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AREA OF APPLICABILITY OF APPROXIMATE EQUATIONS
OF VIBRATIONS OF ROD SYSTEMS OF VARIABLE THICKNESS

Abstract: The approximate equations of torsional vibrations of rod systems of variable thickness given in this
work allow us to build approximate theories of oscillations depending on the conditions at the ends of the rod, the
order of derivatives of the desired in the approximate equations and initial conditions. Approximate equations of
oscillations of rod systems above the second order in derivatives of the desired function in the scientific literature are
practically not found. On the other hand, approximate equations containing derivatives above the second order need
to study the applicability of a theory based on various approximate equations. For simplicity, we consider the area of

applicability for a constant radius rod, when the desired function U, o or rotational displacement depends on the

angular coordinate @ , i.e., we investigate the area of applicability of the approximate equations of oscillation based
on the general equation of oscillation
Key words: torsional oscillations, rod, system, variable thickness, cylinder, shell, radius, Bessel function.

In the cylindrical coordinate system (r,é’,z) the spatial problem of torsional vibrations of the
cylindrical shell is reduced to the solution of the equation

L[ 8
oM 1[ a;/;‘j—Al//l =0 (15)

under boundary conditions on the inner and outer surface of the cylindrical shell

ns

i+l
a,9+(A1) F(z2)o,,=fY i=(1,2) (16)

oi

when 7 =F/(z), where r=F/(z) and r=F,(z) inner and outer shell radii, respectively,

A, =y1+[ET .
Presenting v/, in the form of potentials

0

vy = [ Yk [y, exp(pr)dp (17)
!

0

— 5 —
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and substituting it into equations (15), we again obtain for i/,, expression

d’y,  1dy,
+— 18
PR =B = (18)
the general solution of which is
Vo = AL (fr)+BK, (fr) (19)

In this case, the integration constant of B as opposed to the task for the rod is different from zero.

If the shift displacement u, search in the offset U

u, = [ ) ek [0 exp(pr)dp (20)
0 )

)

then, the decomposing of Bessel's function /, and K|, in a row, for u( we obtain expression

Uy = —A - iﬂoz("ﬂ){/l - B{ln%—%l//(n +1)-
=0
o
—%u/(n + 2)}}m;
where /(n) - psy-function.

Introducing new values

2

er——%ﬁo{A B{ hs W(l)_l}}

(22)
A A
Uor=——
4
and substituting their expression (21) instead of constants 4, B we obtain expression
2n+l 2n+l
N 2 n+ -
Uy =23 25— 2 Uso+ £ —+Zmn( )= B Uy (23)

Snl(n+1)!"" ( +1

in reference to & and p, for shear displacement, we obtain the final representation
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( j2n+l
U,(r,z,t)= 22 AU o+

nl(n+1)! A

’ 2n+l
I SN € It

nl(n+1)! A

where U, ;; U, | have a obvious mechanical meaning, functions 77, , are equal

M) =In TS

k=1
Similarly, for tension o, ,;0. , we obtain expression

2n+1
(rj
" —
Z (n+1)

nl(n + 2)! 42

2(n+l1)
L)
/1‘”—— an (r) =ty

U@l+£ 2
) nl(n + 2)!

1
2

2n+1
Mo, = Zi (2j /1(")
z,0

“pl(n+2) 7

2n+l
oU
91+ + ( j (n) 0,1
é: ann() '( +2)' 2 aZ

where £ intermediate surface, determined by the formula

_max[F(2)]]  max[F(2)]
ST {Z min[Fz(z)]}

herewith
max [F|(z)] < min[F, (2)]
coefficient y satisfies the inequality

24+ M <y<2 min[Fz(Z)] maX[E(Z)]
~7 T Tmax[F(2)] min[F,(2)]

24)

(25)

(26)

27)

Substituting (25) into boundary conditions (16) to determine U,, u U,, we obtain a system of

integro-differential equations, which is also the general equations of torsional vibrations of a circular

cylindrical shell.

We present only a system of approximate equations of torsional vibration
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F(z ){F (Z)z“) F(z)—}U€0+§{ /1<“—3,——E'(Z)i+

(i=12) (28)

F(z F F'(2) || oU G
+ lé )/1(21)|:772,0( i)?l;t(zl)_nl,o( i) 12(_)}}—829’1 =A,M™ n(sl)
Where
r
Tho = lng
r 1
Uz,o(r)zlng_a

For a shell of constant thickness with radii 7, and 7, accordingly, from (28) we obtain the system
2

i aa 1 g 2 1 ol Mo | g

?ﬂg)Uﬁ,O +§{§/1(2)—r—2+3/1(2) —2 /1(2)

(29)

0 ,
1]

The boundary conditions for the end of the shell under torsional vibration are derived as for the rod.
We present only the boundary conditions at the end of the shell when z = const there is a normal

intensity beat o, = F'(r,t) . The boundary condition will have the form

Ugo :Mil[F(O’t)];

(30)
Ouy,

oz

General equations of longitudinal-radial oscillations of the cylindrical shell are derived as for the rod
of variable radius.

For the formulation of various boundary value problems, we first give approximate equations of
longitudinal-radial oscillations

az 6 r-2 62
crifavicl a2 W  -Zla-cy+ |20 - ¢ AV +2—|[tU., -
2 0z° T 0Oz 8 0z ’

_el_ 2 1 (1) oy )
g{ ri2+[2+Dln§Jl (mg 4j(l DYAY +
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2 2 2
D| A! azlni—D iwﬁ+62” AU+
Oz & 4 oz” )16 ’
2
cell g pym A i Cplm 3 o s p(m o Lo
2 & 8 & 4 E 4

+ [21n %— 1}[/1;“ -D ;:2 H} agz“ =M (r") (i=1.2)

{(l ~0)+ %[(1 —OA - 2%0)]}%

+{(1+c)z§“ zgl){(ncwy 2Caa }}UZ,O —
(31)

_ = (1) i = (0] @ |7

5{ (- D)lngﬂ, : (mg J[(l DAY — 2D }

i

2 2
Ui _ s 2 (a0 2p |l koL
oz 8 Oz & £ & 2

0 0’ 2 i s }
XK%‘)‘D&}“) A }UZ"TZM‘(J‘Q (=12

i

where f,(l), ) the loads on the outer and inner surfaces of the shells u,_,u_ are approximately equal

z

1
u, =U_, - f(lng + EJUZ’I
(32)

z,1

A S| 2 -l U, + 7 pin”
r El T2 E oz

Z'tr - 0

tension

r,1 :| (33)

o - 5[% + 1n§ _(1 +2D) U

,] _
M o

r,l

LA+ CO)AU, - & % +1-2D)A0 In = | ==L -
r E| oz

. { U, ,
Mo, (1-C)

2 0? 7
- 9{—2 + (/1(21) - 2D—2j In—

Uz 1 }’
r oz Sl
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oUu
M7, =icU,, -(- vd[pnl w2 vda-pymie LTl
: ) 7 & 2| oz

oU oU
M_lo‘%, = {CUr,O -1-0) = +§{(1—D)l§” +%:|Ur,1 +§{1—D+2ln§} az’l}
r

4 4

C=1-NM"; D=1-MN"

Here U_, and U, moving intermediate surface points, U_, and U, , deformations of these points

along the radial coordinate.
At the beginning we formulate three-dimensional boundary conditions for the shell end z = const .

Free or loaded by normal tension of the end

r,l

o.=-F@); 0.=0 (34)
Rigidly fixed end
u, =u_=0 (35)
Perfectly fixed end
u, =0; o.=0 (36)

On the basis of the approximate expression (33) for tension conditions (34) for unknown Ur], UZ

lead to boundary conditions
(1+C) -1-0U,,- §(I+2C) é:(l 20)

AU, =-M"(F)(1- C) +(1+C)ﬂ1(”U

6(]rl
— T Uz 1
oz ’

Similarly, conditions (35) and (36) lead to boundary conditions

=0 (37)

Ur,O = Ur,l = 0’ Ur,O = gUz,l (38)
And
5 aUr 1
UZO__UZI’ ’ +UZI=O (39)
T2 0z ’

1-0) 2 s a-o)au,,
0z

— 10 ——
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Boundary conditions (37) - (39) differ from those available in the scientific literature, obtained on the
basis of certain hypotheses and suggestions of mechanical and geometric nature, the presence of operators

/1(].1) , reflecting the principle of D'alembert's mechanics.

Consider a more complex sealing of the end of the cylindrical shell.

Let the end of the cylindrical shell is in interaction with another deformable body. In particular, such
a deformable body should be a plate-plate perpendicular to the axis of the shell.

We also consider two types of contact in a three-dimensional setting.

Rigid contact.
1 )
1 2). —1) _ (2. —(1) _ 1
w0 = =l
;i
(40)
(1) 2). —(1) 2). —(1) Y]
O-iz s O-(rz 4 J.O-( d
Perfect contact
1 2 1 2 1 2
WO =, o0 =6, V=0 o? =0 A1)

Having approximate expressions for displacements and stresses at the end points of the cylindrical
shell (32) and (33), the material parameters will be denoted by the index "1", and the plates-by the index

"2", while the approximate expressions for the necessary displacements and stresses at the points of the
plate have the form

h2
e =1, +[1-C )2l + capn -

”ﬁZ) :_%h+§[C2A_(I_C2) (12)]W2%;
r

oz

M50 <[+ A+ lacar « b(ay + A
Mo - - o a2

Using the approximate expressions (32), (33) and (42), from the conditions (40) we obtain the system

(42)

o -Sug -,
3)
)
Tl Ly <o,

oz

U
(+C) 20— 0-G)Ul -

aU“>
x| (1+2C) =2~ (1=2C) AU D | = MM, [(AD + A, h)
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aU(l) 2
{(1 C) ’°+(1+c)ﬂ§”u“>}—r2 i
28
2
o floa o a2
oz ) 2
i BN SR
4¢ ’ o Oz

or, after elimination, we obtain the boundary conditions of the elastic end fitting
shells taking into account the influence of plate-plate deformability

0 @ aU(l)
(1+C) === (1= UG - g[(1+2C) “—(1—2(:)/1(;3(]“’] MM, A9 + A]x

(o —gvf}z Jif

1
1
—=+U!) =0
)

2 2
0 Wy |~ 1 () o L =" ;0 o B
+(1+CH AUt =M, M, |2 C124) —A)| =——U") - In=U"" |-
( )ﬂ'l r0:| 2§ {[ ﬂ1 ( 2 )]}|: 45 r,0 7"1 r,1:|2

(- C)

Similarly, for an ideal contact (41) we obtain a system

M
ST L el W L L NP
z,0 2 rl 2 aZ z,1 82

aU(l) U(l)
(1+C) 20—(1 CHU) - 5[(1+2C) “—(1 2C,) %

Ao s

ou)
[(l—m LA+ C)ANUY

and for the end of the shell

=0

aU(l) ()]
(1+C) 20—(1 CHUY) -~ 5[(1+2C) “—(1 2C) %

xﬂsch;}:]wMz{( o0 —§w}:jh}

(45)

ou') ou!
{(1 C) r°+(1+C)ﬂ1“l)Uflg} 0; +U!) =0;

82

The initial conditions for the variables U') U () it is easy to obtain three-dimensional initial

z,j°

conditions for the displacements
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u, = fi(r,2); u. = fr(r,z);

(46)

ou ou

Pl AIGEE 5 /2 (t=0)

The results obtained allow us to formulate boundary value problems in solving specific problems of
the cylindrical shell oscillation under different conditions at the end of the shell.
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H.K.Meney6aes', C.Menixoxaesa’, A.7K.CeiirmypaTos’,
M.I/I.PaMaE)aHOBI, B.K.)KapMeHOBaz, T.Iamuaos®

'E. Bokeros aTbinarsl Kaparan/sl MEMJIEKETTIK yHHBEPCUTETI,
Kazakcran Pecniyonukacel. Kaparanupsl K.;
2KOpKBIT Ara arerHDarsr Kpi3smiopna MmeMiiekeTTik yauBepcuteTi, Kazakcran PecrryOnukacer. Kei3putopa K.
3 Asepbaiikan ApxuTtekTypa skoHe Kypbuibic yHHBepeHTeTi , A3ep6aiimkan PecryGmmkachl. baky K.

KAJIBIHJIBIFBI AHBIMAJIBI BOJIATBIH CBIPBIKTHIK )KYWEHTH,
AMHAJIMA TEPBEJIICIHIH KYBIK TEHJIEYIHIH KOJIJAHY AYMAFEBI

AnHoTanusi: Maxkarnana KajabIH/IbIFbl ailHBIMabl O0JIaThIH CHIPBIKTHIK JKYHEeHIH allHaIMaibl TepOeiCiHIH KYBIK
TEHJICYIHIH TYBIHIBICBIHBIH PETi, CBHIPBIKTBIH CBHIPTKbl INAPThIHA TAYEJNl >KarAaidblHIAFbl TEPOETICIHIH JKYBIK
TEOPUSCHIH KYpyFa MYMKIiHIIK OepeTiHiH KapacTbipaabl. bepiareH (QyHKUMSHBIH TYBIHIBICH €KIJICH >XOFapbl
0oJaThIH CHIPBIKTHIK JKYHEHIH TepOeriCiHiH KYbIK TeHJIeYIepi KalIbl FBUIBIMU 97Ie0MeTTepIe i1c-)KY31HIe MYJIEM a3
KapacThIpbUIFaH. JlereHMeH TyBIHIBICHI €KIHIII PETTEH JKOFapbl OOJIATHIH XKYBIK TEHIEYJEp TYPi, 9p TYpIi Heri3zne
0OJaThIH TEHACYJEP TEOPHACHIHBIH KYBIK eCceOiH 3epTTey KaKeTTUTIKTI TyabIpansl. Col ce0enTeH ecenTe paauychl

TypakThl GonatsiH CchipbikTap yuwin Gepinren U, ¢yHkuuscs Hemece @ OypbITBIK KOOPAUHATACHIHAH TOYEIA

0oJaThIH BIFBICY aifHAJIBIMBIHBIH 3€PTTEY ayMarblH KapacThIpabl.
Tyiiin ce3: aifHaIMaibl TepOEIIiC, CHIPHIK, KYiie, KATBIHIBIFB aifHBIMAIIBL, MIIMHAD, KaObIKMIa, pagunyc, beccen
(hyHKIHACHL.
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OBJIACTb IPUMEHUMOCTH HPI/IBJII/I)KEHI-MII)IX YPABHEHUM
CTEP)KHEBBIX CUCTEM IIEPEMEHHOHU TOJIININHbI

Annoranusi: [lpuBenénHple B IaHHOH pabore mNpHOMIKEHHBIE YpaBHEHUS KPYTWJIBHOTO KOJIEeOaHWH
CTEP)KHEBBIX CHCTEM [EPEMEHHOI TOJIIMHBI IO3BOJSIOT CTPOUTH HPUOMIDKEHHBIE TEOPHUHM KoyieOaHWs B
3aBUCHMOCTH OT YCJIOBHH Ha TOpLAX CTEPXKHS, HOPSAIKA IPON3BOJHBIX OT HCKOMBIX B NMPHOMIKEHHBIX YPABHEHUAX
Y HAa4aJIbHBIX YCIOBHM.
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UCKOMOH (pyHKIIMH B HAYYHOH JINTEPAType NMPAKTUUECKH HE BCTPEUAIOTCS.

