approximation. A comprehensive analysis of the
obtained results using the available experimental and theoretical data showed that the relativistic distorted
waves approximation taking into account the configurational mixing is a suitable tool for describing the
autoionizing states of the rubidium atom in a wide range of collision energies and allowed one to obtain the

absolute values of the experimental excitation cross sections of the (4p°5s*)*P and (4p*4d5s),, ,, ., states.
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Introduction

The charge composition and energy balance of
various plasma media are mainly determined by
two processes — direct ionization and autoion-
ization. As has been shown in studies of these
processes in heavy atoms of potassium, rubidium
and caesium [1], the contribution of autoion-
ization to the total electron shock ionization
cross-section is more than 30%. Studies of these
atoms have also shown that the size of the au-
toionization cross-section and the form of its
energy dependence at low and high collision
energy values are largely determined by the
excitation and subsequent electronic decay of
the lowest-energy states np*(n+1s* P, , , and
np°nd(n+1)s 4P1/z,3/z,5/2 (n=3, 4, 5 for K, Rb, Cs,
respectively) [2-4].

It is known that the most complete infor-
mation about the set of processes involved in
the formation of a certain excited atomic state,
namely the type of electron transition, cascade
population, and the formation of negative ion
resonances, is provided by the energy depen-
dence of its excitation cross-section. Recently,
by the method of electron spectroscopy using the
technique of electron-atom beams, it was possible
to experimentally obtain cross sections of the ex-
citation of the lowest autoionization states (AIS)
for the Rb atom [5-7]. Due to the significant
spin-orbit splitting of levels in the Rb atom,
apart from the doublet states (4p5552)2P3 1 [5],
in the study [6] the electronic excitation of each
component with J=1/2, 3/2, 5/2 of quartet state
(4p°4d5s)*RJ was also studied. Detailed analysis
of the near-threshold resonant structure of AIC
data performed by the authors in the study [8].
In it, on the basis of theoretical calculations by
the method of R-matrix with B-splines show
that the resonant structure at the excitation
cross-sections for (4p°5s?)°P, a1 AIC is the result
of a superposition of several states of the negative
rubidium ion, and it is also established that almost
all resonances are Feshbach-type resonances. As
for the quartet AIC, the authors of the study [8]

presented the excitation cross-sections of these
AIC in the collision energy range up to 50 eV,
but they were unable to identify the states of the
negative rubidium ion due to the complexity of
the excitation and decay mechanism of these AIC.

As for collision energies above 50 eV, only
one theoretical work has been known so far [9],
where the excitation cross-sections are presented
and the role of np°(n+1)s**P, 1 AIC in the pro-
cess of ionization of neutral alkaline atoms by
electron shock. In this research, relativistic cal-
culations of effective excitation cross-sections in
the Born approximation and distorted waves (PCX)
are performed, multiplet splitting analysis is per-
formed, and the ratio of the cross-sections of the
lowest doublet AIC of alkaline Na, K, Rb, and Cs
atoms at different energies of the incident elec-
tron from the excitation thresholds to 1.5 keV is
established, but without comparison with exper-
imental data for Rb and Cs atoms. For quartets
(4p°4d5s)‘RJ AlS theoretical data on excitation
cross-sections for collision energies above 50 EV
were not available.

In this study, we present the results of a
theoretical study of the electron excitation of
the lowest doublet and quartet autoionization
states of a rubidium atom in a wide range of
collision energies from excitation thresholds
to 700 eV by the method of relativistic distorted
waves, taking into account configuration mixing
(the PCX-BK approximation) and without it (the
PCX approximation) in comparison with the
available theoretical and experimental data.

Research Methodology

Theoretical calculations were performed using
the universal Flexible Atomic Code software
package [10], which takes into account the rela-
tivistic nature of the excitation of complex at-
oms by using the Dirac-Coulomb Hamiltonian.
This software package has proven itself well in the
theoretical classification of AIC of the rubidium
atom in the research [11], as well as in the
study



of the excitation cross-section 4p° shells of the
Rb atom [12; 13].

It should be noted that the accuracy of the
theoretical results obtained significantly depends
on how the single-electron functions of the tar-
get are calculated and what configurations are
mixed with each other. Clearly, there is no uni-
versal recipe for how to improve the results of
calculations, it all depends on successful and
complete consideration of configuration mix-
ing. At the same time, the number of configu-
rations cannot be excessively large, since it is
impossible to take into account the interaction
of an incoming electron with all possible config-
urations. Mixing of configurations is usually the
largest when the energies of different configu-
rations are close to each other, it can disrupt se-
rial patterns and even change the nature of the
multiplet separation of levels. Therefore, taking
into account configuration mixing in such cases
often leads to significant changes in the proba-
bility of decay of individual AIC, especially for
weak transitions.

Radial orbitals for constructing basic rel-
ativistic wave functions were obtained by solv-
ing the Dirac-Fock-Slater equation. The set of
configurations was somewhat reduced in com-
parison with [11], as our research showed that
the best description of experimental excitation
cross-sections is given by the inclusion of cor-
relation corrections in the calculations of our
selected configurations, although excitation en-
ergies have greater differences with experimental
values. To optimize the local central potential,
which should reflect the polarization of the
frame containing the exchange member, the fol-
lowing one-electron configurations were used
4p°nl (n=5, 6, 7, 1=0, 1, 2, 3). To account for
correlation effects (BK) the following configu-
rations were used 4p°nl (n=5, 6, 7,1=0, 1, 2, 3),
4p°nin’l’ (nl=5s, 6s, 5p, 4d, 5d, n’I'="5s, 6s, 5p, 6p,
4d, 5D, 4f, 5f, 5G) for the main 4p°®5s state of the
Rb Atom and for 4p®, 4p°nl (nl=5s, 6s), 4p*nin’l’
(nl=5s, 5p, n’'=>5s, 5p, 4D, 5D) the final state
of Rb+. Calculations were performed in jj con-
nections.
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Results and Discussion

In Figure 1 presented a comparison of experi-
mental excitation cross-sections [5] of doublet
(4p5552)2P3 1 AIC with our theoretical calcula-
tions and data [9]. The experimental data were
normalized to our RCX calculations at a collision
energy of 650 eV. In the region of energies above
100 eV, our theoretical excitation cross-sections
of PCX and PCX-BK (4p°5s*)°P, 123, StALES within
the experimental error satisfactorily describe
the experimental data. Born and PCX excitation
cross-sections [9] in this energy range underes-
timate the absolute values of the cross-sections.
However, it should be noted that both our data
and the data [9] correspond to the rule of the
ratio of cross-section values 2P3 /2:2P1 =211 [14].
Why is it correct to normalize for our data for
comparison, and not for data [9]? According to
the data [8], and the R-matrix method is the most
accurate method for calculating cross-sections
in the near-threshold energy range, the excitation
cross-sections should have even higher absolute
values of effective cross-sections, i.e. our data are
closer to them. In this figure, comparison with
them is not given, since the excitation cross-sec-
tions (4p5552)2P1 1232 States in [8] are represented
in a very narrow range of 15-20 eV.

A significant difference between experiment
and theory exists for small and medium values
of collision energy. Worth noting that the de-
scription of processes in the range of energies
of 20-90 EV is an issue for all existing theoretical
approximations, since it requires simultaneous
consideration of a large number of high-energy
configurations as 4p® shell and excitation from
the deeper shells of the rubidium atom. It is also
necessary to take into account the contribution
of possible cascade and radiation transitions,
which is a very complex theoretical problem.
Indeed, as the analysis of the experimental
cross-section of the excitation state (4p°5s*)°P, P
shows, at collision energies of 18-30 eV, oscilla-
tory behaviour and an increase in the cross-sec-
tion value of up to 20% are observed. As
follows from [15] in the wavelength range from
624 to 577 A (19.8-21.5 eV), the photoabsorption
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spectrum of the 4p® shell contains a total of
46 lines, of which only 8 have an extended au-
toionization profile. This means that most AIC
located above 19 eV decay mainly due to radia-
tion transitions to low-energy AIC, in particular
(4p°5s*)°P, ,. Regarding the cross-section of the
excitation state (4p°5s®)°P, P then in the energy
range of 20-30 EV, the noticeable effect of cas-
cading population processes from high-energy
levels is not observed. The PCX-BR approxima-
tion best describes the excitation process in this
region. The figure shows that in the near-thresh-
old region of collision energies, the experimental

data of both levels have a distinct resonant char-
acter. The size of the cross-sections of the lat-
ter exceeds the efficiency of the direct process
by almost one and a half times. Detailed analysis
of this section in [8] showed that all resonances
here are Feshbach-type resonances with a common
4p configuration °6s°p” in the case of (4p>5s°)’P, ,
and a common configuration 4p°5s4d6s for auto-
ionization state (4p>5s*)’P, ,. Theoretical approx-
imations of PCX and Born in the near-threshold
region of collision energies cannot qualitatively
describe such resonant processes.
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Figure 1. Effective cross-sections of doublet excitation (4p°5s%)?P

The cross-section of the PCX without taking
into account configuration mixing significantly
overestimates the efficiency of near-threshold
excitation, but still assumes its presence, as well as
the approximation of the PCX [9]. The calcula-
tions performed in [9]in the Born approximation
do not take into account the possibility of reso-
nant excitation, as evidenced by the behaviour
of the corresponding excitation cross-section in
the near-threshold region of collision energies.
Since the Born approximation is a scattering in a
potential field, it does not describe the details of
the scattering process at low collision energies.

321 AIC of the rubidium atom

Although the PCX-BK approximation differs from
the experimental data in the near-threshold re-
gion, it also predicts a sharp increase in the ef-
ficiency of resonant excitation of AIC data. This
indicates that the method takes into account
to a greater extent the perturbations of the in-
coming and scattered waves by the field of the
atomic residue and, at the excitation threshold,
provides for the possibility of capturing the in-
coming electron in the discrete spectrum state
with simultaneous excitation of the bound elec-
tron from the inner shell.

In our research, the ratio parameter



R,=_, J2e12 of line intensities (4p°5s*)’P, P and
(4p5552)2P1 P which according to [14] should be
correlated as 2: 1 or 100% to 50% is also studied.
In Figure 2 experimental data are compared with
theoretical calculations in the Born approxima-
tion, PCX and relativistic approximation of dis-
torted waves with exchange (PCXO) [9]. The
general behavior of the dependence of the ratio
of experimental line intensities is characterized
by a sharp near-threshold resonance, an oscil-
latory structure up to 30 eV, and then an almost
linear classical dependence up to 650 eV. This
behaviour is primarily due to the dominant role
of negative ion States in the near-threshold ex-
citation of AIC (4p°5s*)°P, a1 and the influence
of cascade population at energies up to 30 eV,
which has already been discussed above. Theoret-
ical calculations of PCX and Born in the region of
collision energies up to 30 eV, as already shown
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in the description of excitation cross-sections,
differ significantly. It is difficult to talk about
the quality of theoretical values of the ratio pa-
rameter R in this area since the experimental
data also have a large spread of values, but as
can be seen, there is a perfect coincidence of our
theoretical calculations of the RCX with the RCX
data [9], both with and without exchange. Nev-
ertheless it is necessary to note the remarkable co-
incidence of theoretical and experimental data
in the region of collision energies of 35-650 eV.
This means that in the case of theoretical calcu-
lations of the PCX in the strong coupling decom-
position, configurations are successfully selected
that take into account the correlation mixing of
levels and the correctly selected model potential
used to determine single-electron radial wave
functions. Also, such a good agreement shows
the reliability of experimental measurements.