C npyroil CTOpPOHBI, NPHONKEHHBIE YPAaBHEHHS, COASp)KAlMe HNPOU3BOAHBIE BHIIIE BTOPOrO IIOPSIKa,
HYXJIAQIOTCS B MCCIIEIOBAHUN 00JIACTH MPUMEHUMOCTH TOH MJIM MHOW TEOPHH HA OCHOBE Pa3INYHBIX MPUOIMKEHHBIX
ypaBHeHHMH. [l IMPOCTOTHI PacCMOTPUM OONACTh MPUMEHHMOCTH AJIS CTEP)KHSA IMOCTOSIHHOTO pajauyca, Koraa

HCKOMasd (I)yHKIII/IH Ug WK BpalmarejibHOC CMCIICHHUC 3aBUCUT OT yI‘JIOBOﬁ KOOpANWHATBL 9, T.C. HUCCIIEAyEM

00J1aCTh TPUMEHUMOCTH NPUOIMKEHHBIX YPaBHEHUH KOJIeOaHHs Ha OCHOBE OOLIEro YpaBHEHUs KoJieOaHHs
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FEATURES OF THE DEVELOPMENT OF GAMMA-RAYS
IN A SOLAR FLARE FEBRUARY 25 2014

Abstract. A flare event February 25 2014 was investigated, which was a source of radiation in the gamma
range. Photometric processing of the photogeliograms A1700A (ultraviolet continuum, SDO spacecraft) is used to
plot the temporal profile of the change in the relative intensity of a bright plasma of flare. The coincidence in time of
the amplified emission of gamma photons (10keV-50MeV) and the maximum intensity of the flare plasma flowing
down to the photosphere, during of the impulsive phase of flare, is established. In this case, the most effective was
the increase in the number (up to 10* times) of gamma photons with energy (50-300) keV. During the development
of the main phase, the priority source of gamma rays is nuclear reaction of high-energy flare protons, which received
additional acceleration on the shock front of high-speed coronal mass ejection. Observed on February 25, 2014, the
value of the gamma-ray flux in the energy range (100MeV-10GeV) turned out to be one of the highest for the entire
FERMI telescope operation in 2009-2017.

Keywords: Solar flares, photometry, gamma rays.

Introduction

Use of the observation data obtained on the modern spacecrafts (SC) allows to investigate
development of solar flare processes in various intervals of energy, including also y-range. Development
of flare is connected with allocation of free magnetic energy in active area owing to her dissipation in
current layers because of magnetic reconnection with the subsequent action of stochastic acceleration at
development of various plasma not stability [1-3]. The most powerful flares belonging to the class of
gradual events often are followed by Coronal Mass Ejections (CME). On modern representations, the
flare and CME are considered as the uniform process connected with violations of balance of magnetic
structure in active area. In the course of flare energy release, at annihilation of a current sheets there is an
intensive heating of plasma and acceleration of particles to high energy. Besides, high-speed CME are
capable to excite shock waves on which fronts particles effectively accelerate at the movement of flare
fluxes of plasma near the Sun and in the interplanetary environment.

During development of a impulse phase of flare from area of primary energy release fluxes of quickly
moving currents of plasma, thermal waves and high-energy charged particles which part on magnetic and
power tubes extends down are observed. At interaction with denser plasma in the bases of loops, it is
generated bremsstrahlung: X-ray, gamma radiation. And also the surrounding plasma is heated. Rapid and
considerable heating of plasma in the photosphere and the chromosphere leads to "evaporation" and rise it
up and to filling of all volume of magnetic arches. During this period the greatest strengthening of soft x-
ray radiation is observed. Further the main phase at which heated plasma in the system of arches radiates a
long time in the soft x-ray range follows, gradually losing energy [4]. And at the same time on this
background there is an interaction of flare streams to the developing coronal ejection.
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intensity; b) - temporary change of a flux of X-ray radiation of flare (1-8) A, his derivative (c), relative intensity of photospheric
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Processing of observational data

The intensity of heated plasma in the photosphere is defined by the power of flare process in a
corona. For powerful flares in a maximum of an impulse phase sites of hot plasma with an excess
brightness of radiation for photo matrix pixels can appear. It leads to overflowing (from pixels with the
excess charges on the next pixels which don't have such surplus) charges of pixels of a photo matrix
(blooming) and to emergence in pictures of bright moustaches, tool origin, and sent to the opposite sides
from sites with the overestimated brightness. For flares of the cells of the photodetector causing overflow
it has been established that it occurs during the periods of formation of high energy quanta of radiation.

In article on the example of development of an event on February 25 2014 (X4.9 S12 ES82, the
beginning of 00:39 UT) by means of the observation data obtained on various spacecrafts have considered
properties of process of formation of flare gamma radiation.

On photogeliograms of SC SDO A1700 A (the ultra-violet image of the top photosphere, a
temperature minimum) with good spatial resolution bright sites of the flare plasma which is flowing down
are presented. By means of specially developed program, photometric processing of these pictures is
carried out and the time profile of change of relative intensity AI A1700 A photospheric flare plasma
(fig.1d) is received. The intensity of the preflare undisturbed photosphere was accepted for 1.00.
Temporary resolution for separate measurements is ~ 50 sec.

Comparing all given parts of the figure 1, it is possible to notice: the flare plasma which is flowing
down on photosphere level, had very high brightness that has led to noticeable manifestation on a
photogeliogram of effect of a blooming in the form of bright thin moustaches in opposite directions. The
impulse phase of flare proceeded 11 minutes from 00:39 till 00:50. The end of impulse phase is noted in
the drawing by a vertical dash line. Her situation is defined by the moment when value of a derivative of
change of a flux of X-ray radiation (c) becomes equal to zero, upon transition from growth to falling X-
ray. Further at negative values of a derivative d/dt (X-ray) development of the main phase of flare
radiation begins. Time interval between a maximum of a derivative of radiation X-ray and the beginning
of the main phase is considered to be an explosive stage of impulse phase. During this period, it is
supposed that the flare plasma which is below at the level of the photosphere and the chromosphere
begins to rise promptly upward and to fill all volume of coronal arches, leading them to the maximum
luminescence. It is remarkable that on time the moments of maxima of relative photosphere intensity
(fig.1d) and derivative d/dt (X-ray) (fig.1c) practically coincide for impulse phase of flare. It is necessary
to consider that the time profile of change of counts of photons with energy (100-300) keV (fig.1e) has the
form rather close from curve of relative photosphere intensity (fig.1d) at coincidence of maxima of
curves.

The most vigorous episode of flare issue in the photosphere in the period of impulse phase of flare
(0:44:06 0:44:54 UT) coincides on time with the maximum values of counts of gamma photons not only
with energy (100-300) keV (fig.1), but also (50-100) keV, (300-1000) keV, (1000-50000) keV — of SC
FERMI the BGM device and also — (300-800) keV and (800-7000) keV of SC RHESSI (fig. 2). But in
view of the fact, flare strengthening of the most significant amount of gamma photons with energy (50-
100) keV and (100-300) keV (the count has increased by 10* times), it is possible to assume that photons
of such energy flare plasma during development of impulse phase most effectively made.
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Figure 2 - Changes counts of gamma photons (300-50000) keV during flare development on February 25 2014.
Data of observations of SC FERMI and SC RHESSI
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At the same time on images of the photosphere the most considerable effect of excess radiation
which is shown in the form of extended narrow beams is visible during an interval, with a maximum at
00:44:54 to UT (see fig. 1). That is, there is a coincidence on time of the strengthened radiation of gamma
photons to the maximum flare intensity of the photosphere. It is indicated the most probable source by
gamma ray - the bremsstrahlung of electrons in the field of highly density photospheric plasma. This
indicates the most probable source gamma rays - the bremsstrahlung of electrons in the field of highly
density photospheric plasma.

Observations on SC GOES have shown strengthening of streams of electrons from it E.- >4 MeV and
also protons with E,; >100 MeV, at flare development.

During the termination of impulse phase of flare on February 25 at 00:43:00 UT has begun to develop
coronal ejection which at 00:55:00 UT already was at distance ~2.0 R, (SC STEREO A). According to
data from the LASCO C2 and C3 (telescopes SC SOHO) ejection type Halo had very high linear speeds at
development near the Sun: (2069-2147) km/s. At the same time at a body of CME there was a
characteristic structure of the forward shock front (fig. 3).

: : 014/02/25 02:42:06
Figure 3 - Development of CME on February 25 2014 according to pictures of SOHO C3
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Figure 4 - Values of fluxes of a gamma radiation in the range
of energy (100 MeV-10 GeV) according to SC FERMI on the LAT tool

At development of high-speed CME usually there are shock waves which are an additional source of
acceleration of flare protons in the top layers of a corona and in the interplanetary environment. The flare
protons accelerated on the shock front of ejection become a source of radiation of gamma photons of
highest energy [5]. Collision of high energy protons with protons of low energy is resulted by nuclear
reaction with formation of pion-decay (neutral and charged) which in the course of the disintegration form
scale gamma photons of high energy. So the SC FERMI on the LAT tool in the range of energy (100
MeV-10 GeV) for three periods of observations (fig. 4) has registered on February 25 2014 the following
values of fluxes of gamma radiation:
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During flare development on February 25 2014 values of a flux of gamma-photons in the range of
energy (100 MeV-10 GeV), the second in value for the entire period of observations of the Sun on the
FERMI telescope were registered (2009-2017). Such high of values of fluxes of the accelerated particles
and photons of various energies, the bound to development of the active process in the form of direct flare
strengthening and shockwaves of ejection, in many respects were defined by influence of efficient
structure of a magnetic field of group of spots. The active region AR 11990 during the considered period
had the complex configuration of a class 6 that is confirmed by the magnetograms received on SC SDO.

The flare developed on February 25 2014 practically on east edge of the Sun (E82). Because of it
fluxes of the charged particles, following is magnetic power lines, were recorded near-earth satellite
devices with a delay and, the most important, strongly weakened. At the same time, the flare images and
CME show a fairly large event power, this is also confirmed by the fluxes of photons having hard gamma
energy. SC GOES near Earth fixed only slight increase fluxes of protons with energy >10 MeV and >100
MeV, and the pfu index by means of which quantitatively estimate proton events had rather small value

(pfu=103).
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Figure 5 X-ray radiation (1-8) A and integral fluxes of protons of flare on February 25 2014 according to SC GOES

Data of SOHO indicate arrival of the shock front of CME (Shock4) only on February 27, in 63 hours
after its emergence and having a linear velocity V=440 km/s, which the close to the speed of a calm solar
wind. At the same time, it is necessary to consider that CME speed at its near the Sun, was >2000 km/c.
Thus, secondary signs of an event on February 25 the bound to passing of particles through interplanetary
space, point to the strong degradation of their quantitative parameters. So the event is on February 25,
2014 also good example of influence of the interplanetary space which is strongly distorting properties of
primary signs of flare process on condition of its development near east edge of the Sun.
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Figure 6 - Fluxes intensity jumps in spectra energy of ions Fe and O at development of a flare event on January 7, 2014
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For comparison, consider the development of flare and coronal ejection on January 7 2014 which had
quite efficient conditions when driving of the accelerated particles to Earth magnetosphere. The flare
January 7 2014: X1.2, coordinates — S12W12, start — 18:04 UT, max - 18:32 UT. The beginning of
development of coronal ejection — 18:24 UT, at the speed near the Sun (1714-1830) km/s. Arrival to Earth
of the shock front of CME - Shock4 on January 9 at 19:33 UT, after 49.5 hour at a speed of V = 525 km/s.
The most important superiority had event on January 7 an in the quantitative assessments of fluxes of high
energy protons near Earth. The proton pfu=1033 index much surpassed the corresponding value for a
February event. Presence of high energy fluxes of protons of E; >60 MEV with intensity of Fp >10
1/(s-cm®sr) is confirmed by existence of sharp jumps of intensity in spectra energy of ions in the range of
1.5-2.5 MeV/n in the period of the disturbed phase of development of January flare of 2014 (fig.6) [6].

However, as a result, extent of geomagnetic influence of an event on February 25 nevertheless was
higher. First, it is necessary to consider that the impulse phase of flare on February 25, more powerful in
the X-ray class, was almost three times shorter, than at flare on January 7 (10 min and 28 min). This
enhanced effectiveness of process of acceleration of particles, and undoubtedly the significant role in it
was also played by the superiority in the linear speed of CME near the Sun (2147 km/s in comparison
with 1830 km/s). Secondly, CME on February 25 had more complex magnetic structure (amplitude of the
southern component of an interplanetary magnetic field was Bz=-12 nT) that resulted in value of the
Dst=-97 nT index which corresponds to border between a moderate and strong geomagnetic storm.
Arrival of January ejection caused only very weak geomagnetic disturbance of Dst=-22 nT at Bz=-5 nT.

The most noticeable superiority of an event on February 25 is shown in generation of gamma-ray
fluxes of various energy during the development of impulse phase of flare and especially in the period of
the main phase with the most probable powerful acceleration of protons on shockwaves of coronal
ejection. For the most vigorous photons in the gamma range (100 MeV-10 GeV) in a February event, we
can oppose only photons in the gamma range (1-50) MeV in a January event.

Discussion of the results. Conclusions

Change of intensity of bright plasma at the level of a photosphere A1700 A is the good indicator
characterizing strengthening direct flare radiation — including fluxes of gamma photons.

Feature of development of flare during impulse phase was process of formation of gamma-photons of
high energy in the range of (1-50) MeV as result of impact of the flowing-down flare plasma on a
photosphere. In this case, the observed maxima of counts of gamma photons of different energies and the
relative intensity of the bright photospheric plasma coincide in time.

For the event under consideration in during the main phase the development, a rather close interaction
is characteristic of the flare process and a powerful coronal ejection (the beginning of flare 0:39:00 and of
ejection 0:43:00). Accelerated on shockwaves of ejection, protons with energy of E, >100 MeV, became a
source of high intensity of a flux gamma ray photons of range (100 MeV-10 GeV). It was possibly result
of a nuclear interaction of additionally accelerated protons with protons of routine energies at which there
are formed peonies, decaying up with the emergence of gamma photons. At that, the newly formed
gamma photons have the energy of the initial high energy protons.

It is necessary to point out one feature of development of the main phase of an event — larger duration
of presence of a gamma ray emission range (100 MeV-10 GeV): not less than 7 hours.

Thus, an event on February 25, 2014 - a good example very efficient at all stages of development of a
source of the emergence of gamma ray photons of the widest range of energy.
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2014 KbIJIIbIH 28 AKITAHBIHJIAFbI KYH KAPKbBIJIBIHIAT BI
TF'AMMA-COVYIJIEJIEHY IIH JAMYBIHbIH EPEKIIEJIIKTEPI

Annoranus. 2014 XpurIsH 24 aKmaHBIHA TaMMa-Hana3oH/a COyJIeICHYIiH K31 OOJIBI TaOBUIATHIH XKapKbLT
NPOLIECCiHIH 3epTTeyi Kypriziani. Pororennorpammaap A1700A (ynerpakyirin koHtuHyyMm, SDO rapeimn anma-
patbl) QOTOMETPIIK OHICYNIEPiHiH KoMETiMEH >KaphIK JKapKbUI TUIa3MaChIHBIH KapKBIHIBUIBIFBIHA KATBICTHI CaJIBIC-
THIpMAITBl ©3TEPICTIH yaKbITmA KecKiHi KypbUImbel. ['amma-kBanTTHIH (10keV-50MeV) kymeiTiares coyneneHyi
YaKbIThI KOHE KAPKbUIIBIH UMITYJIbCTIK KE3CHIHIH aamy Ke3iHae ¢orocdepara JeiiH TOMEH aFraThlH JKapKbLI IU1a3-
MACBIHBIH CH YKOFapbl KAPKBIHABUIBIFEI OOMBIHIIIA COMiKeCTIKTEp TaralbiHaanAbl. by perre (50-300)keV sneprusimen
raMMa-KBaHTTApbIH CaHBIHBIH apTYHI (10* ecere neiiin) afiTapabIKTail THiIMI GONBII LIBIKTEL MaCCaHBIH JKOFapbI
KBULIaM/IBIKTaFbl KOPOHAJIb LIBIFAPBLIYbl COKKBICHI OAaFbITBIHAA KOCBHIMILIA YJIETy aJIFaH >KOFapbl SHEPrUsUIBIK
’KapKbUI IPOTOHAAPBIHBIH SAPOJIBIK peaKkusuIapbl 0acThl KE3CHHIH JaMybl Ke31He raMMa coyJIeJIeHy IiH Heri3ri Ke3i
6omaner. 2009-2017 xputmapel FERMI TeneckoObIHBIH Oapiblk xkyMbic yakbiThiHAa (100MeV-10GeV) auamna3zo-
HBIHJIA TAMMa- KBAaHTTap,IbIH aFBIMBIHBIH OipJICH Oip €H KOFapbl MOHI OAKBUIAH/IEL.

Tyiiin ce3aep: KYH XapKbUIbl, POTOMETPHSI, TaMMa CayJIeNIeHY
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OCOBEHHOCTH PA3BUTHUS TAMMA-U3JYYEHUS B COJTHEYHOM BCIIBIIIKE
25 ®EBPAJISA 2014 TOJA

Annotauus. IIpoBesieHO HcciIen0BaHUE BCIbIIEYHOro npouecca 25 ¢espand 2014 roxa, KOTOpblil sBHIICS
MICTOYHMKOM M3Iy4eHHus B raMMa-auanaszone. C moMoIbsio GoToMeTprueckoii 06pabotku dororemumorpamm Al700A
(ynpTpaduoneroBelii  KOHTHHYYM, KocMmuueckuii ammapaT SDO), mocTpoeH BpeMeHHOW mpoduis H3MEHEHHUS
OTHOCHTEJEHOW MHTEHCHBHOCTH SIPKOH BCIIBIIIEYHON IUIA3MBL. Y CTAHOBJICHO COBIIAJICHHE 110 BPEMEHH YCHIICHHOTO
nanyuenus: ramma-kBantoB (10keV-50MeV) u MakcuMalibHOW WHTEHCUBHOCTH BCIIBIIIEYHOI I1a3Mbl, CTEKAIOIIEH
BHU3 110 (orocdepsl, B mepuoj pa3BUTUS HUMIYJIbCHOHM (a3bl Bemblmku. [Ipu atom Hambonee 3¢deKkTUBHBIM
OKa3aJI0Ch YBEIIMYEHHUS KOJIMUYEcTBa (IO 10* pa3) ramma-kBauToB ¢ sHeprueii (50-300)keV. Bo Bpems pasBHTHS
rJIaBHOM (1)a3b1 OCHOBHBIM HWCTOYHHUKOM TaMMa H3JIYYCHHUSA CTAHOBATCA SAACPHBIC PEAKIMUU BbICOKOIHCPIMYHBIX
BCIBINICYHBIX IMPOTOHOB, MNOJYYUBHIUX JOMNOJHUTECIBHOC YCKOPCHHUC Ha YJIapHOM (prHTe BBICOKOCKOPOCTHOT'O
KOPOHAJILHOTO BbIOpoca Macchl. HaOironanock OZHO M3 CaMbIX BBICOKMX 3HAYCHUH IMOTOKAa I'aMMa-KBaHTOB B
nuanasone sHeprun (100MeV-10GeV) 3a Bee Bpems pabotsl Teneckorra FERMI B 2009-2017 rogax.

Ki1roueBble cj10Ba: COTHEYHbIE BCIIBIMIKH, ()OTOMETPHS, FaMMa H3JTy4eHHE
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IMPROVEMENT OF NEUTRON-PHYSICAL CHARACTERISTICS
OF BN-600 FAST REACTOR BY USING 2*Pb BASED
NEUTRON REFLECTOR

Abstract. As a rule, materials of small atomic weight (light and heavy water, graphite and so on) are used as
neutron moderators and reflectors. A new very heavy atomic weight moderator is proposed — radiogenic lead
consisting mainly of isotope ***Pb. It is characterized by extremely small neutron radiative capture cross-section
(~0.23 mbarn for thermal neutrons, i.e. less than that for graphite and deuterium) and highest albedo of thermal
neutrons.

In previous works it is evaluated that the use of radiogenic lead makes it possible to slow down the chain fission
reaction on prompt neutrons in a fast reactor. This can improve safety of fast reactor.

Here studied the effect of this kind of reflector on the neutron physical characteristics of BN-600 fast reactor

It is noteworthy that radiogenic lead with high ***Pb content may be recovered from thorium (as well as
thorium-uranium) ores without isotope separation. This has been confirmed experimentally by the investigations
performed at San Paulo University, Brazil.

Keywords: improvement of fast reactor safety, increase of prompt neutron lifetime, **Pb based neutron
reflector, BN-600 fast reactor.

I. INTRODUCTION

It is estimated that the use of lead-208 as a reflector makes it possible to slow down the chain fission
reaction on prompt neutrons in a fast reactor. The longer lifetime of prompt neutrons can be achieved
because *”*Pb is an extremely weak neutron absorber and moderator (heavy nuclide with weak elastic and
inelastic scattering). Theoretical principles of this effect are presented in Refs.[1,2].

The purpose of this work is to study the neutron physical characteristics of a BN-600 reactor, with a
reflector containing 208Pb. In the course of physical calculations, three reactor models were used that did
not differ in the main parameters of the core (fuel type, coolant, fuel cladding, contact layer, fuel assembly
materials). They differed only in the diameter of the core, in the thickness of blanket, in it content, also to
equalizing the radial heat distribution, they have different enrichments.

The following main topics are considered the paper:

e Dbasic neutron-physical properties and advantages of *”*Pb (Chapter II)

e demonstration how thick reflector from lead-208 affect on neutron physical characteristics of BN-
600 and physical explanation of this effect

o the effects of a graphite layer placed behind the reflector from lead-208 and a fissile nuclide with
a small value a = oc / of located in the core region closed to reflector on the lifetime of the prompt
neutrons.

e application of two different neutron kinetics models for analysis of transients in the fast reactor
with neutron reflector

It is shown that the three-meter reflector from 208Pb leads to an increase in the asymptotic period of
reactor acceleration. Thus, the power of a fast reactor with a thick reflector made of lead-208 with the
introduction of large reactivities will not increase so rapidly, and with a certain value of the thermal
constant of the fuel element, feedback will be able to work in the reactor on the heat carrier.
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II. NEUTRONIC-PHYSICAL PROPERTIES AND ADVANTAGES OF RADIOGENIC LEAD

Its evaluated that thick reflector, mainly consist 208Pb, placed around the core prolong the lifetime of
prompt neutrons. How does it work?! In the nature there are two types of elemental lead with substantially
different contents of four stable lead isotopes (***Pb, *Pb, *’Pb and ***Pb). The first type is a natural, or
common, lead with a constant isotopic composition (1.4% 204pp, 24.1% **Pb, 22.1% *’Pb and 52.4%
2%pp). The second type is a so-called “radiogenic” lead with very variable isotopic composition.
Radiogenic lead is a final product of radioactive decay chains in uranium and thorium ores. That is why
isotopic compositions of radiogenic lead are defined by the ore age and by elemental compositions of
mixed thorium-uranium ores sometimes with admixture of natural (common) lead as an impurity.

The isotopes ***Pb, **°Pb and **’Pb are the final products of the radioactive decay chains starting from
22Th, 28U and 20U, respectively:

*2Th — 60+4p (14.6-10° years) — **Pb ,
28U — 8o+6p (4.6-10° years) — 2*°Pb ,
U — To+4p (0.7-10° years) — *"Pb .

Therefore radiogenic lead with large abundance of **Pb could be extracted from natural thorium and
thorium-uranium ores without any isotope separation procedures (Table 1. [3-7]).

Table I - Main Deposits of Uranium, Thorium and Mixed Uranium-Thorium Ores. Elemental Compositions
of Minerals and Isotope Compositions of Radiogenic Lead

204Pb / 206Pb/

Deposit U (/ v;rth 0//0 }))b7 207py, / 208py,. 1 09A§:;rs
i (at. %)

1(\21‘1?1211:?5;)t::ri,Brazil) 1.3/59.3/1.5 0004(1)2 //96303/ 0.52-0.55
?fj;;fﬂfgapanada) 03/15.6/1.5 o 1.83.3.18
I(\l/\l/?tr.l?:eitt‘le\/[ine, Australia) 0.0/5.73/0.3 000933 // 95343 / 1.00-1.19
?ﬁ‘;;‘avzg;ws A) 0.1/9.39/0.4 00 ! 0.77-1.73
Eérlallllgelllrl tli:/[ine, India) 64.3/8.1/8.9 al// 849. 148/ 0885

lgggﬁg?lt;ug, Ukraine) 0.2/8.72/0.9 %%1‘ // 692 f)/ 1.8-2.0

So, radiogenic lead can be taken as a by-product from the process of uranium and thorium ores
mining. Till now, extraction of uranium or thorium from minerals had been followed by throwing
radiogenic lead into tail repositories. If further studies will reveal the perspective for application of
radiogenic lead in nuclear power industry, then a necessity arises to arrange by-extraction of radiogenic
lead from thorium and uranium deposits or tails.

Radiogenic lead consisting mainly of stable lead isotope ***Pb can offer unique advantages, which
follow from unique nuclear physics properties of *”*Pb. Firstly, this lead isotope is a double-magic nuclide
with completely closed neutron and proton shells. The excitation levels of **Pb nuclei (Fig. 1) are
characterized with a high value of energy (the energy of the first level - 2.61 MeV) while the first
excitation level of other lead isotopes have lower energy range (0.57-0.90 MeV).

This results in the fact that the threshold in energy dependence of ***Pb inelastic scattering cross-
section is at much higher energy compared to other lead isotopes (Fig. 2) [8].

Secondly, neutron radiative capture cross-section of ***Pb in thermal point (~0.23 mb) is smaller by
two orders of magnitude than that of natural lead (~174 mb) and even smaller than that of reactor-grade
graphite (~3.9 mb). These differences remain be large within sufficiently wide energy range (from thermal
energy to some tens of kilo-electron-volts). Energy dependence of neutron absorption cross-sections is
presented in Fig. 2 for natural lead, stable lead isotopes, graphite and deuterium[8].
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Figure 2 - Capture cross-section of various nuclides as a function of neutron energy (JENDL-4.0).

Thus, on the one hand, ***Pb, being heavy nuclide, is a relatively weak neutron moderator both in
elastic scattering reactions within full neutron energy range of nuclear reactors because of heavy atomic
mass and in inelastic scattering reactions with fast neutrons because of high energy threshold of these
reactions. On the other hand, *Pb is an extremely weak neutron absorber within wide enough energy

range.

Some nuclear characteristics of light neutron moderators (hydrogen, deuterium, beryllium, graphite,
oxygen) and heavy materials (natural lead and lead isotope ***Pb) are presented in Table II. [8].

TABLE II - Neutron-Physical Characteristics of Some Materials

Nuc- olev Number of collisions ('5?:1 9 RIL,, + 1/V
lide (barn) (0.1 MeV—0.5¢V) (mbarn) (mbarn)
H 30.1 12 332 149

D 42 17 0.55 0.25
°Be 6.5 59 8.5 3.8

2C 49 77 3.9 1.8
%0 4.0 102 0.19 0.16
Pb,.q 11.3 1269 174 95
28py, 11.5 1274 0.23 0.78

—— 4 ——
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One can see that elastic cross-sections of natural lead and ***Pb do not differ significantly from the
others nuclides, being between the corresponding values for hydrogen and other light nuclides. Neutron
slowing-down from 0.1 MeV to 0.5 eV requires from 12 to 102 elastic collisions with light nuclides while
the same neutron slowing-down requires about 1270 elastic collisions with natural lead or **Pb. The
reason is the high atomic mass of lead in comparison with the other light nuclides. From this point of view
neither natural lead nor **Pb are effective neutron moderators.

However, since *®*Pb is a double magic nuclide with closed proton and neutron shells, radiative
capture cross-section at thermal energy and resonance integral of “**Pb is much smaller than the
corresponding values of lighter nuclides. Therefore, it can be expected that even with multiple scattering
of neutrons on **Pb during the process of their slowing-down, they will be slowed down with a high
probability and will create high flux of slowed down neutrons.

So, thanks to very small neutron capture cross-section, the moderating ratio (see Table III [8,9,10]),
i.e. the average logarithmic energy loss times scattering cross-section divided by thermal absorption cross-
section, of *®Pb is much higher than that for light moderators. This means that ***Pb could be a more
effective moderator than such well-known light moderators as light water, beryllium oxide and graphite.

TABLE III - Properties of Neutron Moderators at 20°C

Average o
Mode- logarith%nic Mode- Neutronzage, Diffusion length, Mean lifetime
rator | energy loss, rating ratlllo, T (cm”) L (cm) of thermal neutrons
2 EX /X, (0.1 MeV —0.5¢V) Ty, (ms)
H,O 0.95 70 6 3 0.2
D,O 0.57 4590 58 147 130
BeO 0.17 247 66 37 8
c 0.16 242 160 56 13
Pb,, 0.00962 0.6 3033 13 0.8
2%pp 0.00958 477 2979 341 598

It is noteworthy that mean lifetime of thermal neutrons in ***Pb is very large (about 0.6 s). This effect
could be used to improve essentially safety of fast reactor by slowing down progression of chain fission
reaction on prompt neutrons.® This assumes the greater significance under accidental conditions with
destruction of the reactor core, when the energy yield is defined by lifetime of prompt neutrons because
other kinetic parameters either out of any control (the inserted positive reactivity) or can not go out of the
very limited range (Doppler coefficient, effective fraction of delayed neutrons, the reactor power).

As a reflector of thermal neutrons, isotope “**Pb is inferior to light materials on the reflecting ability
(albedo) with a thickness below 40 cm, but ***Pb is superior to light materials with an increased thickness
thanks to small capture cross-section (Fig. 3). This is one of the most important characteristics because the
prolongation of prompt neutron lifetime is caused by the most long-lived slow and thermal neutrons
coming back from the reflector into the reactor core.
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Figure 3 - Comparison of thermal neutron reflectors: dependence of albedo on thickness of reflector
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III. SLOWING PROMPT NEUTRON CHAIN REACTION IN FAST REACTOR. PROMPT
NEUTRON LIFETIME

Table IV summarizes relevant neutron-physical characteristics of some nuclear materials, including
radiogenic lead (R-g Pb). It can be seen that natural lead is able to slow down only 30.4% of fast neutrons
(0.1 MeV) into epithermal range (0.5 eV) while the remaining fraction (69.6%) is absorbed by natural
lead in the slowing-down process. On the contrary, almost all fast neutrons (99.3%) can be slowed down
by ***Pb into epithermal range.