25 [ 4
20 2|
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O 15 —Theor PCX-BK 13‘ 20 30 40
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Energy of collisions (eV)

Figure 2. Intensity ratio R,=0,,[(4p*5s*)°P, L/ o0,[(4p°5s*)’P, L] AIC of the rubidium atom

Figure 3 shows the experimental exci-
tation cross-sections [6] of the lowest quartets
(4p>4d5s)*P, 123/25/2 AIC in comparison with our
theoretical calculations of PCX-BK in the range
of collision energies of 16-700 eV and R-matrix
with B-splines data [8] (16-50 eV).

Experimental data are normalized to PCX-BK
data at a collision energy of 350 eV for states ‘P, , . ,
and 110 eV for ‘P, . It should be noted that in the
case of quartet AIC, the PCX method without cor-
relation corrections gave unsatisfactory results,

which were rejected. This indicates the complex-
ity of the process of excitation and decay of these
states, as well as the fact that configuration mix-
ing plays a more significant role here. The gen-
eral view of all experimental cross-sections is
broadly similar and reflects the exchange na-
ture of excitation of these quartet levels. Although
theoretical data differ significantly in general
behavior, but in absolute terms correlate well
with each other when describing experimen-
tal data. Both types of theoretical data do not
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contradict the rule of correlation of the inten-
sity of spectral lines within the same series
‘P, /2:4P3 /2:4P1 =321 [14]. All functions start with
intense narrow maxima (AE<1 eV), which are
located just beyond the excitation threshold,

indicating the presence of effective resonant

excitation in the near-threshold energy region,
as indicated by studies [8] and our theoretical
calculations. In the energy range of 17-24 eV,
a slight increase in the excitation efficiency is
noticeable at all cross-sections, which is most
clearly manifested for the level of P ,.
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Figure 3. Effective quartet excitation cross-sections (4p°4d5s)‘P

This increase in cross-section has a cascad-
ing origin due to the radiation decay of high-en-
ergy states. If our theoretical calculations in this
region significantly underestimate the values of
all excitation cross-sections, then the data [8]
perfectly predict an increase in the cross-section
size due to the presence of additional input as
a result of radiation decay from the upper 4p
levels >4d5s, 4p°5s5p, 4p°5p?, 4p°4d5p configura-
tions. The disadvantage of our theoretical cal-
culations is precisely the impossibility to take
into account cascade transitions, a very difficult

23252 AIC of the rubidium atom

theoretical problem indeed. In the region of colli-
sionenergiesabove 70eV, our theoretical PCX-BK
data qualitatively describe the excitation process
of quartet AIC data, which allows us to normal-
ize experimental data in order to obtain abso-
lute values of effective excitation cross-sections
(4p*4d5s)*P, 12372502 AIC of the rubidium atom.
The excitation energies and absolute values of
the experimental excitation cross-sections ob-
tained during normalization for our theoretical
calculations of PCX-BK are shown in Table 1.

Table 1. Figure 1: Calculated and experimental electron excitation energies (E , eV), excitation
cross-sections (0, 107" cm?) in maxima ¢__ and at collision energies of 100 and 500 eV, as well as the
probability of electron decay (A, c™") AIS 4p°ni(L,S )n’’'LSJ the rubidium atom

. . 6, 10717 cm?
(L,S))LSJ  E_, calculation E , experiment [12] A, c?
=~100eV =500eV
5s? 2P3 ) 15.134 15.31 1.61 0.92 0.47 7.65-10%
5s*7P 16.040 16.16 0.64 0.37 0.20 1.04-10%
4d(°P)5s 4P1 ) 16.665 16.69 0.08 0.06 0 9.08-10°
4d(°P)5s ‘P, , 16.754 16.79 1.21 0.08 0.04 6.12-107
4d(°P)5s 4P5 ) 16.907 16.97 1.57 0.08 0.03 5.31-10"




Conclusions

The study presents a comparison of experimental
cross-sections of doublet excitation (4p°5s*)’P, 12
and quartet (4p°4d5s)'P, 123/25,, dutoionization
states with available theoretical data and our
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lowest quartet autoionization states of the ru-
bidium atom. A comprehensive analysis of the
obtained results with the involvement of avail-
able experimental and theoretical data showed
that the approximation of relativistic distorted

waves, taking into account configuration mixing,
is a successful tool for describing the autoioniza-
tion states of a rubidium atom in a wide range of
collision energies and allowed us to obtain absolute
values of excitation experimental cross-sections
of (4p°5s*)°P, 1 and (4p°4d5s)'P, 123/25/2 SLALES.
The study is supported by the scientific
project of young scientists of the National Academy
of Sciences of Ukraine “Dynamics of Formation
of Excited States of Atoms and Ions in Plasma on

Metal Pairs: Mechanisms of Elementary Processes”.

relativistic calculations. The results of the study
of the parameter R, of the intensity ratio for the
states °P, , and °P, , configuration 4p°5s® are pre-
sented. It is shown that in the region of energies
above 70 eV, our calculations in the approxima-
tion of distorted waves well describe the exper-
imental data. At low collision energies, our cal-
culations qualitatively predict the presence of
near-threshold resonant excitation, and in the
tange of average energies of 20-50 EV, only the
R-matrix method qualitatively describes the
complex nature of excitation and decay of the
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TeopeTHYHi pO3paxyHKH eJIEKTPOHHOTO 30y/IXKeHHS HaHIMKYIUX aBTOIOHI3aI[iHHIX
craHiB atoma Rb

B.I. Poman, O.M. ITom, I.B. ITniunyuHelb

[HCcTUTYT enekTpoHHOI pisuku HAH Ykpainu
88000, Bys1. YHiIBEpCUTETCBKA, 21, M. Y>KropoZ, YKpaina

AHorania

MeTa. 3HaueHH: nlepepi3y aBTOiIOHi3aIlii Ta MOTO eHepreTUYHa 3a/IeXKHiCTh 3HAYHOIO MipOIO BU3HAYAIOThCS
30y/DKEHHAM Ta MOJAANBITUM PO3MAaZoM eJeKTPOHIB HaWHIKYMX €eHepPreTUYHUX CTaHiB. HelmozaBHO
OyJI0 OTPUMAHO eKCIIePUMEHTAIbHI /JaHi TIPO Tepepi3u 30yAKeHHS HaWHIDKYOTo AyOJeTy aToMma py0ifiro
(4p5552)2P3 121, T& KBapTeTy (4p*4d5s)‘P aBTOIOHI3AI[IHUX CTaHiB, IO CIPHUIO iX TEOPETUYHUM

: 1/2,3/2,5/2
AOCIII>KEHHAM.

MeTtoau. TeopeTH4Hi po3paxyHKU Oy/l0 IIPOBEAEHO 3a JOIIOMOIOI0 YHiBepCAJIBHOIO HaKeTy IIporpam
«'Hy4YKUM aTOMHUH KOZ», AKWH BPAXOBYE DPENATUBICTCbKY TPUPOAY 30YAKEHHA CKIAZHUX aTOMIB 3a
JolioMororo raMminbToHiaHa Jlipaka-Kysona. PagianpHi opbiTasti 111 OCHOBHUX PeIATUBICTCHKUX XBUIbOBUX
byHKIIM 6ys10 OTPUMAaHO IULIXOM pO3B’sI3aHHA piBHAHHA Jipaka-doka-CreiiTepa.
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PesynbraTi. [ToAaHO NIOPIBHSHHSA €KCIIEPUMEHTaIbHUX [epepisiB 30y/KeHHs A Ay OeTHuX (4p°5s’)’P, | ,
Ta KBapTETHUX (4p54d55)“P1 23725/ aBTOIOHI3aI[iMHUX CTaHiB 3 HASIBHUMU TEOPETUYHUMHU JaHUMU Ta HAIIUMU
PEATUBICTCHKUMU po3paxyHKaMmu. [IpeAcTaBieHo pesyabTaTy AOCT/KEHHs mapamerpa R, BiAHOMEHHS
iHTeHCHBHOCTEH /714 cTaHiB °P, , Ta’P, , koHbirypauii 4p°5s®. [IokasaHo, 1110 Halli PO3PaXyHKU B HAGIVIKEHHI
CTIOTBOPEHUX XBWIb I00pE OMUCYIOTh eKCIIEPUMEHTAaIbHI JaHi B obsacTi eHeprii Buie 70 eB. [Tpu mMamux
€Heprifx 3iTKHEHHS Hallli pOo3paxyHKHU fKICHO IepeZbadyaioTb HASIBHICTH IIOPOTOBOTO PE30HAHCHOTO
30y/)KeHH; OJJHAK Y eHepreTuyHiti obsacti 20—50 eB suite MeTozs R-MaTpHIli SIKICHO OMUCYE CKIAAHY

MIPUPOY 30YAKEHHS Ta PO3MaZy HAMHIDKIMX KBaPTETHHX aBTOIOHI3alifHUX CTaHiB aToMa py0izito.