TABLE IV - Neutron-Physical Characteristics of Different Materials

Material Slowing-down probability (0.1 — — Neutron lifetime, ms
/country MeV —0.5eV) VI c:m VT ?;m Slowing down Thermal
Pbac 0.304 61134 V6L 3 0.56 0.8
208pp 0.993 134 835 0.56 598
D,O 0.999 19 360 0.01 130
Graphite 0.998 31 138 0.03 13
R-g Pb in different countries*:
Brazil 0.930 134 186 0.56 29
Australia 0.914 134 142 0.56 17
USA 0.885 134 129 0.56 14
Ukraine 0.915 134 145 0.56 18

It is worthy to note that in both cases, i.e. during the slowing-down process of fast neutrons in natural
lead and in **Pb, mean distance of neutron transport and mean slowing-down time are approximately the
same (about 134 cm and 0.56 ms). As for thermal neutrons, mean distances of neutron diffusion till
absorption are quite different for two lead types (30 cm in natural lead and 835 cm in ***Pb).

This means that, firstly, very small fraction of neutrons which were slowed down in natural lead
reflector can come back into the reactor core. On the contrary, **Pb reflector gives them such a
possibility. Secondly, mean lifetime of thermal neutrons in the infinite ***Pb environment (0.6 s) is longer
by three orders of magnitude than that in natural lead (0.8 ms). So, main process in “**Pb reflector is a
neutron slowing-down, not neutron absorption, and these slow neutrons, after a diffusion (and time delay),
have a probability to come back into the reactor core and sustain the chain fission reaction. Mean lifetimes
of slow neutrons and, especially, thermal neutrons are substantially longer than those for fast and slowing-
down neutrons. This constitutes a potential for significant extension of mean prompt neutron lifetime in
the chain fission reaction.

It is noteworthy that neutron-physical parameters of radiogenic lead extracted from thorium and
thorium-uranium ore deposits in Brazil, Australia, USA and Ukraine are inferior to those of 298ph but they
are substantially better than those of natural lead. For comparison, Table IV presents relevant data for
heavy water and graphite. Some neutron-physical parameters of these materials are superior to those of
*%pp. However, the use of heavy water or graphite as a neutron reflector in a fast reactor is a doubtful
option, at least, because such a neutron reflector can substantially soften neutron spectrum in the reactor
core with all negative consequences.

In order to find out to what extent the theoretical prerequisites on potential advantages of ***Pb as a
neutron moderator, coolant and reflector are well-grounded, the lifetime of prompt neutrons in the fast
reactor core (simplified model) has been estimated.

Neutron-physical calculations have been performed using the software package TIME26’, where one-
dimensional model of fast reactor in 26-group diffusion approximation is considered. Evaluated nuclear
data file BNAB-78 was used, which was processed by auxiliary software package ARAMAKO-CI1
(preparation of self-shielded micro-constants for every reactor zone).® Mean lifetime of prompt neutrons is
a bilinear fractional functional of neutron flux and its adjoint function in the reactor as a whole including
neutron reflector.

— 26 ——
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In the course of physical calculations, three reactor models were used that did not differ in the main
parameters of the core (fuel type, coolant, fuel cladding, contact layer, fuel assembly materials). They
differed only in the diameter of the core, in the thickness of blanket, in it content, also to equalizing the
radial heat distribution, they have different enrichments. And so, our models:

First: have the same core as a BN-600 and the same size of blanket (30 cm), but there is no fertile fuel
and fuel assembly materials in the blanket, there is only natural lead in it

Second: have the same core as a BN-600, there is no fertile fuel and fuel assembly materials in the
blanket, the thickness of it changed from 30 cm to 300 cm and there is only 208Pb

Third: this model is identical to the second model in content, there is only one difference: radius of
core changed from 100 cm to 20 cm. We named second and third model, concerning to its sizes of core
“large” and “small” reactors respectively.

As indicated above, the core of the first two models is the same, their difference only in the reflector
in blanket and in its thickness. To get the effect of slowing down of different reflectors we measured the
neutron spectrum in the 5 cm thick layer in the blanket region close to the core. To compare with these
two models, BN-600 was also considered as a variant of the "absence" of the reflector (see Hist. 1).
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Hist. 1. Neutron spectrum on the edge core-blanket

III.A. Impact of Reflector Parameters on Fission Distribution and Neutron Spectrum

In hist.1 energy of neutrons distributed into 26 groups from fast to thermal spectrum. As can be seen
on the histogram, in the blanket layer close to core region of the "large" reactor, the number of epithermal
neutrons is much larger than in the same layers of the BN-600 and the reactor with the natural lead
reflector. Neutrons can come to this layer from the core and from the depth of the reflector. Neutrons
coming into this layer from the core are mostly fast, because they are formed as a result of the fission
reaction, when epithermal neutrons in a larger amount may appear here only due to slowing down in the
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reflector. Simply put, the same number of neutrons passes from the core to blanket in all three reactors,
but only in the "large" reactor their significant number slows down to epithermal energies and come back,
due to the good moderating ability of radiogenic lead. This is explained by the fact that in lead-208 the
mean distances of thermal neutron diffusion till absorption (835 cm) [9] are larger than the thickness that
we have (300 cm) in the reflector.

So, main process in ***Pb reflector is a neutron slowing-down, not neutron absorption, and these slow
neutrons, after a diffusion (and time delay), come back into the reactor core and sustain the chain fission
reaction.
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Figrky 4 - Radial heat generation distribution in the core of reactor with natural lead

Thick reflector with effective neutron slowing-down can increase slow neutron flux from reflector to
the reactor core and, as a consequence, increase heat generation rate on the core boundary (edge) that can
we see in the figures 4,5,6.
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Figrky 5 - Radial heat generation distribution in the core of “big” reactor
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This confirms once again that, as is supposed, neutrons coming back from reflector into the reactor
core are slow neutrons indeed.

_/

2nd
zone

units.

radial heat generation distirbution, rel.

1 2 3 4 5 6 7 8 9 10 11 12 13 1451617181920
core radius, cm

Figure 6 - Radial heat generation distribution in the core of “small” reactor.

Thick (3 m) **Pb reflector can soften neutron spectrum in center of the fast reactor core. The spectral
softening effect can be illustrated by variations of a universal spectral index a(*’Pu), i.e. ratio of energy-
averaged radiative capture cross-section to energy-averaged fission cross-section, in the core center and
on the core edge, that defines, to a large extent, fuel breeding properties of fast reactors. The spectral
indices in the core center are equal to 0.243 for thin (30 cm) neutron reflector made of natural lead (1%
model) and 0.243 for thick (3 m) neutron reflector made of **Pb (2™ model), i.e. there is no spectral
softening effect in the core center.

More impressive spectral softening effect takes place on the core edge (2™ zone) : a(**°Pu) increases
from 0.229 to 0.282, i.e. on 23%. Splash of heat generation rate in “large” and “small” reactors weakened
by decreasing content of fissile materials in layer of fuel rods adjacent to the core edge.

Table V - Enrichment in zones of reactors with different reflectors

Model of reactor Content of plutonium fraction, %
1™ zone 2" zone
BN-600 with natural Pb 14.30 18.29
«Bigy reactor 14.82 13.91
«Smally reactor 30.12 13.91

The spectral softening effect in the core may be regarded insignificant. Hence, application of thick
neutron reflector made of heavy material is not able to soften radically neutron spectrum in the reactor
core, thus remaining the reactor in the category of fast reactors on its spectral parameters. This is a
principal conclusion because the prolongation of prompt neutron lifetime is based, to a large extent, upon
deep penetration of neutrons into the reflector, and thermal neutrons are not able to do it

II1.B. Dependence of prompt neutron lifetime on thickness of various reflectors

So, with a good reflector and moderator around core we must observe increasing in the value of mean
prompt neutron lifetime A, For example, value of such parameter in BN-600 reactor is about 2,79* 107s.
Replacement of fertile fuel in blanket (0.3m) by natural lead (1* model), changed the prompt neutron
lifetime to 2,86*107 s. Replacement of fertile fuel in blanket by ***Pb (2% model), i.c. use the last one as a
neutron reflector and moderator and change thickness of ***Pb reflector from 0.3 m to 3 m , extended
prompt neutron lifetime to 1,4*10™, i.e. by ~500 times.
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Such a drastic extension of mean prompt neutron lifetime is caused by the following effect. Fast
neutrons from the reactor core penetrated deeply into **Pb reflector, multiple neutron-nucleus collisions
slowed down these neutrons and they came back to the reactor core after an essential time delay (due to
small absorption and effective albedo of ***Pb). Since these returning neutrons, in the terms of their origin,
are prompt neutrons, it can be spoken about the slowed progression of chain fission reaction on prompt

neutrons.
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Figure 7 - Dependence of prompt neutron lifetime on thickness of various reflectors in “big” reactor

Dependence of mean prompt neutron lifetime on thickness of neutron reflector from ***Pb is shown
on fig 7,8. As neutron reflector thickens from 150 cm to 300 cm, mean prompt neutron lifetime increases

approximately 30 times in a “large” reactor and 42 times in a “small” reactors.
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Figure 8 - Dependence of prompt neutron lifetime on thickness of various reflectors in “small” reactor

Noteworthy that mean prompt neutron lifetime becomes longer and doesn’t reach plateau even with
noticeably large reflector thicknesses (3m). This is explained by the fact that in lead-208 the mean
distances of thermal neutron diffusion till absorption (835 cm), and its mean lifetime longer by several

orders of magnitude than mean lifetime of fast and slow neutrons.
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HI.C. Some other methods for increasing the value of mean prompt lifetime

Also, we can prolong mean prompt neutron lifetime by placing a graphite layer (0,5 m thick) behind
%pp reflector (3 m) (fig 7,8). In this case, small neutron fraction can diffuse through thick reflector and
reach graphite. Graphite, as a good neutron moderator and reflector, provides effective neutron slowing-
down, and then slow neutrons can come back to the reactor core. Using only graphite as a reflector in
blanket of fast reactors can lead to such a significant softening of the neutron spectrum in the core that it
is become thermal. It should be noted that application of the combined neutron reflector (**Pb and
graphite) can substantially reduce demands for needed quantity of **Pb.

On the other hand, to increase prompt neutron lifetime we need that the slow neutrons returning from
reflector back to reactor core should be effectively involved in chain reaction through fission.
Accordingly, in the core region closed to reflector it’s preferable to apply fissile nuclide with small value
0=0./c¢. As such nuclide we placed 23U in that zone of core where we have heat splash. As a result, in a
“large” reactor the value of this parameter decreased from 0,338 to 0,103, and in a “small” from 0,337 to
0,105. It certainly influenced on mean prompt lifetime. As you see in a “large” reactor it increased by
14,7%, and in a “small” - by 17,8%.

Besides, soften neutron spectrum in the outer region of reactor core closed to reflector will improve
Doppler effect of reactor.

IV. MATHEMATICAL MODELS OF NEUTRON KINETICS IN THE FAST REACTOR
WITH THICK REFLECTOR

The longer lifetime of prompt neutrons can substantially improve kinetic response of the fast reactor
to insertion of relatively large (about $1 or even more) positive reactivity. For simplicity, let effective
fraction of delayed neutrons B be the same for all the fast reactor models under consideration here and
equal to B(**°U) = 0.0065.

As is known, if relatively large positive reactivity jump occurred, then an asymptotic power excursion
period is mainly defined by lifetime of prompt neutrons in chain fission reaction. If you consider
dependencies of the asymptotic period on the reactivity jump of reactors with different values of lifetime
of prompt neutrons. You see the shorter lifetime of prompt neutrons results in the faster power excursion
at the same reactivity jump. It means that the reactor safety can be enhanced by making lifetime of prompt
neutrons longer.

IV.A. One-Point Model

Dependencies of the asymptotic period on the reactivity jump can be obtained by using one-point
model of neutron kinetics with six groups of delayed neutrons, without accounting for any feedback
effects. This mathematical model can be described by the following set of differential equations[11]:

dN(H) _ p-B d
o ™ N(t) + ;xici(t)

@
dc,(t)

_ BN - L i
dt _A N(t) kici(t)r (1 19'56) >

prt
where N — neutron population in the reactor core; C; — quantity of nuclei-emitters for i-th group of delayed
neutrons in the reactor core; p - reactivity, p=(Ker -1)/Ker, where K. — effective neutron multiplication
factor in the reactor including neutron reflector; P - effective fraction of delayed neutrons; [3; — effective
fraction of delayed neutrons in i-th group; A,: — generation time of prompt neutrons in the reactor
including neutron reflector; A; — decay constant of nuclei-emitters for i-th group of delayed neutrons.

Lifetime T and generation time A, of prompt neutrons are linked by the following relationship: 1=Ke¢
“Apr. Since only critical and nearly critical (within some dollars from criticality) states are analyzed here,
lifetime and generation time differ insignificantly. These terms are regarded below as equivalent ones.

Within the frames of one-point kinetic model (1), the “inverse-hour” equation that links the
asymptotic period of the power excursion T with the inserted positive reactivity p may be written in the
following form:
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IV.B. Two-Point Model

As it is noted [12], one-point model is not completely applicable for characterization of neutron
kinetics in the reactor cores surrounded by neutron reflector. The associated problems are analyzed [12-
18] with application of multi-point models or with introduction of some additional (fictive) groups of
delayed neutrons. The latter case takes into account the following new parameters: time of neutron staying
in the reactor core before leakage, time for neutron transport from the reactor core to neutron reflector,
time of neutron staying in the reflector, time for neutron transport from the reflector into the reactor core,
time from neutron arrival in the reactor core to initiation of fission reaction by this neutron. In this case,
neutron reflector is placed in the immediate vicinity to the reactor core, and the reflector is thick from
physical point of view. This means that time of neutron staying in the reflector plays a dominant role in
competition with all other times. If one additional group of delayed neutrons, namely slow neutrons
coming back from the reflector into the reactor core, is introduced to study the reflector-induced effects on
neutron kinetics, then the following set of equations may be written:

dN() _ p—B-px <
i A N(t) + ;Xici(t) + AgCr (V)
acv _ B ey _
dt - AC N(t) 7\’1C1 (t)s (1 15'76) (3)

dCg (1) PR 1
= TEN(t) — AzCir(t), Ap=—,
dt Ac © RCr (O Ar Ag

where:Cr — quantity of fictive nuclei-emitters for additional group of delayed neutrons, i.e. for neutrons
coming back from the reflector into the reactor core where they can initiate fission reactions. For brevity,
this parameter may be called as a quantity of fictive nuclei-emitters in the reflector;

pr = (Ker — Ke©)/Kes — reactivity gain caused by the reflector, i.e. increase of reactivity caused by
neutrons coming back from the reflector to the reactor core and subsequent initiation of additional fission
reactions. For brevity, this parameter may be called as a reactivity gain caused by the reflector;

K.t — effective neutron multiplication factor in the reactor including neutron reflector (like as in one-
point model;

K. — effective neutron multiplication factor in the reactor without neutron reflector;

Ac — generation time of prompt neutrons in the reactor without neutron reflector;

Ag — generation time of prompt neutrons caused by the reflector-induced effects. This generation time
is a sum of neutron lifetime in the reactor core, time of neutron staying in the reflector and neutron
lifetime in the reactor core after coming back from the reflector. For brevity, this parameter may be called
as a generation time of prompt neutrons in the reflector.

According to the set of equations (3), additional group of delayed neutrons, that simulates neutron
diffusion in the reflector, can be characterized by its effective fraction, i.e. contribution of the reflector
into reactivity, and by its decay constant, i.e. inverse generation time of prompt neutrons in the reflector.
The “inverse-hour” equation, that links the asymptotic period T with the inserted positive reactivity p, can
be written in the following form for the reactor core surrounded by neutron reflector:

Ac Pr n 26: B (4)
i=1

= =< 4 i
P T  1+T/A 1+2,T

This equation differs from similar “inverse-hour” equation (2) in one-point model (1) by the second

summand that describes the role of neutron reflector. Besides, the first summand of the “inverse-hour” in

one-point model contains lifetime of prompt neutrons in the reactor as a whole, including neutron

reflector, while the first summand of the “inverse-hour” equation in the model with additional group of

— 3 ——
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delayed neutrons contains generation time of prompt neutrons in the reactor core without neutron
reflector. Generation time of prompt neutrons in the reflector Ar can be calculated from the following
balance relationship [12]:

Apn = (l_pR)AC + pRAR 5 (5)

where A,y (like one-point model) — generation time of prompt neutrons in the reactor with neutron
reflector. The balance relationship defines generation time of prompt neutrons in a system as a sum of
generation times of prompt neutrons in all system’s components (in the reactor core plus in the reflector,
for instance) with the weighing coefficients which characterize contributions of these components into
total criticality.

It may be concluded from equation (4) that pr plays here a role of additional fraction of delayed
neutrons that is characterized by Ag, generation time of prompt neutrons in the reflector. This means, in
its turn, that application of such a thick neutron reflector gives a new quality to the reactor — the larger
fraction of delayed neutrons and, as a consequence, slowing down of chain fission reaction.
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Figure 9 - Dependence of asymptotic period in the BN-600 fast reactor on power excursion reactivity
for different sizes of core and different reflectors

One else important circumstance consists in the following fact. The larger fraction of delayed
neutrons depends mainly on neutron leakage from the reactor core and, thus, may be chosen as a
developer wills, while fraction of nuclei-emitters of delayed neutrons may be chosen only within very
stringent constraints. Evidently, generation rate of these “delayed” neutrons substantially depends on
33
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leakage rate of fast and resonance neutrons from the reactor core. That is why application of thick neutron
reflector is a reasonable option not only for fast reactors but also for the reactors with resonance and even
thermal spectra, i.e. for the reactors with significant leakage of fast and resonance neutrons from the
reactor core.

The “inverse-hour” equation (4) for the reactor core surrounded by neutron reflector with additional
group of delayed neutrons coincides with the “inverse-hour” equation in two-point model [12]. And we
used this equation to consider dependencies of the asymptotic period on the reactivity jump of our three
types of reactor . As shown in the figure 9 If reactivity is well below $1 there is no difference in
asymptotic periods of reactors. However, if reactivity approaches or exceeds $1, difference in the values
of an asymptotic periods of reactors that have ***Pb in the blanket (“small” and “large”) and do not have
(reactor with natural lead in the blanket) reaches several orders of magnitude. For example, when we
inserted the same reactivity $1,45 into the reactor core of all three types of reactor the difference in values
of this parameter of “large” reactor and reactor with natural lead in the blanket becomes 2,5 orders of
magnitude. For “small” reactor this difference of values becomes 3 orders. This big difference can only be
explained by the presence of a three-meter reflector contains ***Pb.

If positive reactivity p = $1 is inserted into the fast reactor BN-600 (neutron reflector — natural lead,
0.3 m thick), then asymptotic power excursion period is equal to 14 ms. If the same reactivity is inserted
into the supposed “large” reactor (have the same core as a BN-600, neutron reflector — ***Pb, 3 m thick),
then asymptotic power excursion period is equal to 410 ms, if into supposed “small” reactor (have the
same core as a BN-600, but radius reduced from 100cm to 20 cm, neutron reflector — ***Pb, 3 m thick)
then — 1480 ms! This means that power of the fast reactor BN-600 with natural lead in the blanket
increases in a second by 29 orders of magnitude (in fact, this is an explosion) while power of the fast
“large” reactor increases in a second eleven-fold and power of the fast “small” reactor increases in a
second two-fold only. Such a time interval (one second) may be long enough for partial heat removal
from fuel by coolant, and the opportunity arises for actuation of coolant temperature feedback. It may be
concluded that the use of thick ***Pb reflector in a fast reactors can upgrade substantially their nuclear
safety. The review is stinted with analysis of hypothetical transients without accounting for any
feedbacks.

V. SUMMARY AND CONCLUSIONS

All the results presented above allowed us to make the following conclusions:

1. the use thick (3 m) ***Pb reflector in fast reactors can considerably prolong mean lifetime of
prompt neutrons (on three orders of magnitude) that can substantially improve nuclear safety even if
positive reactivity above $1 is inserted into the reactor core;

2. the use of combined ***Pb-graphite reflector can shorten ***Pb layer with such spectral parameters
that allow to regard the reactor as a fast one;

3. the presence of a three-meter reflector contains ***Pb, leads to the fact that the asymptotic period
of reactor with such reflector exceeds the same parameter of reactor with same core and conventional
reflector by 2,5-3 orders of magnitude

So, fast reactor with reflector contains ***Pb will be more stable to inserted positive reactivities even
above $1 than it will be without it.
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B.K. Koskaxwmer', I.I". Kyaukor?, I'.C. Hyp6akoBa'

'On-Dapabu ateinarsr Kasak yITTIK yHEBepenTeTi, AmvaTsl, Kasakcran
2YITTHIK 3epTTey SAPONEIK yHuBepcnTeTi “MUOU”, Mackey, Peceit

28py HETT3IHAE HEMTPOH INAFBLIBIPFBIIIBIH
_ KOJITAHY APKbLIbI BH-600 INATILIAH PEAKTOP/IbIH
HEWTPOHIBIK — ®U3UKAJIBIK CUIIATTAMAJIAPBIH )KAKCAPTY

AnHoTamms. HeHTpoH IIarpUIABIPFBINGI JKoHE OasylIaTKBIIBI pETiHAE OAETTEe aTOM CajIMarbl Killli MaTepuaiiap
KOJXAHAIB! (KEHLNI JKOHE aybIp Cy, TPA(UT XKOHE T.C.). ATOM CaIMarbl ayblp XKaHa GasyJIaTKbII YCHIHBLIYAA — *°Pb H30TOMBI
OoiibIHIIA OAaNBITBIUIFAH PaJUOTeHaIK KOoprackiH. O oTe KilIKeHTall pagnoakTHBTI KapMay KMMachlHa (3KBUTYJIBIK HEHTPOH YIUiH
~0.23 mbapH, srHU [ediTepuil MEH rpauTTEri KOPCETKILITEpACH I¢ TOMEH) JKOHE JKbUIYJBIK HEHTPOHAAp YILIH JKOFapFbI
anpbesiora ue.

ANIBIHFBI XKYMBICTapJa IIAMIIaH PeakTopAa paJroreH Al KOPFacklH KOJIaHy apKbLIbl Je3/iK HeWTpoHaap Tiz0ekTi OemiHy
peaKkuusACHH OasynaTy MYMKIHIIT KepceTireH. by mammay peakTopAbIH KayilCi3AiriH apTThIpybl MyMKIiH.

Ocpl sxymbicTa OyHIal marsUIABIPFEIITEH BH-600 manman peakTopbIHBIH HEHTPOHABIK-(QHU3NKANBIK CHIIAT-TaMalapblHa
acepi 3epTTENreH.

Ecke anapisIK MaHBI3IE Mocere, **Pb Memmepi koGipeKTey pajHoreH i KOPFACKIHAB TOPHil KEHOPEIHIAPHIHAH H30TOIITEL
Geutinyci3 enaipyre 6onateinbie Can — [layno ynuBepcuretinae (bpaswims) sKcriepuMeHTal b 3epTTEYICPMEH JIAJIeIICHI€H.

Tyiiin co3mep: IANMIAH PEAKTOP KAYINCI3AiriHiH apTTHIPyl, JE3MiK HEHTPOHAAP OMIp CYpPy YAaKbITHIHBIN y3apysl, ~°Pb
Heri3iHae HeUTpoH warsuAbIPFbIiIbl, BH — 600 mamnman peakTopsl.

B.K. Kosaxmer', I'.I". Kynukor?, I'.C. Hyp6akosa'

'Kazaxckuii HALOHATBHbII YHHBEPCHTET MMeHH anb-Dapabu, Anmatsl, Kasaxcran
HannoHa TbHbII HCCIeT0BATEIbCKHUIT sIepHBIH yHIBepenTeT “MUOU”, Mocksa, Poccust

YJIYYIMIEHUE HEUTPOHHO — ®U3NYECKUX XAPAKTEPMCTHK BHICTPOI'O PEAKTOPA
BH - 600 IIYTEM UCIIOJIb30BAHUS OTPAJKATEJISI HEUTPOHOB HA OCHOBE 2%Pp

Annoranus. Kak npaBuio, B kauecTBe 3aMeUIUTENCH M OTpakaTeled HEHTPOHOB HCIIONB3YHOTCS MaTepUaibl ¢ MajbIM
ATOMHBIM BECOM (JIeTKasl ¥ TshKenast Boja, Tpadut u T.14.). [IpeaaraeTcss HOBBIN OUSHB TSDKENBIN 110 aTOMHOMY BECy 3aMeUIUTEIIh
— paIMOTCHHBIN CBHHEI, COACPIKAIIUIA TI1aBHBIM 00pa3oM uzororn 208Pb. OH xapakTepu3yeTcs Ype3BbIUAiHO HU3KHM CCYCHUEM
paaualiOHHOTO MOMIIONIeHHsT HeHTpOoHOB (~0.23 MOapH AJIsI TEIUIOBBIX HEHTPOHOB, T.€. MEHBIIE, YeM y rpaduTta U AedTepus) u
HauOOIBLUINM aJIbOE0 TEIIOBBIX HEUTPOHOB.

B mpenpinymux pabotax ObUIO OIIEHEHO, YTO HCHONB30BaHME PAJHOTEHHOTO CBMHIA TO3BOJISIET 3aMEUIUTH LEMHYIO
PEaKINIO IeNICHUs] HA MTHOBEHHBIX HEHTPOHAX B OBICTPOM peakTope. ITO MOXKET yIydIIUTh 0€30MacHOCTh OBICTPOTO peakTopa.

B nmanHoit paboTe W3ydeHO BIHMSHHE TaKOTO POJAA OTpakaTessi Ha HEHMTPOHHO — (PM3MUECKHE XapaKTEPUCTHKH OBICTPOTO
peaxropa BH — 600.

Baxno 3ameTHTh, YTO pPAJMOTEHHBIN CBHHEI[ C OOJBIIMM COJICp)KaHHEM B HeM cBHHIA-208 MokeT OBITH HOOBIT B
MECTOPOXKJICHUSIX TOPHEBBIX PYA (2 TaKKe TOPUH-YPAHOBBIX pPya) 0€3 HM30TONMHOIO pa3ieNeHUs,, YTO HSKCIIEPUMEHTAIBHO
MOATBEPIKACHO UCCIICIOBaHUSMHY, BBITOIHEHHBIMY B Y HUBepcutete CaH [layino (Bpazmus).

KuroueBsble ciioBa: ymydrieHne 6€30MacHOCTH OBICTPOIO PEAKTOPA, YBEINUYEHUE BPEMEHH JKH3HU MTHOBEHHBIX HEUTPOHOB,
OTpakaTenb HeHTPOHOB Ha ocHoBe “**Pb, GIcTpbIii peakTop BH — 600.
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FIP EFFECT MANIFESTATION FEATURES IN CORONAL MASS EJECTIONS

Abstract. FIP effect manifestation features in coronal mass ejections are investigated. For the analysis
observational data from SC ACE (SWICS device) spacecraft were used in an ion energy range (0.5-100) keV/e. In
addition to the values of the relative content of Fe/O, an indicator was obtained that characterizes the degree of
ionization of iron and oxygen ions Q(Fe), Q(O). To quantify the values of the parameters Q(Fe) and Fe/O, their
mean values were calculated in the six-hour interval during the time period of these indexes. A comparison of the
values of Q(Fe) and Fe/O showed that for Fe ions less than +13 there is practically no change in Fe/O with
increasing Q(Fe). But with Q(Fe) >13, the manifestation of the FIP effect is sharply increased, due to the increase in
the relative contents of Fe ions. Probably, due to the penetration of an energetic flare plasma into the body of the
outbursts, when they develop together in the corona of the Sun, a significant increase in the degree of ionization of
the Q(Fe) ions occurs. As a result, the Fe/O index can be used as an indicator of the possible presence of flare
plasma in the coronal mass ejection charge structure.

Keywords: solar activity, coronal mass ejections, energy spectra, FIP effect, Fe/O ratio.

Introduction

Flares and coronal mass ejections (CME) are primary active processes on the Sun which influences
on state of interplanetary environment and Earth’s magnetosphere. According to a modern conceptions
flare and CME may be consider as a unified process connected with an equilibrium violation of magnetic
structure owing to free magnetic energy build-up in an active region. While energy releases of
accumulated magnetic energy in flare dissipation regions (current sheets) it occurs a fast plasma heating
and particle acceleration to a high energy [1-3]. Besides, a high-velocity CME (CME masses can reach up
to 10" - 10' g and their velocities can exceed 2000 km/sec) are capable to generate a shock waves which
can accelerate of particles effectively, when flare plasma flows move near the Sun and in interplanetary
medium.

It is noted that in flare evolution a part of hot flare plasma can to penetrate into CME ejection body
and then the observed spectrum of accelerated particles has a composite character. In this connection
values of minor element ratio Fe/O play an important role which is consequence of FIP effect
manifestations (FIP- first ionization potential) because this particle population accelerated by flare is a
highly enriched Fe (Fe/O>1). On the contrary, particles accelerated by shock waves are depleted by Fe
(Fe/O<1).

The composition of minor elements in the photosphere, fairly reliably determined by spectroscopic
methods, is completely homogeneous over the entire visible solar surface; however, the abundance of
admixtures in structural formations of the solar corona and solar wind appears to differently depend on
FIP relative to their concentrations in photosphere. It has been established that the admixtures are
fractionated according to FIP in the upper solar chromosphere. Elements with low FIP (<10 eV — Fe, Mg,
Si, K, etc.) are easily ionized and carried away under driving the ponderomotive force of alfven waves to
the upper solar atmosphere [4,5] where these ions are able to accumulate largely in the central parts of
closed magnetic structures of active regions. Driving mechanism on minor ions by ponderomotive force
of alfvenic waves was proposed by Laming [5] and in a present time it is considered as a most likely
mechanism as far as it has ability to explain FIP effect manifestations not only in solar corona but in stars
coronae too. Alfven waves are generated at footpoints of loop magnetic field structures under random
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plasma motions in photospheric layers and may be generated in magnetic reconnection regions also.
Minor elements with a high FIP (>10 eV — C, N, O etc.) remain neutral in chromospheric layers and their
abundances does not change because their ionization occurs in high-temperature coronal layers only.
Consequently, the ratio value Fe/O in different coronal structures and in solar wind has a various values
and it may be considering as an indicator of physical processes in solar plasma. In the first time the FIP
effect manifestations in solar corona was established spectroscopically by Pottasch [6].

Recently, new results have been obtained on the evolution and distribution of impurity elements in
the structures of solar active regions. Observations from the Hinode/EIS satellite have shown that
impurity elements with low FIP potential can accumulate in the upper parts of the loop structures with
strong fields in the central zones of active regions [7]. At the periphery of the active regions, the magnetic
reconnection process with the emerging small-scale magnetic fields with a photospheric composition
prevents the accumulation of elements with a low potential of FIP. As a result of the "exchange" magnetic
reconnection, plasma with a reduced composition of elements with a low FIP goes beyond the active
regions and can manifest itself in a slow solar wind [8].