BucHOBKH. EnexrponHe 36ymxeHHs Aybiery (4p°5s’)°P, ,, , Ta kBaprety (4p°4d5s)'P, ,, ,. , BTOIOHI3yrOUMX
CTaHiB aToMa py0iZito B Ziarna3oHi eHepriii 3iTKHeHHA Bif TOPOTiB 36yxeHHA Ao 700 eB 6ys1o ZoCTifKeHo B
TepMiHaX PeIITUBICTCHKOTO HAOIMKEHHSI CTIOTBOPEHUX XBI/Ib. KOMIUIEKCHUI aHasIi3 OTpYMAaHUX Pe3yIbTaTiB
3 BUKOPHUCTaHHSM HasBHUX €KCIEPHMEHTAJbHHUX Ta TEOPEeTHYHUX JAaHMUX I[10Ka3aB, IO allpOKCHMALlif
PEJIATUBICTCHKUX CIIOTBOPEHUX XBWIb 3 ypaxyBaHHAM KOHOITypaliiHOTO 3MIIllyBaHHS € BiZITIOBIIHUM
IHCTPYMEHTOM /IS OIIMCY aBTOIOHI3aIiHNUX CTaHIB aToMa Py0iiifo y INMPOKOMY /ialta3oHi eHepriii 3iTKHeHHS.
JUIs1 OTPMMAHHSA abCOMIOTHUX 3Ha4Y€Hb eKCIIeEPUMeHTAIbHIX Tepepi3iB 30ypKeHH:

Ki1ro4oBi cjioBa: aToMm, efleKTpoHHe 30y/PKeHHs, aBTOIOHI3alliiHi cTaHu, iepepi3 36yaKeHHA

TeopeTudecKre pacdeThl SJIEKTPOHHOTO BO30YK/IEHIA HU3KMX aBTOMOHU3AIIHOHHbBIX
cocroguauit aroma Rb

B.U. Poman, O.M. ITom, M.B. [TninmyuHeIs

VHCTUTYT 25ekTpoHHOU ¢pusuku HAHY, YkpanHa
88000, yi1. YHUBepcUTeTCKad, 21, I'. YKropoz, YKparuHa

AHHOTaUA

Ienb. 3HaueHns ceYeHNs] aBTOMOHM3ALNY U UX SHEPreTHUIeCcKas 3aBUCUMOCTh B 3HAUMTEIbHOM CTEIeHH
OTIPEZIETISIOTCA BO30YKAEHNEM M MOCAEAYIOMMM PaClaZioM 3J€KTPOHOB CaMbIX HHU3KHUX SHEPreTUYECKUX
cocTosiHMi. HeZlaBHO OBUIM TIOJyYEHBI SKCIEPUMEHTANbHbBIE JaHHBIE O CEUYEHMSIX BO3OYKIEHUSA CaMOro
HHU3KOTO JlyOsieta atoma pyouaus (4p°5s”)’P, /21,2 Y KBApTETa (4p°4d5s)*P. ABTOMOHM3ALIMOHHBIX COCTOSTHUIA,

1/2,3/2,5/2
YTO CIIOCOOCTBOBAJIO UX TEOPETUYECKUM UCCIEA0BAHUAM.

MeToabl. TeopeTHYeCKHE pacyeThl OBUTM MTPOU3BEAEHBI C IIOMOIIBIO0 YHUBEPCATHHOTO MMaKeTa MPOorpaMm
«['MOKUM aTOMHBIN KOZ», YUUTHIBAIOIIETO PENATUBUCTCKYIO IPUPOAY BO3OYKAEHUS CIOXKHBIX aTOMOB C
ITOMOIITbI0 TaMIIbTOHMaHa [lrpaka-KymoHa. PagyaibHble OpOUTAIH IS OCHOBHBIX PEIITUBUCTCKIX BOJTHOBBIX
bYHKIIUH OBLTH MTOJTyYeHbI pellieHreM ypaBHenus Jlupaka-Poxka-Cretitepa.

Pe3ynbTaThl. [IpeacraBieHO CpaBHEHUE 3KCIEPUMEHTATBHBIX CEUYEHUWH BO30OYXAEHUA i AyOJIeTHBIX
(4p5552)2P3 121, ¥ KBapTETHBIX (4p54d55)4P1 /23/2,5/, ABTOMOHHM3AIIOHHBIX COCTOAHUN € HMEIOUUMUCA
TEOPETUYECKUMHU JAaHHBIMM U HAIIUMU PETATUBHUCTCKUMM pacueTaMu. [IpezicTaBieHbl pe3yIbTaThl
UCCIeZIOBaHUsA MTapamMeTpa R, OTHOCHTENbHO MHTEHCUMBHOCTEN /I COCTOSHUM “P, L, U P, P KoHUTYpaIuu
4p°5s?. TlokasaHo, YTO HAIIX pacyeThl B MPUOTMIKEHUN MCKaXXEHHBIX BOJH XOPOIIO OIKUCHIBAIOT
JKCIEepHUMEHTANbHbIE aHHBIE B obsacTy aHepruu Bbiie 70 3B. [IpU MasbIX SHEPTUAX CTOJKHOBEHUS
HAIllX pacyeThl OTMEHHO TO/Pa3yMEBAIOT HAJIWYME MMOPOTOBOTO PE30HAHCHOTO BO30YXAEHUSA; OJHAKO B
aHepreTudeckol obmactu 20—50 3B TobKO MeTO/; R-MaTpUIIBl KAUECTBEHHO OTMCHIBAET CJIOKHYIO TIPUPOAY
BO30YXZIeHUA U PaCIiaZla CaMbIX HU3KUX KBaPTETHBIX AaBTOMOHU3AIIMOHHBIX COCTOSTHUH aToMa pyOuzus.

BbIBOZBI. DieKTpOHHOe Bo3OyxaeHue Aybnera (4p°5s’)’P, , , v kBapreta (4p°4d5s)'P, ,, . , ABTOMOHU3HPYIOLIVX
COCTOSTHUMM aToMa pyOHANs B [Ualia3oHe SHEPTUM CTOJIKHOBEHMUsI OT IIOPOroB Bo30y:KaAeHMs 0 700 5B BOJH.
KomrutekcHBIM aHaMN3 MOMYYEHHBIX Pe3yJbTaTOB C MCIIOIb30BAHUEM MMEIOIIUXCA SKCIePUMeHTaTbHBIX
U TEOPETHUYECKUX JAHHBIX [10Ka3as, YTO allIPOKCUMalMA UCKAKEHHBIX PEIATUBUCTCKUX BOJH C y4E€TOM
KOHQUI'ypaIIOHHOTO CMENIEHHS SIBJISIETCS COOTBETCTBYIOIIMM HHCTPYMEHTOM /IS OITMCAHKS aBTOMOHU3AIIMOHHBIX
COCTOSTHMH aToMa pyOWWs B ITMPOKOM JUATa30He SHEPTUU CTOJKHOBEHUS JUIA MOMyYeHUs abCOMOTHBIX
3HAYEHUH SKCIIepPUMEHTATbHBIX CEUeHNU BO30YKAEeHUS

KiroueBble cjioBa: dTOM, SJIEKTPOHHOE B036Y)K,ZLeHI/Ie, ABTOMOHM3AallMIOHHbIE COCTOAHKA, CEHEHME B036Y)KAEHI/IH
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Abstract

Purpose. Over the past decades, the physics of electron-atomic (EA) collisions has been intensively
developed. This is due both to the fundamental nature of the studied processes and applied needs. This is
primarily about understanding at a deep level the behavior of submicroscopic, often strongly correlated,
quantum mechanical many-particle systems. The result of this understanding is obtaining a large amount of
data necessary for modeling the behavior of various types of plasma and discharges, as well as to diagnose
their properties.

Methods. We have presented the general principles and idea, underlying in the B-spline R-matrix method (BSR)
with a non-orthogonal orbitals. The use of non-orthogonal single-electron orbitals eliminates orthogonal
restrictions applied in many other theoretical approaches. These restrictions are introduced purely for
the convenience of calculation, rather than for reasons of physical necessity. Rejecting the orthogonality
conditions, BSR method significantly improves the accuracy of the target description. Accordingly, it becomes
possible to further accurate calculation of the collision processes.

Results. We considered the application of the BSR method to the calculation of the energy structure of a
phosphorus and sulfur atoms, that is of considerable practical interest. The calculation results demonstrate
good agreement with the available experimental data.

Conclusions. In this paper, the energy structure of the phosphorus atom was calculated. The calculation
results demonstrate good agreement with the available experimental data. In the future, our data will be used
in the study of electron scattering on phosphorus and sulfur atoms.

Keywords: phosphorus atom, sulfur atom, structure calculation of atomic systems, B-spline R-matrix method,
Hartree-Fock method, multi-electronic bases, correlation interaction, single- and multi-configuration
approximation
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Introduction

In recent decades, there has been an intensive
development in the study of electron-atom (EA)
collision processes. The importance of the re-
sults of systematic calculations of the structural
properties of phosphorus and sulphur atoms for
various applications in atomic physics, electron-
atom collision theory, and plasma modeling can-
not be overemphasized. Thus, elementary pro-
cesses involving atoms and ions play an import-
ant role in plasma injection and diagnostics in
modern thermonuclear installations and affect
the processes occurring in the plasma itself, de-
termine the operating conditions of X-ray and
gas lasers, and are important in the design and
use of heavy ion accelerators.

In this research, the energy structure of
phosphorus and sulphur atoms is calculated us-
ing the method proposed in [3-11] R-matrix with
non-orthogonal orbitals and B-splines as basic
functions (BSR) [1]. In the calculations of the
energy structure of P, S atoms, the multiconfig-
uration Hartree-Fock method (MCHF) [2] with
non-orthogonal orbitals optimized in indepen-
dent calculations for individual terms was also
used. The results obtained will be used in the
future to study the processes of scattering slow
electrons on phosphorus and sulphur atoms.

Calculation Methods

In this section, we will briefly look at the main
aspects of the new version of the B-spline R-ma-
trix method (BSR Method) [1]. This method is

n
WEX, xy41) = AZ FE(X; i1, Oy X

i=1
Here A is the antisymeterization operator; FiG—
wave function of i- channel built by vector relation
of the wave function N-electron target F,(X) with
the angular and spin parts of the wave function
of the scattered electron; x; (X X,,,) — a set of
quadratically integrated antisymmetric correla-
tion functions that provide completeness of de-
composition (2). The problem is to find radial
wave functions of F G( ry.,) scattered electron
and coefficients c¢j of decomposition (2). Atomic
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successfully applied both in calculations of the
atomic structure and in the study of the pro-
cesses of elastic and inelastic scattering of slow
electrons on complex atoms and ions. A special
feature of the BSR method is the use of basic
splines B, to represent both the bound orbitals
of the target atom and the orbitals of the scattered
electron. The problem of low-energy electron
scattering on N-electron atom is reduced to solv-
ing the Schrédinger equation (1):

(Hy41 — E)lljg X, xy41) =0,
N+1 N+1
H _ i ( 1 Vz Z) n u 1 (1)
N+t - 270 ) — Ti;
i=1 i>j=1

with appropriate boundary conditions. Here
E and H,, , - full energy and Hamiltonian
(N+1)-electronic system “atom + incident elec-
tron”, Z — nuclear charge. Hamiltonian H, , ,(1)
diagonal to the total orbital momentum L, full
spin S, their projections M,, M, on a given axis
and 7 parity. Function ‘PG (X,x,,,) commonly
referred to as the wave functlon collapse is
a completely antisymmetric wave function
of (N+1)-electron system, X=(x,, X))
G=(YLSM, M, ), a x.=(s, o) denotes a set of
spatial and spin o, coordlnates of i electron.
The index o character1zes the initial conditions
and usually denotes the input channel e+A -
scattering. Excluding ionization decomposition

of the total wave function collapse ¥¢ (X,x,,,)
can be represented as (2):
T
ux( Tia\UN+1) + z x! (X xN+1) 2)
T™N+1

wave functions Fi(X) are plotted as a multi-con-
figuration schedule (3):

Fi(xy,...,xy) = Z cij@j(xq, . xy)  (3)

J
where ®;- single-configuration wave functions
of the target atom. Coefficients ¢ obtained by
diagonalization of N- electronic Hamiltonian of

HN target atom (4):
(F; |Hy|®;) = E;(Z,N)§;; 4
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Usually, the first sum on the right side
of decomposition (2) includes only those target
states that, at a given energye =k, + %2 correspond
to the so-called open channels. In the first sum
can also be included some pseudostates which
approximately represent states of a continuous
spectrum. The selection of pseudostates is car-
ried out on the basis of accurate account of the
polarizability of the main and several excited
states of the target. In addition to using pseudo-
states, the contribution of closed channels can
be partially accounted for using a finite number
of correlation functions )(iG(X,xN .,) included in
the second sum of the decomposition (2).