Detailed observations also showed that the composition of the elements in the hot plasma evaporating
during large X-ray flares is close to the photospheric composition [9]. At the same time, the composition
of ions in the plasma of CME emissions associated with such outbursts turns out to be a highly enriched
element with a low potential of FIP and a high degree of ionization. Such emissions are called
"compositionally hot" CME emissions [8]. It is noted that such CME emissions are injected from the
central parts of active regions. In observations of the phenomena of pulsed heating in the solar transition
region, a plasma composition close to the photospheric composition was also found. In contrast, the fan of
the overlying coronal loops showed enrichment with elements of low FIP potential [10]. These authors
concluded that the composition of the plasma can serve as an important sign of coronal heating. Naturally,
the FIP effect is also manifested in the composition of energetic particles accelerated by flares and
ejections, therefore some characteristics will be described here.

Based on the results of the analysis of 54 solar cosmic ray events (SCL) (November 1994-June 2012)
in the energy range of 2-15 MeV/n, Reames [11] concluded that the main cause of variations in the
abundances of heavy ions in the interplanetary medium, and, consequently, changes in the ratio of Fe / O
is their scattering by Alfven waves, which depends on the magnetic stiffness of the particles. This process
occurs during the propagation of particles from the region of acceleration due to shock waves caused by
CMEs. Alfven waves in the solar wind are excited by vigorous protons and impurity ions themselves,
which are accelerated both in flares and in shock waves from the CME [11]. Fe ions are scattered by
Alfven waves less efficiently than oxygen ions, therefore, in the case of propagation in a turbulent
medium, iron ions outstrip oxygen ions, which leads to registration of Fe / O> 1 ratios.

Thus, in this paper, some features of the manifestations of the FIP effect in the composition of CME
will be described in terms of the characteristics of the ratio of Fe / O in the CME structures and the degree
of ionization of Fe.

Processing of the observation data

For the research purposes, 17 CME (1998-2006) were selected, which had a pronounced front shock
front with the highest confidence level - Shock4 (according to SOHO classification). All CME emissions
belonged to the structural type "halo". In the course of propagation of CMEs in the corona and
interplanetary medium, the magnetic structure of the ejection expands after the forward shock wave. The
turbulent region of compressed plasma immediately behind the front of the shock wave is characterized
by strong variations of the components of the interplanetary magnetic field B, increased values of the
proton density N, their velocity V,, and temperature T, [12]. Behind the area of turbulent compression
(shell) is the actual "body" of the ejection. The data describing the time boundaries of each of the CME
structures were taken in the "Wind ICME Catalog".

In the earlier work Minasyants et al. [13], Fe/O energy spectra were calculated in seven different
energy intervals for the CME structures representing magnetic clouds with the help of the Fe and O
energy spectra. The value of the Fe/O ratio in the region of turbulent plasma compression in the entire ion
energy range remains less than unity, which indicates that the Alfven turbulence of the oxygen ions is
weak, which have a high FIP value. In the magnetic cloud region in the energy range (0.2-0.6) MeV/n, the
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Fe/O ratio is much higher and in some cases even exceeds unity. This may be due to the amplification of
scattering by Alfven waves or to the effect of preferential accumulation of ions with a low ionization
potential in a magnetic cloud before ejection.

To investigate the structure of the emissions, in addition to the values of the Fe/O index, an indicator
was obtained that characterizes the degree of ionization of elements, including iron and oxygen ions. The
hourly average values of these parameters, as well as the velocities of Fe ions (for the charge state Q=
+10) and O (for the charge state Q= +6) were taken in the ACE spacecraft database (SWICS device)-all
observations refer to the energy interval (0.5-100) keV/e.

To quantify the values of Q(Fe) and Fe/O, their mean values were calculated in the six-hour interval
during the period of increase in the time profiles of these parameters (Table 1).

Discussion of results and conclusions

The following figure shows the changes in the O and Fe ion velocities with time, their degree of
ionization Q(O), Q(Fe), and the relative Fe/O content for CMEs that resulted from the development of
powerful events - solar cosmic ray bursts (GLE). Vertical dashed lines from left to right show: the arrival
of the shock wave front (UV) CME, followed by the region of turbulent plasma compression (shell),
between the second and third dashed lines - the "body" of ejection.
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Figure 1 - Time changes with physical parameters in the structures of CMEs on July 15-16, 2000 and August 26-27, 2002

It is noted that the manifestation of the FIP effect associated with an increase in the relative content of
Fe ions with respect to O ions is enhanced in those cases when ions with increased charge states Q(Fe) are
present in the plasma of the CME emission (July 15-16, 2000). For the CME event, on the 26-27 August
2002, on the contrary, the values of the degree of ionization of the Q (Fe) ions, and, in fact, the lower,
actually background values, and, accordingly, the Fe/O ratio does not show such amplification. It is likely
that this testifies to the absence of more energetic flare plasma in the structure of the coronal ejection.

Consideration of temporal changes in parameters for all selected CMEs indicates their individual
properties associated with the composition of the plasma in the ejection, which manifests itself in different
values of the degree of ionization of Q(Fe), Q(O) ions, and their relative Fe/O content. In order to quantify
the values of the parameters Q(Fe), Fe/O in each CME, their mean values were calculated over a six-hour
interval during the period of increase in the time profiles of these indices.

One more feature in the CME emission structure was noticed. The region of turbulent compression,
which is characterized by high values of the plasma parameters V, N, B, T, associated with the shock
wave of the CME, as a rule, does not show the growth of the parameters Q(Fe), Q(O), Fe/O. This
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indicates a weak efficiency of scattering of ions by Alfven turbulence in this region (the turbulence of
Alfven waves exist behind the shock wave).

Table 1 shows the time of passage of all structural elements for the CMEs considered: the front of the
shock wave, the region of turbulent compression (shell), and the actual ejection body. For the plasma of
the considered emissions, in separate columns of the table, the electric field strength is E’, the charge
states of the iron ions are Q(Fe) and the iron ion content with respect to oxygen is Fe/O with error
averaging.

Tablel - The passage time of the structural elements of the CME and the values of the electric field parameters,
the degree of ionization of iron ions and the ratio of Fe/O in the release plasma

Arrival of Shell End/Frontal Q(Fe)

Ne | CME Shock part of CME body CME End E, mv/m Fe/O

1 | 04:20.08.11.1998 08:00.08.11. 23:31.08.11. 7.09+0.16 | 13.18+0.18 | 0.37+0.05
2 | 14:17.15.07.2000 19:10.15.07. 14:30.16.07. | 21.61+6.89 | 16.80+£0.18 | 0.81+0.17
3 18:19.11.08.2000 06.05.12.08. 05:05.13.08. | 14.55¢1.19 | 14.9240.17 | 0.63+£0.04
4 100:14.31.03.2001 12:00.31.03. 02:00.02.04. | 15.47+2.14 | 15.58+0.19 | 0.79+0.13
5 |23:57.17.04.2001 06:20.18.04. 07:20.19.04. 4.28+1.53 | 10.35+0.06 | 0.23+0.02
6 | 04:28.28.04.2001 17:59.28.04. 04:48.02.05. - 15.99+0.11 | 0.88+0.10
7 102:33.28.10.2001 11:00.28.10. 03:17.30.10. 5.92+0.43 | 14.36+0.89 | 0.40+0.05
8 ]05:51.24.11.2001 15:47.24.11. 13:17.25.11. 5.38+3.45 | 13.26+0.32 | 0.53+0.06
9 | 04:08.23.04.2002 07:11.24.04. 23:59.24.04 0.44+0.07 | 11.37+0.07 | 0.18+0.01
10 | 10:20.26.08.2002 14:23,26.08. 13:40.27.08. 2.46+0.41 | 9.41+0.07 | 0.27+0.01
11 | 05:51.29.10.2003 11:16.29.10. 10:00.30.10. - 16.31£0.25 | 0.79£0.15
12 | 16:00.30.10.2003 04:30.31.10. 23:00.02.11. - 16.77+0.20 | 1.20+0.23
13 | 05:53.04.11.2003 14:00.04.11. 12:00.06.11. 0.87+0.05 | 9.74+0.07 | 0.16+0.01
14 | 18:24.09.11.2004 20:38.09.11. 16:47.10.11. | 15.80+0.85 | 13.87+0.18 | 0.64+0.08
15 | 16:48.21.01.2005 23:45.21.01. 19:12.22.01. 1.75+£0.60 | 12.23+0.28 | 0.21+0.07
16 | 02:19.15.05.2005 04:17.15.05. 22:47.16.05. | 22.514+7.16 | 16.34£0.19 | 0.89+0.09
17 | 13:57.14.12.2006 22:36.14.12. 13:40.15.12. | 12.4340.50 | 16.31£0.10 | 0.51£0.10

A comparison of the values of the degree of ionization of Q (Fe) ions and the relative content of iron
ions to Fe/O oxygen in the CME plasma is shown in Fig. 2. At Fe ions less than 13, practically no Fe/O
changes with Q (Fe) increase are observed. But for Q (Fe) > 13, the manifestation of the FIP effect is
sharply increased, due to an increase in the relative content of Fe ions. This is probably due to the
presence of flare plasma in the body of emissions.
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Figure 2 - Degree of Fe ionization versus Fe/O values for considered CME events.

The obtained result agrees well with the conclusions of Zurbuchen et al. [8], devoted to the study of
the relative contents of various elements in the structures of a number of CMEs, where a tendency was
established to enhance the effect of the FIP effect upon the growth of the charge state of Fe ions.
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A special study was devoted to the identification in the CME structure of a correlation relationship
between changes in the values of individual physical parameters V, B, N,, E, T° K and Fe/O, Q(Fe)
values. Of all the parameters considered, the best correlation with changes in Q(Fe) and Fe/O in the
plasma of coronal discharges is shown by the values of the electric field strength E, which have a natural
relationship with the electron density (Fig. 3).
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Figure 3 - The dependence of the electric field strength E" mV/m on the relative content
of iron and oxygen ions Fe/O from observations in the plasma of coronal mass ejections

Thus, the most probable reason for the enhancement of the values of Q(Fe) and, respectively, of
Fe/O, is the penetration into the body of the ejection of an energetic flare plasma significantly enriched by
electrons in the initial phase of their joint development. Based on the observational data described in the
Introduction, it can be concluded unambiguously that "composite hot" CME emissions are injected from
the central parts of the active regions. It is there, at the tops of the loops, the accumulation of elements
with a low potential of FIP. In the process of ejection and associated outbreaks, strong electric fields
appear in this region, and hot and dense plasma is produced, with accelerated electrons. Naturally,
multiply charged ions are strongly affected by electric fields, so the observed increase in the Fe/O ratio
can be explained. As a result, the Fe/O ratio can be used as an indicator of the possible presence of flare
plasma in the coronal ejection structure.
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'B.I'. DeceHKOB aTHHIAFE ACTPOMM3HKAIBIK MHCTHTYT, O6cepBaToprs-23, Anmarsl, KasakcTam;
2KYH-)Kep ®dusukacel HHCTUTYTHL, Y. JlepmonToBa 126-a, UpkyTck, Poccus

MACCAHBIH KOPOHAJIABI HIBIFAPBLTYJIAPBIHIA
FIP-OCEP/JIIH KOPIHYIHIH EPEKIINEJIIKTEPI

AnHoTamms. MaccaHnblH KOpoHAIABI mwbiFapyitapeinaa FIP-ocepain kepiHyiHiH epekuienikrepi 3epTrenii. OHaeynep Y
nongap (0.5-100) xaB/e snepruscer auamazonbiga ACE (SWICS acnaOsr) rapsimn anmapaTsl OaKbUIAYJIapbIHBIH MOJIMETTepi
naiinananeuiael. Fe/O campicThpMansl KypaMbl MoHIHEH Oacka Temip skoHe orTeriHiH Q(Fe), Q(O) MOHIApBIHBIH HOHOAHY
JIopexeciH CHIaTTalThiH Kepcerkim TapTeuinsl. Q(Fe) sxome Fe/O mapamerpiiepiHiH MoHIHIH CaHIBIK Oaraiaybl YIIIH Oyl
MHJEKCTEP/IiH yaKbITIIa OArbITTaphIHBIH apTybl KE€3€HIHAE alThl CaFaTTHIK MHTEPBAJIA ONApABIH OpTama MoHI ecenrenai. Fe
nouaapsl 3apsarapbl kesinge Q(Fe) xone Fe/O monmepin cambictbipy Q(Fe) ecyimen Fe/O miamachinbiH e3repyi +13 —meH
aseIparbl GakputanOaiinel. bipak Q(Fe) >13 kesinge Fe monmap xypamsl cajbicThIpMaibl apTybiMeH OaifimanbicTel FIP-acepain
KepiHyi keHer kyeieai. Kyn toxinae onapiasiy OipieckeH JaMybl Ke3iHIe MYMKIH IIbIFapyJiap JASHECiHe dHEPTUsUIBIK KapKbLT
ia3mMaHbiH enyi Hotkecinne, Q(Fe) nonmapelHbIH HOHIAHY ASPEKECiHIH alTapiablKTail apTysl Ooxanpl. HoTmkecinae nHaeKce
Fe/O wmHAeKciH KOpOHAbl LIBIFapyiapbl KYPbUIBIMBIHAA JKAPKbUI IIa3MaHbIH 00y MYMKIHIINIMEH HHAMKATOp DPETiHIE
naiinananyra 60maablL.

Tyiiin ce3aep: KyH OeNCEH I, MaCCaHBIH KOPOHAIABI MIBIFAPBUTYBL, 3HEprus crektpiepi, FIP — ocep, Fe/O kateiHach!.

VK 523.62
T. MnHacmml, T. Mnﬂacm{u', B. Tomo308>

]ACTpoq)I/BI/IquKI/Iﬁ uHCTUTYT HM. B.I'. decenkoBa, ObcepBaTopus-23, Anmartsl, Kazaxcran;
2I/IHCTI/ITyT Conneuyno-3emHol dusuky, yi. Jlepmonrosa 126-a, Upkyrck, Poccus

OCOBEHHOCTHU NINPOSIBJIEHUSA FIP-D®®EKTA B KOPOHAJIBHBIX BBIBPOCAX MACCBI

AnHoTanus. M3ydensr ocobenHoctn mposiBnenus FIP-sddexra B xopoHanmpHBIX BBIOpOcax Macchl. st o0paboTku
WCIIOJIb30BANIICE JaHHBIe HaOmroneHnit Ha kocMuaeckoM ammapare ACE (mpubop SWICS) B quanazone sHepruit nonos (0.5-100)
koB/e. Kpome 3HaueHmii oTHOcHTensHOro conepskanust Fe/O ObL1 HpHBIEYEH MOKa3aTellb, XapaKTEPU3YIOIIHH CTEHNEeHb
MOHM3AIMY MOHOB jkene3a u kuciopona Q(Fe), Q(O). s konudecTBeHHON oneHkH 3HaueHui napamerpoB Q(Fe) u Fe/O 6pum
paccuuTaHbl UX CPEAHUE 3HAYCHHs B LIECTHYACOBOM HHTEpBAJC B IEPHOJ ITOBBIMIECHHUS BPEMEHHBIX MPO(UICH 3THX WHIEKCOB.
Conocrasnenne 3nauennii Q(Fe) n Fe/O mokasano, uto npu 3apsinax noHoB Fe, MeHpmmx +13 mpaktudecku He HaOmomaeTcs
n3menenuii Bennuunsl Fe/O ¢ poctom Q(Fe). Ho npu Q(Fe) >13 pesko ycunusaercs nposiienue FIP-addexra, cBsazannoe ¢
YBEJIMUEHHEM OTHOCUTENBHBIX colep:kaHuii moHoB Fe. BeposTHO, Onaromapss NPOHMKHOBEHHMIO 3>HEPrHMYHOI BCHBILICYHON
IUIa3MbI B TEJIO BBIOPOCOB, IIPH UX COBMECTHOM Pa3BUTHH B KopoHe COIHIA, TPOMCXOIUT 3HAYUTEIHHOE YBEIHICHHE CTEIICHU
nonuzanuu nonoB Q(Fe). B pesynbrate, naaekc Fe/O M0XHO HCIIONB30BaTh B KAYECTBE MHAMKATOPA BOZMOXKHOTO HPUCYTCTBUS
BCTIBIIIIEYHOH ITa3MBI B CTPYKType KOPOHAIEHOTO BEIOpOCa.