Basic functions ?, and X; in decomposi-
tions (2), (3) are constructed from single-electron
atomic orbitals ¢_, which in the approximation
of the central field have the form (5):

Pa; (x)=1/r- Pnili (T)Ylimi(f'))((mslo-)'x = (?'u o) (5)

a2 L+ 1) N 27
dr? r2 r

where k’=2[E-E, (Z,N)], a VU, WU, Xij— local direct,
non-local exchange, and non-local correlation
potentials, respectively. For electron scattering
on complex atoms, an explicit form of these po-
tentials is generated automatically by the BSR
program [1], depending on the type of input data.

To solve the CC equation system (7), can be
applied a variant of the method R-matrix based on
the use of non-orthogonal orbitals and B-splines
as basic functions. This method makes it possible
to describe various types of reactions within a
single formalism, such as elastic scattering, ex-
citation, and ionization of an atom by electron

where «, — abbreviated designation of a set of
quantum numbers n, [, m,and mS. In the standard
version R-matrix approach for easy calculation of
radial wave functions of a scattered electron Fg
are selected orthogonal to all atomic orbitals of the
target Pnj i of the same symmetry (6):

f OoPnjlj (MFS(r)dr =0 (6)
0

when lj=li.

Condition (6) actually means that an incident
electron cannot be virtually trapped in one of
the unfilled sub-shells taken into account in de-
composition (3) of the target states. Substituting
decomposition (2) into equation (1), multiplying
it alternately by the functions FiG and )?J.G after
integration over all variables exceptr, . ,, can be
obtained a system of integrodifferential equations
for functions F=F, (7):

—+ kf) Fi(r) = ZZ(VU + Wi + X;;)F() @)
j

shock. Main idea R-matrix method consists in
dividing the configuration space of the “atom +
electron” system into two regions: internal r<A
and external r>a. The radius of the inner region
r=A is chosen so that the exchange and correla-
tion effects are sufficiently small at r>a. The full
wave function (N+ 1) of an electronic system in
the inner region can be represented at a given
energy E as a decomposition:

WE = > AG W ®)
k

by an energy independent discrete base set ‘I’kG

—G N wi(Tys1)
YE(X, xy41) = A z Fi (X; fye1,0n41) X —]r Ciij + ZXL'G(X: xN+1)din ©)
N+1

ij
where FiG and XiGare defined in the same way as
in formula (2). Functions FiaG, describing the radial
motion of a scattered electron in i-channel, are
presented as a linear combination of a finite
number of basis functions uj, which satisfy the
boundary conditions uj=0,(a/ uj)duj/dr | _,=D,
where b — an arbitrary valid constant. For such

basic functions, the Hamiltonian (1) in the inner
domain is not Hermitian due to nonzero (at r=a)
surface terms arising from the kinetic energy
operator. However, these terms can be removed
using the Bloch operator L, ,. The formal solution
of Schroédinger's Equation (1) takes the following
form (10):



1
) =5 ) WENEEFRE, — )7 x (
kj

Projecting this equation onto channel functions
FiGand performing calculations on the border of
the inner region, the following results are ob-
tained (11):

Ff(a) =

G
F}' )TN+1=a (11)

where entered R- a matrix is introduced with el-
ements (12):
wi (@w k(a)

RS(E) = - Z CE

radial functions F, Cand surface amphtudes Wg
are given. Diagonalizing the matrix (l/),?IHNH +
+ Lys19$)ine for each set of quantum numbers
G, the energies EGand coefficients CG dGll’l
decomposition can determined (9), 1e wave
functions i, for the corresponding base states.
However, it only needs to be done once to deter-
mine R-matrix over the entire range of collision
energies.

As noted above, the inclusion in the out-
put decomposition (9) of additional correlation
functions ijallows to partially take into account
the effects associated with the conditions of
orthogonality (6) of the functions FS and the
limitation of the first sum in (9) finite number
of terms. However, this leads in most cases to
the appearance of a pseudo-resonant structure
in the scattering cross-sections and to an exces-
sively large number of additional integro-differ-
ential equations, which must be left out in (9)
for realistic calculations of complex atoms and
the processes of their interaction with electrons.
In this respect, it is worth mentioning that con-
dition (6) is not mandatory and does not follow
from general quantum mechanical principles.
Therefore, in studies [3-11], the authors aban-
doned the requirement (6) of orthogonality of
functions F G(rN .,) to bound orbitals Pnﬂj of tar-
gets of the same symmetry. Worth noting that in
BSR version of the R-Matrix method proposed
by us, correlation functions X; can be left out, or

(12)
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b; —
L )(FS |w) (10)

drysq T'N+1

used only to compensate for défectsin the collapse
function associated with limiting the first sum in
decomposition (9) by a finite number of terms l],lg

Calculation Results
A) Energy Structure of the P Atom

Structural calculations in the case of the P atom
were performed using both the MCHF package [2]
and the BSR package [1]. By the BSR Method [1]
in LS- approximation calculated single-electron
orbitals of 36 lower states of the P atom with
configurations 1s*2s?2p°3s23p*(“S°, 2D°, 2P°), 3s*3p*
(P) nl (n=3, 4, 5, 6; [=0, 1, 2), 3s3p* (\D) nl
(n=4;1=0, 1), 3s*3p? ('P) 4s and 3s3p*(*P, °D, 2S).
The spectrum of the phosphorus atom accord-
ing to NIST data [12] is quite complex. The en-
ergy values of the spectroscopic states of the P
atom are obtained by weight averaging of the
fine structure levels during the transition from
LSJ-NIST representation of the approximation
LS-coupling used. The next few levels of the P
spectrum are formed mainly by the excitation of
one 3p-electron from the valence shell at one of
the spectroscopic levels of configuration 3s23p?
CP) nl (n=3, 4,5, 6, 7;1=0, 1, 2, 3, 4). However,
it is already the 6™ in order LS-Level 3s3p*“P
formed by excitation 3s-electron, as a result, it
is necessary to consider configurations with va-
cancies in the internal 3s-shell. The 8" in order
also causes difficulties LS-Level 3s23p* (1D) 4s *D
formed with an intermediate 'D-, not *P-therm,
as in other cases. All this requires significant ad-
justments to the scheme for calculating the con-
figuration states of the phosphorus atom. Pres-
ence in the lower part of the spectrum of states
with thawed 3s-shell indicates the need to take
into account not only the valence, but also the
core-valence correlation in calculations. A rela-
tively small core charge and no strong splitting
of levels on LSJ-sublevels indicates a relatively
insignificant role of relativistic effects in calcu-
lating the lower energy levels of the P atom.
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Figure 1. Layout of the 39 lower energy levels (in the LS representation) of the phosphorus atom (P I) and
their distribution by terms according to NIST data

Table 1 shows the results of calculating the
energies of 36 lower levels of the P atom. The main
attention is paid to obtaining the exact excitation
energies of spectroscopic states under the first
ionization threshold and taking into account
the interelectronic correlation when calculating
the corresponding wave functions. To control

the accuracy of calculating the wave functions
of the P atom, the oscillator forces between the
main one — and two-electron junctions are also
calculated. A comparison of multi-configuration
Hartree-Fock (MCHF) excitation energies previ-
ously calculated by us with the NIST reference
data [12].

Table 1. Excitation energies (8 eB) of the phosphorus atom: our MCHF calculations of excitation energies
are compared with the NIST data [12]

No. Configuration Term Eex NIST Eex MCHF AEex
1 3s23p® “Se 0.0 0.0 0.0
2 3s23p® De 1.410 1.426 -0.016
3 3s23p® pe 2.323 2.294 0.030
4 3s23p*(*P)4s ‘P 5.971 6.249 -0.278
5 3s23p*(*P)4s p 7.200 7.178 0.023
6 3s23p* ‘P 7.395 6.540 0.855
7 3s23p*(*P)4p 2Ge 7.965 8.008 -0.043
8 3s23p*('D)4s D 8.078 8.337 0.259
9 3s23p*(*P)4p ‘De 8.136 8.146 -0.011
10 3s23p*(*P)4p “pe 8.239 8.198 0.041
11 3s23p*(*P)4p De 8.306 8.801 -0.495
12 3s23p*(*P)4p “Se 8.286 8.383 -0.096
13 3s23p*(°P)3d p 8.429 8.727 -0.298
14 3s23p*(*P)4p pe 8.437 8.338 0.099
15 3523p2(°P)3d ‘F 8.478 8.557 -0.079
16 3s23p*(°P)3d ‘D 8.671 8.669 0.002
17 3s23p*(°P)3d ’F 8.749 8.763 -0.015
18 3s°p* D 8.825 9.68 -0.858
19 3s23p*(*P)5s ‘P 9.008 9.015 -0.006
20 s3p*(*P)3d ‘P 8.984 8.057 0.927
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Table 1, Continued

No. Configuration Term Eex NIST Eex MCHF AEex
21 3s23p*(°P)3d D 9.029 8.933 0.096
22 3s23p*(*P)5s p 9.069 8.980 0.089
23 3s23p*('D)4p pe 9.211 9.349 -0.138
24 3s23p*('D)4p 2Fe 9.265 9.265 0.000
25 3s23p*(*P)5p 250 9.312 9.242 0.069
26 3s23p*(*P)5p “De 9.364 9.286 0.078
27 3s23p*('D)4p pe 9.358 9.547 -0.189
28 3s23p*(°P)4d p 9.393 9.439 0.046
29 3s23p*(*P)5p “pe 9.398 9.298 0.10
30 3s23p*(°P)4d ’F 9.411 9.464 -0.053
31 3s23p*(*P)4d ‘F 9.443 9.404 0.040
32 3s23p*(*P)5p 48e 9.425 9.370 0.055
33 3s23p*(*P)5p pe 9.464 9.378 0.086
34 3s23p*(°P)4d ‘D 9.503 9.418 0.085
35 3s23p*(*P)5p pe 9.527 9.273 0.253
36 3s23p*(1S)4s S 9.536 9.664 0.128

Table 1 shows that in the case of a phospho-
rus atom, the standard procedure for calculating
the energies of spectroscopic states using orbit-
als that are orthogonalized in independent cal-
culations for individual terms is very complicated.
So, for example, for terms ‘P it is necessary to

12 4

calculate single electron orbitals of configurations
3s23p*(°P)4s; 3s3p*; 3s23p?(°P)5s, 3d, 4d, 6s with two
different atomic residues 3s?3p’(’P) and 3s3p*.
This necessitates the consideration in further
calculations of two different 3p-orbitals of the
atomic phosphorus residue for this term.
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Figure 2. The layout of the energy thresholds of the excitation of the phosphorus atom. Date from our

MCHEF calculations (E

MCHF

Figure 2 compares calculated by us MCHF-
excitation energies of EMCHF with the NIST ref-
erence data (E ). The accuracy of MCHF ener-
gies obtained in this case is mostly in the range
of ~ 0.05-0.2 eV, which makes it possible to use
them to calculate the processes of electron scat-

tering on the P atom. As can be seen from Figure 2,

) compared with the NIST data (E

NIST)

the phosphorus atom is characterized by a fairly
high ionization threshold E, =10.49 EV. How-
ever, there is too narrow an energy gap between
the main 3p?“S°-state and lower excited states of
the same configuration 3p*?D° and 3p?®?P°. In this
case, the excitation energies of the above states
are 0.0; 1.4097 and 2.3234 eV, respectively.
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B) Energy Structure of the S Atom

Using the MCHF program code [2], we calculated
35 lower states of the S atom with configura-
tions 1s22s%2p®3s?3p* (°P,'D, 'S), 3s23p® (*S°) nl
(n=3,4,5,6;1 = 0,1, 2), 3s3p* (*D°) nl (n= 4;
[=0, 1), 3s?3p® (°P°) 4s and 3s3p°(>'P°). As in the
case of the phosphorus atom, the spectrum of
the sulphur atom, according to NIST data [13],
cannot be attributed to simple ones. As can be
seen from Figure 2, the phosphorus atom is
characterized by a fairly high ionization thresh-
old E, =10.49 eV. The bottom three (°P,'D, 'S)
levels correspond to the ground state configu-
ration 3s?3p* with energies of 0,02427, 1,1454 and
2,7500 EV, respectively. The value of the ground
state energy is obtained by weight averaging the
levels of the fine structure of the triplet 3s*3p*
P .. when switching from LSJ-NIST image [13]

0,1,2
to the approximation we used LS-coupling. The

next few levels of the P spectrum are formed
mainly by the excitation of one 3p-electron from
the valence shell at one of the spectroscopic lev-
els of configuration 3s23p® (*4S°) nl (n= 3, 4, 5, 6,
7; 1=0, 1, 2, 3, 4). However, already the 9" and
11* LS-levels 3s23p® (°D) 4s *'D formed with an
intermediate *D-, not *S° term. Even more diffi-
cult to calculate is the 15" LS-level 3s3p°°P° with
thawed 3s-shell. The presence in the lower part
of the spectrum of the S atom of states with a
thawed 3s shell indicates the need to consider
not only valence but also core-valence correla-
tion in the calculations. In addition, the pres-
ence of a stable negative sulphur ion S — with
configuration 3p° P, , and the affinity energy of
2,0771 eV indicates the need to take into account
the valence and core-valence correlations in the
calculations of processes of e+ S-scattering.

Energy, eV

O—I\J\O\
[ |

= Il

A\

—

Figure 3. Layout of the 42 lower energy levels (in the LS representation) of the sulphur atom and their
distribution by temperature according to NIST data [13]

Figure 4 shows a comparison of multicon-
figuration Hartree-Fock (MCHF) excitation en-
ergies E . with NIST reference data [13] E,.
The accuracy of the obtained MCHF-excitation
energies of the states of the S atom is ~ 0.04-0.2 eV.
When calculating wave functions and excitation
energies, the main attention is paid to taking into
account the effects of valence and core-valence
correlation. To control the accuracy of the cal-
culated wave functions of an atom S the oscillator
forces for single- and two-electron junctions are
also calculated.

12

10

 Eist
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Figure 4. Layout of excitation energy thresholds

Eexitof the sulphur atom. The results of our MCHF

calculations are compared with NIST data [13]



[l
\\ Calculations of the energy structure of P, S atoms by the R-matrix method with...
The numerical values of the excitation ener- in good agreement with the data of the NIST
gies obtained in MCHF calculations are presented database [13].
in the Table 2. The results of our calculations are

Table 1. Excitation energies (in EV) of the sulfur atom [12]

No. Configuration Term Eex NIST Eex MCHF AEex
1 3s23p* p 0,024 0,024 0,000
2 3s23p* D 1,145 1,089 0,057
3 3s23p* 1S 2,750 2,765 -0,015
4 3s23p3(“S°)4s S 6,524 6,337 0,187
5 3s23p3(“S°)4s 380 6,860 6,974 -0,114
6 3s23p3(“S°)4p P 7,868 7,744 0,124
7 3s23p3(“S°)4p p 8,045 8,020 0,026
8 3s23p3(*D°)4s 3pe 8,410 8,940 -0,530
9 3s3p*(“S°)3d Spe 8,417 8,171 0,246
10 3s23p3(*D°)4s De 8,584 8,575 0,010
11 3s3p*(“S°)3d 3pe 8,700 8,705 -0,005
12 3s23p3(*S°)5s 5Se 8,766 8,569 0,197
13 3s23p3(*S°)5s 350 8,846 8,839 0,008
14 3s3p® 3pe 8,952 8,508 0,444
15 3s23p*(*S°)5p P 9,165 9,059 0,106
16 3s23p3(*S°)5p p 9,208 9,131 0,077
17 3s23p*(*S°)4d SDe 9,296 9,188 0,108
18 3s23p*(*S°)4d 3pe 9,417 9,393 0,024
19 3s23p3(*S°)6s 5Se 9,480 9,298 0,183

20 3s23p3(*S°)4f SF 9,504 9,276 0,228
21 3s23p3(*S°)4f °F 9,504 9,421 0,083
22 3s23p(*S°)6s 350 9,512 9,514 -0,002
23 3s23p*(*P°)4s 3pe 9,567 9,222 0,345
24 3s23p3(*S°)6p P 9,653 9,583 0,069
25 3s23p*(*D°)4p p 9,653 9,627 0,026
26 3s23p3(*S°)6p p 9,658 9,708 -0,049
27 3s23p*(*D°)4p D 9,693 9,727 -0,034
28 3s23p*(*S°)5d SDe 9,704 9,714 -0,010
29 3s23p*(°P°)4s pe 9,707 9,611 0,096
30 3s23p*(*D°)4p °F 9,725 9,970 -0,245
31 3s23p*(*D°)4p 'F 9,750 9,770 -0,020
32 3s23p*(*S°)5d 3pe 9,757 9,704 0,052
33 3s23p3(4S°)7s 5Se 9,802 10,073 -0,271
34 3s23p3(*S°)5f SF 9,812 9,583 0,230
35 3523p3(*S°)5f °F 9,813 9,726 0,086
Conclusions

Comparison of the excitation energies of P and with the available experimental data indicates
S atoms calculated in the approximate LS-coupling  the high efficiency and accuracy proposed in
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BSR-versions of the method R-matrix based on
the use of non-orthogonal orbitals and B-splines
as basic functions. The accuracy achieved is ~
0.05-0.2 eV for lower energy levels. The oscilla-
tor forces for the main one- and two-electron
junctions in phosphorus and sulphur atoms are
also calculated. The electronic wave functions
calculated in the MCHF approximation fully

take into account the effects of electronic cor-
relations. The values of the excitation energies
and wave functions of the 36 lowest states of the
P atom and the 35 lowest states of the S atom
calculated by us will be used in the future to cal-
culate the complete and differential cross-sec-
tions of slow electron scattering on phosphorus
and sulphur atoms.
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Po3paxyHKH eHepreTUYHOI CTPYKTypu aToMiB P, S MmeTogoM R-MaTpui 3
B-cruiaitHaMu

H.I10. Kongop, O.B. €riazapsas, B.IO. Jlazyp

YKropozacbKuii HallioHAJIBHUN YHIBEPCUTET
88000, Bys1. BosomnHa, 54, M. Y>Kropoz, YkpaiHa

AHoTauia

MerTa. [TpoTAroM OCTaHHIX AeCATHIIITh (isrKa eleKTPOHHO-aTOMHUX (EA) 3iTKHEHD iHTEHCMBHO PO3BHUBAIACH.
Lle mosiCHIOETHCA K GYHAAMEHTATBLHOIO IPUPOJOI0 JOCHIKYBAaHUX IIPOIECIB, TaK i MPUKIAAHUMU
notpebamu. Lle Hacammepes Ipo PO3yMiHHS Ha TTMOOKOMY DiBHi ITOBEJiHKHM CyOMiKPOCKOIIIYHHX, 4acTO
CWIBHO KOPETbOBAHUX, KBAHTOBO-MEXaHIYHUX 6araTouacTUHKOBUX CUCTEM. Pe3yIbTaTOM IThOTO PO3YMIiHHS
€ OTPUMAaHHS BEJIMKOI KUTBKOCTI JaHUX, HEOOXIHUX I MO/IETIOBAHHS TIOBE/[IHKY Pi3HUX THUIIIB IUIa3MHU Ta
PO3psAZiB, a TAKOXK I ZIiaTHOCTUKY iX BIaCTUBOCTEH.

MeToau. Y craTTi nIpeZAcTaBlIeHO 3araibHi IPUHIUIIY Ta iZIeto, 1110 JiexkaTh B OCHOBI MeToAy B-crunatiHoBoi
R-marpuri (BCP) 3 HEOPTOTOHATEHUMU OpOiTaNAMU. BUKOpHCTaHHS HEOPTOTOHATBHUX OJHOETEKTPOHHUX
opbiTasieli ycyBa€ OpTOTOHabHI OOMEXEHHs, IO 3aCTOCOBYIOTbCA y 0araTbOxX iHINMX TEOPETUIHUX
mizxogax. Lli o6MexkeHHsT OYJIO 3alIPOBaZKEHO BUK/IFOYHO IS 3pDYYHOCTI pO3paxyHKiB, a He 3 MipKyBaHb
bi3znuHOi HeoOXiAHOCTI. BiAXWIsAI0YM yMOBH OPTOTOHAABHOCTI, MeToZ BCP 3HAYHO ITOKpAIIy€ TOYHICTh
OIUCY 1. BiAMOBiZIHO, cTae MOXIUBUM TOAATBIITHN TOYHNUM PO3paxyHOK IPOIIECiB 3iTKHEHHS.