KioueBble ci10Ba: CONHEYHAs! aKTUBHOCTH, KOPOHAIBHBIE BEIOPOCH! MACCHI, CIIeKTpH! dHeprun, FIP — saddekr, oTHOIIEHNE
Fe/O.
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SPECTROPHOTOMETRIC STANDARDS 8"- 10",
1. EQUIPMENT, METHODS AND FIRST RESULTS

Abstract. Justification of the task of creation a network the spectrophotometric of standards 8™-10™ is given.
Standards of this brightness are necessary for calibration of spectral observations using large telescopes. Selection of
stars — candidates in spectrophotometric standards and primary standards was made. As candidates in the standards
selected stars of spectral classes A and B which are located in the equatorial zone with declination £3°. The used
equipment - a new CCD spectrograph is briefly described. Dispersing element of a spectrograph is the concave
toroidal grating which simultaneously serves as collimator and as camera. The spectrograph operates in the slitless
mode. As the receiver of radiation the CCD camera ATIC-490EX was used. The new spectrograph allows to
investigate an energy distribution in the spectra of much dimer stars than in case of observations with spectrometers.
Observations on the telescopes AZT-8 and Zeiss-600 at Kavenskoe plato carry out. The differential method of
observations was used. Processing of CCD-spectrograms and numerical reductions detail is described. The energy
distribution in spectral region 340 — 660nm is investigated, spectral resolution of the obtained data be 5 nm, the
relative standard deviation - from 3 to 6%. The absolute energy distribution in spectra of two candidates for
standards is presented.

Key words: stars, spectrophotometric standards, CCD-spectrograph, method of observations.

Introduction. Study of energy distribution in the spectra of stars is the traditional subject of the
Fesenkov Astrophysical Institute. The created in the institute spectrophotometric catalogue of stars [1]
continues to be the most voluminous in the world. The spectral energy distribution is used to determine
the physical parameters of stars and interstellar medium. In addition, stars with a known distribution of
energy are used for standardization of spectrophotometric observations of diverse celestial objects and for
calibration of equipment. Usually as the spectrophotometric standards serve stars of the early classes. In
their spectra be available the extend ranges that is free from strong spectral lines. Spectrophotometric data
is present in two forms: "unbroken" and "porous". In "unbroken" form data about spectral outside
atmosphere illumination are presented continuously through a certain interval. This interval equals to
interval of the averaging of intensities. Thus illumination was presented in histogram form. In "porous"
form data are given for selected wavelengths. At present, unbroken energy distribution (integral spectrum)
for more than 1500 stars studied. Almost all of them are brighter 6™ [1-6]. In the literature and in the
database SIMBAD, there are several tens stars-standards 7" - 8" [7-10] and only a few - weaker.

The standards should be as much as possible, since from their numbers is influenced performance
observation and accuracy of data. Obviously, observations at large telescopes require weaker standards.
Therefore, adding to the available weak standards of even a few stars makes sense and task of creating
weak spectrophotometric standards is relevant. It can be said that their creation is an "eternal" task, since
over time weaker standards, more accurate, with higher spectral resolution and in a wider range of the
spectrum are required. We decided to expand the list of standards toward weaker ones compared to thouse
available in catalogues of stars and create network spectrophotometric standards 8™-10™. The present
work is the first of a planned series of publications devoted to its creation.

The equipment. Energy distribution in the spectra of stars in the above papers [1-10] was obtained
using singlechannel spectrometers, in which photomultipliers served as the radiation. For the study of
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energy distribution in the spectra of stars 8m-10m we specially made spectrograph [11], in which the
radiation receiver is a CCD camera. We emphasize that we have not encountered special studies of the
energy distribution in the spectra of stars with the help of CCD spectrographs.

Apparently, the lack of such studies is due not so much to the loss of their relevance as to the
methodological difficulties that arise in their implementation.

It is worth noting that the accuracy of recording the radiation fluxes of a CCD camera is lower
compared to photomultipliers. Nevertheless, the binding of spectral observations of a variety of celestial
objects obtained with CCD spectrographs to standard stars in certain sections of the spectrum is quite
often performed (see, for example, [12-13]). In our spectrograph for absolute measurements (SAM) a
dispersive element is a toroidal diffraction grating. The constant of grating - 150 strokes/mm, the size of
the shaded part of the grating - 20 * 20mm, the focal length - approximately 242mm. The dispersion of
spectrograph is 25nm/mm, field size - 20 mm. Spectrograph runs essentially in a slitless mode. Entrance
slit has a width of about 1 mm, which is clearly larger than the image of star in telescope with a focal
length less than 20m. A wide slit and diaphragm is required for absolute measurements - so that there is
no vignetting of the beam. Since the spectral resolution of the data is only 5 nm, the gapless version is
quite acceptable. The main advantage of the grating used is that it provides a flat spectrum in the range
from 300 to 800 nm. This property allows us to use the CCD-matrix as a radiation receiver. As the
radiation receiver is a CCD camera ATIK-490EX. The main parameters of the matrix of this camera are
the following: the number of pixels is 3380 * 2704, the size of pixels is 3.69 * 3.69 microns, the length of
the matrix is 12.5 mm. The camera cooling is 25K below the air temperature, the spectral sensitivity range
is from 320 to 860mk, the reading noise is 5 e. A detailed description of the spectrograph is given in [11].
Notice, that the SAM was originally designed to operate with 1 Zeiss-1000 telescope (1: 10 aperture light)
located in the high-altitude TSAO. In connection with the installation of optical reducers on these
telescopes, observations were made on the telescopes AZT-8 and Zeiss-600, located on the Kamenskoye
Plateau. On the plateau, the transparency of the atmosphere is worse and, accordingly, the accuracy of the
obtained data turned out to be lower than expected. One of the drawbacks of SAM is that the size of the
matrix of the camera used does not allow us to simultaneously cover all the available area of the spectrum.
When replacing the CCD camera with a larger one, the SAM will be eliminated.

Table 1 - List and characteristics of stars - candidates in weak spectrophotometric standards.

Hip (Tyc) HD (BD) a 2000 5 2000 v B-V Sp
1241 1112 00" 15" 27.3° 03°39'15" | 9.105" | -0.066" BOV
9152 12021 0157 56.1 -02 05 58 8.843 0.071 A0
13917 18571 0259 16.8 01 14 40 8.632 +0.038 AOV
18243 24520 0354 07.0 021102 8.626 +0.118 B9

20778 28190 0427 03.5 0416 51 9.021 +0.125 BOV
24053 289997 0510 07.8 -00 16 58 9.964 +0.077 B8V
29258 42334 06 10 08.7 00 42 36 9327 +0.025 BSIII
32634 50087 06 51 40.6 00 19 36 9.084 +0.047 BOIIl
38123 63367 0748444 015621 8.990 +0.060 BOV
Tyc210-680 BD+01 2119 083243.6 00 53 49 10.13 -0.07 A0
48704 86027 09 55 59.6 0247 55 8.356 -0.029 AOV
55011 97917 1115 48.3 20217 58 8.880 -0.145 B9

Tyc281-353 BD+01 2668 1213 25.3 0109 22 10.29 20.09 B5?
66372 BD+02 2711 1342 19.0 013018 10.263 0.1 B5

Tyc317-603 BD-02 2790 14 14 25.9 0147 58 10.11 0.03 A0
74972 136161 1519 14.7 0210 02 8.891 0.330 A3V
82133 151355 16 46 47.0 021234 8.826 -0.092 B4/5V
87417 162628 1751 52.6 0253 59 8.258 0.192 B9.5V
92559 174648 1851410 01 45 35 8.827 0.118 B9.5V

Tycd79-625 185296 1938 21.0 0130 14 9.741 0.210 BOII

101541 BD-03 4950 2034 43.6 20241 44 10.010 | +0.141 A0

Tyc 531-232 BD+01 4436 2110115 02 1420 9.99 +0.03 A0

112149 215112 2242 58.0 2024057 8.240 20.041 BOV
Tyc 581-756 BD-+02 4661 2323 38.20 025557 10.05 0.38 F2
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The selection of candidate stars in standards and primary standards. As weak spectrophotometric
standards, we selected 24 stars of the early spectral classes of 8"-10™ , located uniformly along the
equator (0 = £3°). This choice is due to two factors: the spectra of these stars have extended spectral
regions that are free of strong lines and can be used as standards for observations in both hemispheres of
the Earth. Naturally, the basic requirement for any standards must be met - they must be unchanged. The
list of candidate stars in the standards is presented in Table 1.

The brightest candidate for standards is the star HD 151355 (V = 8.25™), the weakest one is BD + 02
2711 (V = 10.37™). The absolute majority of the stars in the list meet the requirements. Only one star is
located outside the dedicated band and only one star has the spectral class F2. As with the creation of all
the catalogs [1-10], observations are performed by a differential method. Stars - candidate in
spectrophotometric standards were attached to stars for which the spectral distribution of energy was
known in advance (they can be called secondary standards). As the last, 9 AOV stars of 7-8 values from
the catalog [1], which are also located in the equatorial region, were taken. Their list and main
characteristics are given in Table 2. The absolute distribution for them in the regions occupied by the
Balmer lines was preliminarily graphically interpolated. In view of the limited volume of the article, we
do not present interpolated data here.

Table 2 - List of the secondary spectrophotometric of standards and their characteristic

Neri/nt HD 02000 820()0 n(mas) \ B-V Sp

1 009716 01"35.1™ -02°20' 5.29 7.43™ 0.16™ AOV
2 023009 03 41.6 -00 10 6.20 8.64 0.21 A0V
3 036117 0529.5 -00 03 6.09 7.99 0.10 A0

4 075620 08 51.1 0028 4.01 7.97 0.11 A0V
5 100237 1132.0 -01 47 3.31 7.34 -0.01 A0V
6 121513 13 55.8 0131 3.25 8.00 0.11 AOV

7 147470 16 22.9 0030 7.19 7.67 0.10 A0V
8 185198 19379 0130 1.60 7.32 0.19 B9.5V
9 216261 22 51.6 -01 49 4.02 8.16 0.16 A0V

Methods of observation and processing. Observations were performed by the method equal heights,
which makes it possible to use in the reductions for absorption in the atmosphere the average value of the
spectral transparency coefficient for the place of observation. Its values were taken from [11], in which
they are given for the summer and winter seasons. The difference of air mass AM between the standard
records and the candidate for the standards did not exceed 0.10 on the average. Each star was observed
from 4 to 7 times. For various reasons (instrumental and atmospheric), some of the spectra records were
discarded. The duration of exposures ranged from 100 to 500 seconds. The temperature of the camera and
the binning for program and standard stars should be the same. Recording modes of their spectra differ
only in exposure.

Stars, for which the absolute energy distribution is obtained by binding to secondary standards, can
be called tertiary standards. Briefly describe the procedure for processing frames and the data obtained
from them. In detail, it is set out in the instructions that we compiled. The result of observations with
SAM are "raw" frames of spectra of stars in the "FIT" format, which must be "brought to the number". An
example of one of the received frames is shown in Figure 1. Frames are processed in the "MaxIm DL-6"
package in the standard way.

Figure 1 - The spectrogram of HD1112 (9.10™; B9V)

—— Y4 ——
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The first stage of the processing of the captured frames begins with their clearing from the "hot"
pixels generated by the matrix defects and cosmic rays. The second stage is the so-called calibration. This
is a standard procedure, allowing for the use of additional frames (a flat field, biass and dark) to take into
account all the hardware distortions. In our case, a plane field was not recorded because of the uniformity
of the matrix used. The third step is subtraction of the background and conversion of frames into a
numeric array in the Excel package. As a result, in the computer memory we have a set of numerical
values of the charges (impulses) accumulated on the matrix, which are proportional to the fluxes from the
stars at the corresponding wavelengths. The Excel program allows you to present it as a graph - a
registrogram. The fourth stage is the identification on the register of wavelengths. It is carried out
manually, "by eye". The cursor is directed to the center of depression in the spectrum caused by this or
that line. For stars of early spectral classes, the Balmer lines of Ha, HP and Hy serve as reference points,
for stars of class G - lines H and K. A very important step is the division into 50-angstrom intervals.
Dispersion of the spectrograph is practically linear. In our spectrograph 50A corresponds to 25.5 pixels.
Due to small spectral shifts at different positions of the spectrograph, the start of the first 50-A interval
must be determinate for each frame. A table of numbers of pixel was prepared in advance, corresponding
to the beginning and end of the 50-angstrom intervals (template). The monitor marker was exposed to the
center of the HP line. The number of pixel of center of the line was fixed and the table (template) was
shifted to the ultraviolet or red part of the spectrum. The accuracy of the identification is 1-2 pixels (2-
5A). For secondary standards, one more operation is required - it is necessary to perform interpolation of
the continuous spectrum in the plots of the spectrum occupied by the Balmer lines. Interpolation is carried
out after breaking the registrogram into 50-angstrem intervals. Interpolated table values, their values were
monitored graphically, "by eye", which requires a certain skill. Because of the shortness of the intervals
such an interpolation is carried out quite confidently. Naturally, the manual interpolation method takes
considerable time, but in our case this is the best option. An example of a registrogram is shown in Fig. 2.

= 10
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Figure 2 - The registrogram of HD24520 (8.63™; B9)

Numerical reduction. The counts within the 50-angstrom intervals are summed and normalized, that
is, the registrogram is converted into a histogram. All calculations and numerical reductions are
performed in the Excel package. Reductions for the difference in exposure of the star and the standard and
for the different absorption of radiation from them in the Earth's atmosphere are made according to the
classical formula of differential spectrophotometry:

E*(V)=E(W)X[T* (M) I\ X[ Ao/ At*]Xpay(h) ™M, 1

where E*(A) and Ey (A) are the outside atmospheric values of the spectral densities of the energy
illuminations produced by the star and the standard;

I*(X) and Iy()) are averaged over the Snm range for the star and the standard (when referenced to two
standard entries, the average of the two observations); Aty and At* - duration of exposures in seconds per
standard and star; p,, (1) is the average value of the transparency coefficient for the observation site;

AM = My, - M* - the difference of air masses between the standard and the star.
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For secondary standards we took values of monochromatic illumination and corresponding
measurements not for the integral spectrum, but for quasi-continuous. For the studied stars, integral
readings are taken within the intervals with the same pixel numbers (wavelengths of the centers of S0A
intervals).