PesynbTaTi. Byno po3migHyTO 3acTrocyBaHHA MeTofZy BCP 1A po3paxyHKy eHepreTU4YHOi CTPYKTYpHU
aromiB ¢pocdopy Ta cipku, IO IMpeACTaBIsA€ 3HAYHUM MPAKTUYHUU iHTepec. Pe3ysnbTaTd po3paxyHKiB
ZIeMOHCTPYIOTh XOPOIIY 3TO/y 3 HAABHUMU eKCIIepUMeHTaTbHUMU JaHUMU.

BUCHOBKH. Y poOOTi po3paxoBaHO eHepreTUYHy CTPYKTypy atoMa ¢ocdopy. PesynbTaTH pO3paxyHKiB
JIEMOHCTPYIOTh XOPOIIY 3To/ly 3 HasBHUMU €KCIepUMEeHTaTbHUMU JaHuMu. Hazami wHamii gaHi Oyze
BUKOPUCTAHO ITPY BUBYEHHI PO3CiFOBaHHSA eJIEKTPOHIB Ha aToMax ¢pocdopy Ta cipku

KirouoBi cioBa: atom docdopy, aToM cipku, 00YMCIEHHS CTPYKTYPH aTOMHUX CHUCTEM, METOZ R-MaTpuiii
3 B-cmumatinamu, Metos Xaprpi-Poka, 6GaraToeneKTpoHHi 6a3u, KOpesslliifHa B3a€MOJif, OJHO- i
GaraTokoHirypailiiine HabJKEeHHS
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PacyeTsl 3HepreTuyeCcKou CTPyKTypbl aTOMOB P, S MmeToAg0M R-MaTpHUIIBI C
B-ciuiaritHaMu

H.10. Konzgop, O.B. Eruasapss, B.10. JIazyp

YKropozCcKHii HallMOHAJIBHBIN YHUBEPCUTET
88000, yi1. BosomnHa, 54, r. YKropoz, YkpanHa

AnHOTaIMA

Ilenb. B TeueHre MOCTEHUX AECATUIETUH QU3HKa 3IEKTPOHHO-aTOMHBIX (EA) CTOIKHOBEHUMI MHTEHCUBHO
pasBuBaiach. JTO OOBACHSAETCA KaK (QyHJAMEHTAJIbHOW NTPUPOJAON UCCIENYEMBIX MPOIECCOB, TaK U
MIPUKJIAHBIMU TIOTPEOHOCTAMU. DTO MPEXKIE BCETO O MOHUMAHUU Ha TIyOOKOM YPOBHE TOBEAEHUS
CyOMUKPOCKOITMYECKHUX, YaCTO CHUIBHO KOPPEJIMPOBAHHBIX, KBAHTOBO-MEXaHUYECKUX MHOI'OYACTHUYHBIX
CUCTeM. Pe3y/IbTaTOM 3TOI'0 TOHUMAaHUS SIBJIIETCSA TOTyYeHHe OOJIBIIIOr0 KOJIMYeCTBa JaHHBIX, HEOOXOAUMBIX
JUTST MOJIETUPOBAHYS MTOBEEHUA PA3TUYHBIX THUIIOB IUIA3Mbl M Pa3psa/ioB, a TaKKe I JUATHOCTHUKU UX
CBOICTB.

MeToabl. B craThe IpejcCTaBleHbl O0IKe MPUHIMIIBI M W€, KOTOphIE JieXXaT B OCHOBE MeToza
B-crutaitHoBoii R-maTtpuiisl (BCP) ¢ HEOPTOTOHATBHBIMY OpOUTAISIMU. VICIIOMh30BaHNE HEOPTOTOHATBHBIX
OJTHOBJIEKTPOHHBIX OpOUTa/Nell yCTpaHSAET OPTOTOHAJbHBIE OTPAHUYEHUSA, NPUMEHSEMblE BO MHOTHUX
IPYTUX TEOPETHYECKUX IMOAXO0AaX. DTU OTPAHMYeHUs ObLTM BBEAEHBI WCKIIOYUTETBHO IS YAOOCTBa
pacyeToB, a He U3 cOOOpakeHUM (GU3NIECKON HeOOXOoAUMOCTH. OTKIOHSA YCIOBHUS OPTOTOHAJIBHOCTH,
meToz BCP 3HauUTENBHO yaydllaeT TOYHOCTh ONMCAHUA 1jeu. COOTBETCTBEHHO, CTAHOBUTCA BO3MOXXHBIM
JaJIbHEUIITHUIM TOUHBIN pacyeT MPOLeCCOB CTOJKHOBEHUA.

PesyabTaThl. Bruto paccMoTpeHo npuMmeHeHue meroza BCP s pacueTa sHePreTUYeCKON CTPYKTYPBI
aToMoB docdopa U cepsl, UTO Npe/CTABIAET 3HAUUTENbHBIN PAaKTUYECKUH HHTepec. Pe3ybTaThl pacyeToB
MIOKa3bIBAIOT XOPOIllee coryiacue ¢ UMEIOUUMUCA SKCIIePUMEHTAIbHBIMU JaHHBIMMU.

BeiBOABI. B paboTe paccunTaHO 3HEPreTUYecKylo CTPYKTypy aroma ¢ocdopa. Pe3ynbraTel pacyeToB
[IOKa3BbIBAIOT XOpOIIlee corviacue ¢ UMeIIUMUCA SKCIIepPUMEeHTANTbHBIMU JaHHBIMU. B ampHeleM Hamy
JaHHBIE OyyT UCIIOIB30BaHbI IIPYU U3YYEHHUH PAcCessHUs IEKTPOHOB Ha aToMax ¢ocdopa U cepbl

KnroueBsle cioBa: atom pocdopa, aToM Cephl, PacCYET CTPYKTYPI AaTOMHBIX CUCTEM, METOZ, R-MaTpHIIbI €
B-cratinamu, metoz XapTpu-®oka, MHOTOETEKTPOHHBIE 6a3bl, KOPETAIIMOHHOE B3aUMO/IEHCTBUE, OJTHO- U
MHOTOKOH(QUTYpalMOHHOE IpUOIIKeHe
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Abstract

Purpose. Defined the influence of starspots and pulsation of eclipsing binary components on the possibility
of the third body determination in eclipsing binary systems and estimation of orbital parameters errors
caused by such factors.

Methods. In this paper method of O-C diagrams was used to detect the eclipsing binary system period
change caused by the presence of the third body. Monte Carlo simulations were used to estimate values
of third body orbital parameters that correspond to obtained O-C diagrams. This method is compiled in
“OCFit” software.

Results. Different cases of starspots and pulsation are considered. The precision of orbital parameters calculated
for these cases.

Conclusions. Detached EB systems with spot are not sophisticated objects for 3" body detection. Contact
EB systems with migrated spots are more complicated systems to search third bodies and detect their orbital
parameters. In the case of EB system pulsation most precise results can be obtained with a long period of
pulsations. Resolution of the light curve is very important to make good O-C diagram.
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Introduction
Eclipsing binary (EB) systems are objects of re-
search in different aspects of astronomy, one of
them is searching of third bodies in EB systems.
For these purposes O-C diagram method is com-
monly used. In this paper, we will describe some
factors that have an influence on the light curve
minima shape of EB systems, and therefore on
shape of O-C diagram too. Such factors are: pres-
ents of spots on EB component, or on both com-
ponents and pulsations of EB system.

Our simulations are based on a light curves
(LC) generated by PHOEBE software [1] based on
well-known Wilson & Devinney code described
in work [2]. These LC will be extended for needed
number of cycles, usually 5 or 10 years. Time shifts
in LC caused by presence of 3" body will be added
based on computation made in work[3; 4]. On the
final stage other distortion factors mentioned
above are also added to LC. Orbital elements of
3" body will be determined from O-C diagrams
using Monte Carlo simulations by “OCFit” soft-
ware described in [5]. In our simulation we use
EB stars that are located near the north pole to
get maximum data coverage.

Spots in EB Systems
In this section we will try to simulate O-C diagrams
in ideal terrestrial conditions but under the in-
fluence of other non-terrestrial factors like star-
spots. As we know the formation of starspots
depends on the age of a host star, that’s why we
should separate our simulation for detached
and contact EB systems. But before we start to
simulate we need to know some general spot
parameters for this EB systems. Its a radius of
star spot, its temperature, and life cycle. Do the
spot disappear after some short time or can be
present on a host star for a relatively long time
like 5-10 years? The spots migrate or not?

In work [6] authors have shown that in-
tensity variations resulting from star-spots (not
taking into account Wilson depressions) can

introduce disturbances of up to ~ 0.01 day in
the O-C residuals of contact binaries. Given the
rapid evolutionary time-scales of spots (of the
order of days) seen in recent Doppler images
of the contact binary AE Phe [7] this may lead
to explaining some of the observed jitter in the
O-C curves of these objects. But in work [8], the
effects of a Wilson depression seem to result in a
scatter of only a few seconds in the O-C residu-
als, it seems unlikely that the Wilson depression
will be a significant source of jitter for contact
binaries. Such changes resulting from star-spots
would be distinguishable from other mecha-
nisms that cause period changes and it should
still be possible to determine the orbital period
accurately [8].

Several studies have indicated that spot on
close binaries can have angular diameters from
10° to 40° which means that they will cover from
5 to 25% of the whole photosphere of the active
components (e.g. [9; 10]). In most cases, active
component can have one or two giant spots. It is
also argued that such spots can remain on a sur-
face from a few years to even ten years [6]. For a
estimation of maximum effect caused by the star
spot, it is assumed that in our simulations spots
are located on equator of each component. Ac-
cording to [6] spots with angular diameter less
then 10" cause negligible shifts of the light min-
imum of the primary eclipse. Therefore we will
not consider with spots smaller then 10" (Fig. 1).
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Figure 1. Phase shift 6¢(0) of the primary eclipse of
a contact binary similar to AB And. Curves labelled
by “P” correspond to a spot on the primary, while “S”
refers to a spot on the secondary component [6]
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Furthermore, the spots on secondary com-
ponent always remain visible during the primary
eclipse, while the spots on primary do not. As a
result, the spots on primary cause a significantly
greater photometric perturbation to the light curve
than the spots on secondary component. In pa-
per [6] authors also showed that unlike real orbital
period changes, non-migrating star spots cannot
cause permanent slopes in the O-C diagrams.
But the O-C differences caused by long-lived
migrating spots can be expected to be periodic.

Detached EB Systems

Tidal interactions force most of these stars to
rotate synchronously with their orbital motions.
The rapid rotation combined with deep convec-
tion envelopes produces a variety of magnetic

04—
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activity phenomena including starspots in these
stars. Brightness variations due to starspots can
be observed in detached EB only during primary
total eclipses when the luminous hot components
are hidden. Therefore, because of synchronized
rotation, only one hemisphere of the cool stars can
be observed and the photometric data collected are
less detailed than for other spotted binaries [11].
For detached eclipsing binary systems spots
with radius from 5° to 25° are usually typical, we
can find such systems in many publications like
e.g. [12] or in publications about spots in RSCVn
binaries systems (e.g. [13-15]). Objects with spots
migrations are very rarely observed, so we will
not consider such a case. Model of detached EB
system is presented on Figure 2, the main pa-
rameters of this system are listed in the Table 1.

03f
02f

01fF

-01F
0.2

-03F

-0.8 -0.6 -0.4 -0.2 0

Figure 2. Model of detached EB system with spot (colat=90°, colon=0") in plane of sky
view at phase 0.15

Table 1. Basic parameters of detached binary system presented on Figure 2. HJDO is a origin of the
ephemeris; P — orbital period of EB system; SMA — semi-major axis; RM — mass ratio; VGA — centre
of mass velocity, INCL — inclination

HJDO(day) 2451852,3783
P(day) 1,42834
SMA (Ro) 1,000
RM 0,432
VGA (km/s) 0
INCL (*) 77,690

As we mentioned above, spots with a radius
less then 10° do not have a big influence on O-C
diagram. So, we will consider how starspot located

on stars equator (colat=90", lon=0") with ra-
dius rspot=15° and rspot=25" affect the O-C dia-
gram. There is also a difference in a hot and cold
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spot. The hot spot will have T,.=12, where T, T,=08 OnFigure3wecansee how hot and cold
is the ratio between the temperature of the spot  spots affect the shape of the minima. Mainly pri-
and the local temperature of the underlying mary minima are changing their shape under the

photosphere, the cold spot will be defined as influence of spots.

0.6 . 0 0.2 0.4 0.6 08
Phase Phase

Figure 3. Spot on primary component with different temperature and radius. Blue line - spot radius 25°
red line — spot radius 15°

B

The final O-C diagrams for all four cases when we fit these O-C diagrams by MCMC
are presented in Figure 4. Looking only on O-C  method results are getting clearer. Final solu-
diagram we can’t clearly see the difference. Only tions of fitting are presented in Table 2.
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Figure 4. O-C diagram for EB system with different I, and T_ . Red line — fit with MCMC method,
correspond to values in Table 2. Filled circles are primary minima, not filled circles — secondary minima



Analysing x* value of 4 cases we can state

that case of spot with parameters T =1.2 and
pot

r =25 is fitted the best. The precision of fit

spot
depends on the accuracy of minima determina-

tion that can vary depending on the method we
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used. In case of a spot with parameters Tspot=1.2
and I =25 precision of minima determination
was almost the same for primary and secondary

minima.

Table 2. Orbital parameters of 3" body for detached EB system with different spot parameters rspot and
T, .- P —orbital period of eclipsing pair, T, - initial minimum, P, - orbital period of the 3“body, t,, -
pericenter passage, a sin i, — projected semi-major axis of the orbit, e, — eccentricity, w,— the longitude of
the periastron, f (M,) — the mass function, x* — sum of squares of the best fit, x>/n — reduced sum of squares

(n — number of data points), errors are given in parenthesis

Solution Original
P[days] 1,42834 fixed fixed fixed fixed
T,[HJD] 2451852,3783 fixed fixed fixed fixed
P3 [days] 1000 1000(1) 1000,0(7) 1000(1) 1000,8(9)
ts [HJD] 2451400 2451397(3) 2451397(1) 2451396(2) 2451396(2)
a sin i3 [AU] 0.797 0.801(2) 0.803(3) 0.806(4) 0.802(3)
e, 0.54 0.552(3) 0.559(4) 0.572(5) 0.563(3)
w,[] 288 287,2(8) 287,1(6) 286,9(8) 286,9(7)
f(MB) [MO] - 0,0685(7) 0.0690(7) 0.0697(10) 0.0691(7)
X2 - 7,326 35,990 30,227 39,209
xX2/n - 0.0127 0.0654 0.0767 0.0993

It was mentioned above that spot on sec-
ondary component do not have a big influence
on minima shape, so we will not consider here
this option. As a conclusion we can say that de-
tached EB systems with spot are not sophisticated
objects for 3" body detection. In case of bigger
then 25° spots on the surface it is advisable to
cut off from the top the height of primary (or
secondary) minima to get better fit and to deter-
mine the time of minima more precisely.

Contact EB Systems

Contact binary stars occur relatively often among
binaries (95% of eclipsing binary variables in the
solar neighbourhood) [16]. A contact binary system
consists of two dwarf stars, most often from the
F, G, and K spectral classes, that are surrounded
by a common convective envelope. The orbital
period distribution peaks in the 8 to 12 hour range.

Most systems, though not all, have orbital periods
between 0.2 and 1.0 days [17; 18]. While the masses
of the two component stars of a contact binary
are typically unequal, the two stars usually have
approximately equal surface temperatures due
to the effects of mass and energy transfer be-
tween the components via a common convec-
tive envelope [19]. Eclipsing contact binaries are
often referred to as W UMa systems in honor of
the prototype [20].

The components of such a contact binary
rotate very rapidly in spite of their old ages (v
sin i ~ 100-200 km s™') as a result of spin-orbit
synchronisation due to strong tidal interactions
between the stars [11]. Many contact binaries
show signs of stellar activity, presumably because
the component stars are rapid rotators with deep
convective zones. A study of the contact binaries
with Doppler imaging technique reveals that both



Kudak et al.

components can be covered by cool starspots,
with a tendency for the primary to be more active
than the secondary [7; 21; 22].

This makes contact binaries excellent labo-
ratories in which to investigate the temporal vari-
ations and evolution of stellar spots, in part be-
cause the timescales of the variations are shorter
than in other types of binary and single stars.
However, the shortest among these timescales
can be problematic to study using groundbased

observatories because they are comparable to
the length of an Earth night. In [6] authors noted
that the migration of starspots on the surface(s)
of the constituent stars in short-period binaries,
especially contact binaries, could affect mea-
surements of eclipse times and thereby mimic
changes in the orbital period [20]. Model of con-
tact EB system with spot is presented on Figure 5,
orbital parameters can be found in Table 3.

0.6 T T T T T
0.4

0.2

-0.2 L

—04

-0.6

I L I I 1 I
-1 -0.5

1 1 L 1 1 1 1 1
0 0.5 1

Figure 5. Model of contact EB system with spot (colat=45", colon=0") in plane of sky view
at phase 0.15

Table 3. Baisic parameters of contact binary system presented on Figure 5. HJDO is a origin of the
ephemeris; P — orbital period of EB system; SMA — semi-major axis; RM — mass ratio; VGA — centre of mass
velocity, INCL - inclination

HJDO(day) 2451852,3783
P(day) 1,42834
SMA (R) 1.76
RM 0.67
VGA (km/s) 4.70
INCL (") 79.50

Light curve from such EB system will be
subjected to changes depending on the position
of the spot, such changes are partially presented
on Figure 6, 7. Analyzing these data we can con-
clude that the most noticeable changes in LC are
caused by changes of position in longitude of a
starspot on the primary component of contact
binary EB system. If we change spot position
only in colatitude and leave longitude equal

to 0, we will observe only variation of primary
minima shape and depth. On the other hand if
we make colatitude constant (colatitude=45",
Figs. 6, 7) and change longitude of spot then in
addition to the primary minimum part of the LC
between two minima will vary too. As it can be
expected “hot” spot has a greater contribution
to changes in LC than “cold” spot (Fig. 6b vs 7b).
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From previous results with detached EB
system, we already know that smaller and colder
spot adds more uncertainty to the definition of or-
bital elements of 3" body available in EB system.
We can expect the same results with contact EB
systems. So let us define an influence of the spot
presence on primary and secondary EB compo-
nents and spot migration. This two aspects can be
often found in contact and overcontact systems.

For simulation of O-C diagram with two
spots in EB system we locate the spot on second-
ary component at lon=180", colat=45" to make
it visible to the observer. Radius of the spot on
secondary component is L )=35°, temperature
isT ,=08T . The results of orbital parameters
of 3 body determination for this case are pre-
sented in third column of Table 4.

Table 4.0rbital parameters of 3" body for contact EB system with two spots and migrated spot. Spot
parameters rspot=35 °, TSpo

t

=0.8 T_ . For description of parameters see Table 2

Solution Original Two spots Migrated spot
P[days] 1,42834 fixed fixed fixed
T, [HJD] 2451852,3783 fixed fixed fixed
P, [days] 1000 999,7(8) 999(1) 1000(1)
t,, (HJD] 2451400 2451400(2) 2451402(2) 2451398(4)
asin i, [AU] 0.797 0.799(3) 0.799(3) 0.764(3)
e, 0.54 0,541(4) 0.532(5) 0.541(2)
w,[] 288 288,1(7) 288,5(8) 287(1)
fM)M,] - 0.0681(8) 0.0683(9) 0.0666(7)
X2 - 0.614 6,547 2478,629
X2/n - 0.0283 0.0719 6,1200
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For simulation of O-C diagram with mi-
grated spot over primary component of EB sys-
tem we should define a parameters of the spot
migration. According to [6] rotation period of
starspot differs from P, by (1):

AP = P, — P, )

where Peq is the equatorial period of rotation
(Peq=PO), and P, is a period of starspot rotation
equal to (2):

Py =Pyg- (1 —k-sin*2)7* (2)

in equation (2) k is a coefficient of differential
rotation. For close binaries observation have in-
dicated a range between k=6x10"* and 0.18 with
mean value k=3x10? [9]. At the end of each or-
bital cycle, a starspot will shift in longitude by (3):

B AP
00 = 27‘[? 3)

O-C (min)
(=}

-6

-8 .
51500 5200

52500 53000 53500

Time (JD - 2400000)

54000

a) O-C diagram for ideal condition

If we calculate this value for our EB sys-
tem with period P= 1,42834 which has spot on
latitude A=45" and mean value of k=3 X 102, we
will get 660=>5,4798" or 660 ~ 5.5°. So spot with such
parameters will do a full revolution in ~ 65.5 cycles
or in our case this is equal to 93.5 days. To simplify
the process of simulation we take an integer
number of §6=6" in such case the spot will do a
full revolution in 60 cycles or in 85.7 days.

Large spots causing prominent light curve
minima apparently can survive for many years,
despite differential rotation, and form centres
of activity, or active longitudes [11]. Polar spots
are found to have lifetimes of over a decade [23].
Our simulation of 3rd body is made on 5 years
time interval so lets define that our spot lifetime
is also 5 years. Last question that we need to
know is a radius of a spot. Lets consider a case
with a spot radius 35 because a bigger spots are
more typical for this type of EB systems.

O-C (min)
o

51500 5200 52500 53000 53500
Time (JD — 2400000)

54000

b) O-C diagram for EB system with spot

Figure 8. O-C diagram for contact EB system with (b) and without (a) migrated spot. Red line — fit with
MCMC method, correspond to values in Table 4. Filled circles are primary minima, not filled
circles — secondary minima

From Figure 8 we can clearly see how mi-
grated spot reduce precisions of minima exact
time detection and in some cases, we even got
point that does not fit in our O-C diagram. This
means that these points are faults. Migrated
spots are the most difficult cases for precise defi-
nition time of minima, make O-C diagram and
define orbital parameters of 3" body. Fitted pa-
rameters of orbit and x?values of fit are presented
in Table 4.

Pulsations in EB System
Pulsation in eclipsing binary systems can be ob-
served in Algol-type binaries, the so-called oEA
stars (oscillating EA stars). The oEA stars are
mass-accreting main sequence A/F-type com-
ponents in semidetached Algol-type eclipsing
binary systems showing 6 Sct — like pulsation [24].
The period of pulsation in such systems can vary
from 20 to 300 minutes (see e.g [25; 26]).

In work [25] relation for period of pulsation



is given as (4):

Py = 0.031(4) + 0.009(1)P,, 4

This relation is based on observation of
6 Sct stars in all known close binaries systems
(Detached, Semi-detached, unclassified). Coef-
ficient of correlation for this relation is r=0.62.
To determine how the pulsations affect the O-C
diagram and 3" precision of orbital elements we
will consider three cases of detached EB systems
with a different period of pulsations: 30, 150,
300 minutes.

To define the precise time of minima with
pulsation presence it is very important to have a

300 points/LC

600 points/LC
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high rate of observation per some time interval
(or per LC). Until now we use synthetic LC gen-
erated by PHOEBE with sample rate 300 points
per period. That was fully enough to precisely
determine the time of the minima, but such rate
is not enough for pulsations study.

To determine what sample rate should we
use, let us check how the precision of primary
minima is changed in detached EB system with
added pulsations with parameters — period
P =30 min and amplitude A  =0.02. Three
examples of same minima fitted in sample rates
300, 600 and 900 points per LC are presented on
Figure 9.

900 points/LC

08— ——————————————————— 11— 0.8
e x_¢ =2451859.52381 1 & & X ¢ = 2451859.52422 X.C = 2451850.52415 %% ]
error = 0.00181 1 F error = 0.00126 error = 0.00103 ]
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Figure 9. Different sample rate and precision of primary minima determination. Black point are data
from LC, red line - fitted minima

If we have more than 900 points per LC
then the precision of minima determination is
slightly increasing to value 0.001 of a day. With
the increase of sample rate, time of calculation
also greatly increases, therefore the value of

900 points per LC is the best choice.

Third body orbit parameters determined
in detached EB system with pulsation with a pe-
riod of 30, 150 and 300 minutes are presented in
Table 5.

Table 4.0rbital parameters of 3™ body for detached EB system with pulsations. For description
of parameters see Table 2

Solution Original = PulsationsP = =150 min PulsationsP_
P[days] 1,42834 fixed fixed fixed
T,[HJD] 2451852,3783 fixed fixed fixed
P, [days] 1000 1000(7) 1002(8) 1000(7)
t,, (HJD] 2451400 2451408(16) 2451390(19) 2451399(19)

asin i, [AU] 0,797 0,778(19) 0,813(19) 0,807(19)

e, 0.54 0,431(29) 0,600(28) 0,569(30)
w,["] 288 291(5) 285(5) 288(5)

f,) M] - 0,0628(47) 0,0715(52) 0,0700(52)
X - 8,519 2,778 0,802
xA/n - 0,0184 0,0069 0,0019




Kudak et al.

Aswe can see from a table, the most precise
determination of orbit parameters corresponds
to pulsation with the longest period. Vice versa
most inaccurate parameters of orbit determina-
tion correspond to the shortest period. A short
period of pulsations can’t make it impossible to
determine the precise time of minima, and as we
show above it is also very important what reso-
lution of LC do we have.

Conclusion

We made a review of starspots and pulsation in-
fluence on determination of 3" body orbital pa-
rameters. In case of starpsot presence on the sur-
face of EB system components we separate our
simulation for detached and contact binary sys-
tems. First case is not so sophisticated systems
for 3" body detection, even when spot is avail-
able on the components of EB high precision of
detected orbital elements can be achieved. For
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BIUIMB IUIAM Ta ITyJIbcalliii Ha BU3HaUYeHHA eJleMeHTiB OpOiTH TPeThOTO Tijia B
3aTeMHIOBAHO MO/BilIHUX CHCTeMax

B.I. Kyaaxk!, B.M. Ilepir’, I.€. MosioTOB?>

TabopaTopis KOCMiYHUX JOCTiKEHD
YKropoAchbKUi HAIliOHAJIBHUN YHIBEPCUTET
88000, Bys1. laneka, 2A, M. Y:Kropoz, YKpaiHa

’[HCTUTYT NPUKIaZHOI MaTeMaTuky iM. M.B. Kesnguia
Pocitickoi akazemii HayK
125047, n. Miyceka, 4, M. MockBa, Pociticbka @ezepartis

AHorania

Merta. BusHaueHO BIUIMB 30pPSAHUX IUIAM Ta MyJabcallii KOMIIOHEHTIB 3aTeMHIOBAHO-MOABIMHUX CHUCTEM
Ha MOMJIMBICTh BUSIBJIEHHS TPETHOTO Tijla B I[UX CUCTEMAX Ta OIiHKY MOXHOOK OpOiTaThbHUX MapaMeTpiB
TPeThOTO Tijla BUKIUKAHUX TAKUMU YUHHUKAMU.

MeTtoau. Y HaykoBiii po6ori 6ysno Bukopucrano Mmeroz O-C giarpam g BUABJIEHHS 3MiHU Iepiozy
3aTEMHIOBAHO-TIOJBIMHUX CUCTEM, IO BUKJIMKAHI HagBHICTIO TPETHOTO Tilia B cucTeMi. MojentoBaHHA
MomnTe-Kapsio Oyau BUKOPHUCTaHi [ OI[iHKM 3HauYeHb OpOITAThHUX IapaMeTpiB TPeTbOro Tila, SKi
BigmoBizaroTh oTpuManumM O-C miarpamam. Ileit MeToz 3aKIaZieHO B mporpamue 3abe3mnedeHHs «OCFit»,

PesynbTaTH. Y octipkeHHI 6y/10 pO3IVISHYTO Pi3Hi BUMTaJKK 30PSHUX IUIIM Ta IyJibcalliid. Byso o64ucieHo
TOYHICTb OpOIiTAThHUX ITapaMeTPIiB TPETHOI'O Tija IS IIUX BUIAKIB.

BucHOBKHU. BiZiokpeMyieHi 3aTeMHIOBAHO-TIOZBIMHI CUCTEMU 3 IUIAMOIO HE € CKJIaJHUMH 00’€KTaMU I
BUABJNIEHHs 3-r0 Tia. KOHTaKTHI 3aTeMHIOBAHO-IIO/BIMHI CHCTEMHU 3 MITPYIOUMMH IUIAMaMU € OiIbIl
CKIAAHUMU BUIAZAKAMU JJIS MOIIYKY TPETiX Tl Ta 06YMC/IeHHS iX OpOiTalbHUX IapaMeTpiB. Y BUIIAAKY
MyJibcallili 3aTeMHIOBAHO-TTO/[BIHOT CHCTEMU HaWTOYHIIll TapaMeTpy OpOiTH TPEThOTO Tijia MOXKYTh OyTH
OTpYIMaHi [IpH TPUBAJIOMY IepioZi mynbcaniid. Po3zinpHa 3zaTHICT KPUBOI GJIMCKY € Ay)Ke BaXKIWBA LA
cTBOpeHH: xopoioi O-C aiarpamu
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AnHOTaUA

ueJIb. OHPGAEJIEHO BJIMAHHNE 3BE3AHBIX IIATEH U HYJIbcaL[I/Iﬁ KOMIIOHEHTOB SaTMEHHO-ﬂBOfIHbIX CHCTEM
Ha BO3MOXXHOCThH OOHa- PYKEHHA TPETHETO TE/Ia B 3TUX CUCTEMAX U OLIEHKY HOI‘peI.HHOCTeﬁ OP6I/ITaJIBHbIX
ITapaMeTPOB TPETHLETO TE€Jia BI3BAHHBIX TAKMMU d)aKTOpaMI/I.

MeTozasbl. B HayyHO# paboTte ucnonb3oBaH MeTos O-C guarpaMm /sl BBISIBJIEHUS M3MEHEHMS Mepruozia
3aTMEHHO-IBOMHBIX CUCTEM, BBI3BAaHHBIX HAIMYHEM TPeThero Tesa B cructeMe. MozenupoBanue MoHTe-Kapio
OBbLTH MCTIONIB30BAHBI /IS OLIEHKY 3HAYEHU OPOUTANIBHBIX IAPAMETPOB TPETHETO TeNIa, KOTOPhIE COOTBETCTBYIOT
nory4yeH-HbiM O-C iarpaMmmam. DTOT METOZ 3aJI0XKeH B IporpaMMHoe obecriederrie «OCFit»,

PesynbTaThl. BB paboTe paccMaTpUBAIOTCA Pa3iWYHble CJIyYau 3Be3/IHBIX IIATEH U IMyJabcaluid. TOYHOCTD
OpOUTANbHBIX TAPAMETPOB TPETHETO TEJIA ONpeAeTeHa JJIs STUX CTydaeB.

BeiBoABI. OTZieNIeHHBIE 3aTMEHHO-IBOMHEIE CUCTEMEI C MIATHOM HE SIBJISIETCS CJIOXKHBIMHM OOBEKTaMU /IS
ob6Hapy»xeHHA 3-To Tesla. KOHTaKTHBIE 3aTMEHHO-BOMHbIE CUCTEMBI C MUTPUPYIOIINMH IIATHAMU ABJIAIOTCA
6oJee CJIOXKHBIM CJTy9aeM /Ui IIOMCKA TPETHUX TeJl U BEIYUCIEHNA UX OPOUTAIBHBIX ITapaMeTpoB. B ciyyae
My/IbCAlli 3aTMEHHO-IBOMHON CHCTeMbI 60jiee TOUHbIe TapaMeTphl OPOUTH TPETHEro Tejla MOTYT OBITh
IIOJIy9eHb! [IPH AJINTEIbHOM ITepro/e IyIbcannii. PazpemeHrie KpuBo# 6yiecKka O4eHb BaXKHA 1A CO3AAHUA
xopoiueit O-C auarpaMMbl
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