Table 3 - Pacipesenenne sueprun B cnekrpax E(L) mms HD1112 u HD 12021 (egumume! - 107wt/m’m)

A, A 1112 12021 A, A 1112 12021 A, A 1112 12021
3425 80.5 178 4525 141.6 206 5625 80.1 108
3475 81.8 176 4575 137.0 200 5675 78.7 103
3525 84.9 178 4625 135.0 196 5725 75.2 101
3575 80.5 165 4675 130.6 189 5775 73.5 97
3625 79.9 169 4725 125.4 181 5825 72.0 96
3675 81.8 166 4775 121.9 172 5875 724 94
3725 92.8 173 4825 118.0 160 5925 68.8 91
3775 106.1 192 4875 111.3 154 5975 67.4 89
3825 131.0 226 4925 108.8 155 6025 66.4 88
3875 159.6 265 4975 109.3 154 6075 64.7 83
3925 168.1 272 5025 107.0 149 6125 63.2 82
3975 186.1 299 5075 105.2 145 6175 60.4 81
4025 191.3 309 5125 102.2 141 6225 57.5 76
4075 186.8 292 5175 99.7 137 6275 57.8 74
4125 178.6 274 5225 96.3 133 6325 56.2 72
4175 174.2 270 5275 93.6 127 6375 54.8 71
4225 171.6 263 5325 91.0 124 6425 54.5 68
4275 169.2 249 5375 88.4 121 6475 54.4 66
4325 158.8 229 5425 87.7 117 6525 50.5 63
4375 150.0 224 5475 86.9 115 6575 48.0 60
4425 146.4 220 5525 83.5 111 6625 47.0 63
4475 145.0 213 5575 80.5 111 6675 47.5 63

Here we present the results for two stars - the candidates for the standards: HD1112 and
HD12021.The outside atmospheric energy distribution in the spectra of these stellar spectrophotometric
standards are given in Table 3. The accuracy of the obtained data, characterized by a relative mean-square
error, is from 3 to 6%. For stars 9™-10" this accuracy of absolute measurements can be considered quite
satisfactory.

The work was supported by the funding program BR05236322 of the Ministry of Education and
Science of the Republic of Kazakhstan.
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«B.I'. ®ecenkoB atbiarsl Actpodusuxa uHCTUTYThDy EXIIIC, Anmarsl, Kazakctan

CHEKTPO®OTOMETPJIIK CTAHAAPTTAP 8"-10". 1. AIIITAPATYPA,
9AICTEME KOHE AJIFAIIKBI HOTUXKEJIEP

Annoranus. 8™-10" crexTpo)OTOMETPIIIK CTaHAAPTTapABIH KYMECIH Kypy MiHIETTEpiHiH HeTi3meMeci KemTipimi.
Ocbl JKapKbULOBIH CTaHIAPTBl iIpi TeNECKONTapAa CIEKTPHiK OakbllaylapiblH KaluOpPOBKAchl YIIIH KaXKeTTi.
CrnexTpoOTOMETpINIK CTaHAAPTTapAbIH JKOHE AIIFAIIKbl CTAHOAPTTapAbIH O KYIABI3-KaHAWAATTAPABIH TaHIaMallapbl
skacanapl. CTaHIapTTapAblH KaHAUAATTapbl peTiHge +3°0eiiMIeslyMeH dJKBATOPJBIK aliMaKkTa OpHaJacKaH A jxoHe B
CHEKTPJIIK TONTapBIHBIH S>KYIABI3AApHl TaHZANAbl. llaiifanaHbUIaTeIH anmapaTypaHbIH KbICKAlla CHUIATTaMachl — JKaHa
3bA-criektporpad. bip yakpITTa KOIIMMAaTOp JKOHE Kamepa OOJIBII KBI3MET aTKapaThlH OHBIK TOPOHATHL TOP
cneKTporpadThiH BIABIPATKBINI 3JeMEHTI Ooisbin TaObuIamel. CrekTporpad) CaHbUIAYChI3 PEXKHUMAC MKYMBIC ICTEHII.
Coyneneny kaObuinarbim petinge 3BII-xkamepa ATIC - 490EX naiinanansinansl. XKana cnexrporpad >HEPrUsSHBIH
TapalyblH 3epTTeyre MYMKIHAIK Oepemi. EpTepekTeri CHEKTpOMETPMEH JKYJABI3AAp CIEKTpiepinae Oipa3 oncis.
bakpinaynap A3T-8 xome Ileiicc-600 TeneckonTapbiHIa OpblHAANABL. bakputaynbiH  auddepeHaniblK  ofici
naiganansuiael.  Criextporpammanapme 3BbA-kanprmap eHIey mpomeccTepi HAKTBUIAN CYPETTENreH. OHEPrHsHBIH
tapainysl 340 - 660HM CHeKTpiiK aliMakTapAa 3epTTelelli, alblHFaH MOJIIMETTEP/IH CHEKTPIIK pYKcaThl SHM Kypauuibl,
CAJIBICTBIPMAITBI C.K.O. - OT 3 JeH 6% neiin. CTaHAapTTapablH eKi KaHIUIaTTapbIHbIH CHEKTPIIePiHe SHEPTUSHBIH HAKTHI
Tapaybl YCHIHBIIIBL.

Tyiiin ce3aep: *xyiap3aap, cnekrpodoromerpiik cranaaprrap, 3bA-cnekrporpad, 6akpuiay amicTepi.
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JATOO «Actpodusnueckuit MuctutyT um decenkona», Anmatsl, Kazaxcran

CHNEKTPO®OTOMETPUYECKHUE CTAHAAPTBI 8"-10™. 1. ATIITAPATYPA,
METO/JUKA U IIEPBBIE PE3YJIbTATHI

AnHoraumsi. [IpuBeneHo O0OCHOBaHHME 3alaud CO3JAHHS CETH CHEKTPO(POTOMETPHYECCKHX cTaHaaptoB 8"-10™.
CraHgapTel JaHHOTO Onecka HEOOXOAWMBI Al KaaMOPOBKM CIIEKTPAIBHBIX HAOMIOACHMH Ha KPYHHBIX TEIECKOMax.
Craenana BbIOOpKa 3B€3/-KaHIUJATOB B CIEKTPO(OTOMETPUYECKUE CTaHAAPThI M IEPBUYHBIX CTaHIApTOB. B kauecTBe
KaHIUAaTOB B CTaHIAPTHI BHIOPAHBI 3BE3IbI CIIEKTPAIBHBIX KJIAcCOB A W B, KOTOpBIE pacroiioeHbl B IKBATOPHAIBHOM
obmactu co ckiaoHeHmeM 13°. Kparko ommcaHa wucmonb3yemas ammaparypa - HoBbIi II3C-cmekrporpad. ducrep-
THPYIOIIUM JJIEMEHTOM cIieKTporpada sBIsieTcs BOTHYTas TOPOHMIANbHAs penieTka, KOTOpas OZHOBPEMEHHO CIYXKHT
KoJuTMMaTopoM u kamepoil. Cnekrporpad pabGoraer B OeciuesnieBOM pexume. B kadecTBE NPHUEMHHUKA H3ITyYCHHS
ucnonesyercs [13C-kamepa ATIC-490EX. HoBelil criekTporpad Mmo3BONSE€T HCCICIOBATH PACIPEACICHUE SHEPIHH B
CIIEKTpax HaMHOIo 0oJiee TYCKJBIX 3BE3Jl, YeM CO creKTpoMmerpamu. HabmroneHus BbmonHeHsl Ha Teneckonax A3T-8 u
Ieitcc-600. Hcnonb3oBaics auddepeHnnanbabiii Meron Habmoaenuid. [loagpoOHo omucanbl Meton obpabotku I13C-
CIEKTPOrpaMM M 4YMCIICHHBIE peAyKIUH. PacnpeneneHue sHeprum uccieayercs B creKTpainbHoi obnactu 340 - 660HM,
CIEKTPAIbHOE pa3pelleHne MOMYIeHHBIX JAHHBIX COCTAaBISIET SHM, OTHOCHTENBHAS C.K.0. - OT 3 1o 6%. IIpencraBneHo
a0COIIOTHOE pacIpeesIeHUue SHEPIUU B CIIEKTPaX ABYX KaHAUNATOB B CTAaHIAPTHI.

KaioueBble ciioBa: 3B€3/1bl, CIIEKTpOpoTOMETpUIecKre cTanaapThl, [13C-criektporpad, MeToabl HabIoAeHHH
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APPLICATIONS OF PARALLEL COMPUTING TECHNOLOGIES FOR
MODELING OF THE WIND FLOW AROUND THE ARCHITECTURAL
OBSTACLES WITH THE VERTICAL BUOYANCY FORCES

Abstract. Taking into account the high rate of construction in the modern big cities, it is very important to save
the natural aerodynamics between the buildings. It is necessary to explore the ventilation of space between
architectural structures, making a preliminary prediction before construction starting. The most optimal way of
evaluating is to build a mathematical model of air flow. This paper presents numerical solutions of the wind flow
around the architectural obstacles with the vertical buoyancy forces. An incompressible Navier-Stokes equation is
used to describe this process. This system is approximated by the control volume methodand solved numerically by
the projection method. The Poisson equation that is satisfying the discrete continuity equationsolved by the Jacobi
iterative method at each time step.For check correctness of mathematical model and numerical algorithm is solved
test problem. The numerical solutions of the backward-facing stepflow with the vertical buoyancy forces, which was
compared with the numerical results of other authors. This numerical algorithm is completely parallelized using
various geometric domain decompositions (1D, 2D and 3D). Preliminary theoretical analysis of the various
decomposition methods effectiveness of the computational domain and real computational experiments for this
problem were made and the best domain decomposition method was determined. In the future, a proven
mathematical model and parallelized numerical algorithm with the best domain decomposition method can be
applied for various complex flows with the vertical buoyancy forces.

Keywords: domain decomposition method, flow around the architectural obstacles, backward-facing step flow,
projection method, vertical buoyancy forces, mixed convection.

1 Introduction

The increased pace of construction in modern large cities and, in particular, Almaty, leads to a
tightening of architectural structures. Due to the increase in the population of cities and to save space,
mostly high-rise multi-storey buildings are being built. As a consequence, this entails such consequences
as a violation of the natural aecrodynamics of the city, which in turn leads to increased gas contamination
of the city, the accumulation of heavy metals in the lower atmosphere, and to the violation of the local
climate. The building codes and norms currently used in the construction and design of buildings do not
contain aerodynamic criteria and coefficients indicating the optimal distance between buildings of
different heights. When determining these standards, various natural and climatic features are taken into
account, such as wind loads, insolation, etc. Fire safety requirements are also taken into account.
However, the above-mentioned documents do not take into account the factor of natural aerodynamics of
space between neighboring buildings. The distance between buildings and structures is considered to be
the distance between the outer walls or other structures. As a result, when designing, the distances
between building objects are laid, which can not provide free movement of the wind vortex, which leads
to a disturbance of the natural air flow. In this thesis, a model of aerodynamics between two high-rise
buildings is considered. This mathematical model allows you to accurately calculate the optimal distance
between the two buildings, which will take into account the climatic features and will preserve the natural

purge.
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In many technical flows of practical interest, like flow divisions, with the sudden expansion of
geometry or with subsequent re-joining, are a common occurrence. The existence of a flow separation and
recirculation area has a significant effect on the performance of heat transfer devices, for example, cooling
equipment in electrical engineering, cooling channels of turbine blades, combustion chambers and many
other heat exchanger surfaces that appear in the equipment.

Many papers are devoted to the motion of a fluid with separation and reconnection of flows without
taking into account the buoyancy forces. The importance of this process is indicative of the number of
papers where special attention was paid to building equipment [1-3] and developing experimental and
theoretical methods for detailed study of flows with separation regions [4-7]. An extensive survey of
isothermal flows in fluid flows is given in papers [10-12]. Heat transfer in the flows has been investigated
by many authors, like Aung [11, 12], Aung et al. [13], Aung and Worku [14], Sparrow et al. [15, 16] and
Sparrow and Chuck [17]. However, published paperson this topic do not take into account the strength of
buoyancy force on the flow stream or the characteristics of heat transfer. These effects become significant
in the laminar flow regime, where the velocity is relatively low, and when the temperature difference is
relatively high. Ngo and Byon [18] studied the location effect of the heater and the size of the heater in a
two-dimensional square cavity using the finite element method. Oztop and Abu-Nada [19] numerically
investigated natural convection in rectangular shells, partially heated from the side wall by the finite
volume method.

In this paper considered the influence of buoyancy forces on the flow and heat transfer characteristics
in individual flows. Numerical solutions for a laminar mixed convective airflow (Pr=0.7) in a vertical
two-dimensional channel with a backward-facing step to maintain the buoyancy effect are shown in
Figure 1. Numerical results of interest, such as velocity and temperature distributions, re-binding lengths
and friction coefficients are presented for the purpose of illustrating the effect of buoyancy forces on these
parameters [20].

Adisbatic wall

Figure 1 - Schematic representation of the backward-facing step flows.

2. Mathematical formulation of the problem
Consider a two-dimensional laminar convective flow in a vertical channel with a sudden expansion
behind the inverse step of height s, as shown in Fig. 1. The straight wall of the channel is maintained at a

uniform temperature equal to the temperature of the inlet air 7,. The stepped wall below the stage is
heated to a uniform temperature, which can be adjusted to any desired value 7', . The upper part of the
stepped wall and the reverse side is installed as an adiabatic surface. The inlet length of the channel x;,
and the outlet lower length x, of the channel are appropriate dimensions. These lengths are assumed to be

infinite, but the simulation domain is limited by the length L, = x, + x,. The smaller section of the
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channel before the projection has a height, and the large section below the stage has a height H =h+s .
Air flows up the channel with mean velocity u, and uniform temperature 7;. The gravitational force g in

this problem is considered to act vertically downwards.
To describe this physical problem, was used assumption about constant properties, and was used the
Boussinesq approximation. This system of equations in an immense form can be written in the form:

oX oY
2 2
2) a_U+ a_U+Va_U:_a_P+L 8(]2_’_8(5 + Gl’ze (2)
ot oX oY 0X ReloX oY Re
2 2
3) a_V+Ua_V+V6_V=—a_P+L a IZ.{__a Z (3)
ot oX oY 0Y ReloX oY
2 2
4) %+U%+Vﬁ= ! 8¢Z+6€ 4
ot oX 0Y PrReloX® oY

The dimensionless parameters in the equations given above are defined by the formula:U =u/u, ,
V=olu,, X=x/s, Y=y/s.0=(T-T,)/T,-T,). P=p/pus . Pr=v/a Re=uys/v,
Gr= gﬂ(T I )s3 / v , where a — the temperature diffusion, v — the kinematic viscosity, and B — the

thermal expansion coefficient are estimated at the film temperature 7', = (1, +T,)/2.

Boundary conditions:
(a) Inlet conditions: At the point X =—X,and |<Y < Hs: U=u,/uy,V=0,0=0.

whereu;, is the local distribution of velocities at the inlet, which is assumed to have a parabolic

profile  andu, / u, an  average inlet  velocity, that is, given Dby  formula

u, [u, :6[—y2 +(1—]+s>*)y—]—]s]/(]—]—s)2

(b) Outlet conditions: At the point X =X,and 0<Y<H/s: oU/0X =0, d*0/aX* =0,
oV/oX =0.

(c) on the top wall:Atthe point Y =H /s and — X, <X <X, :U=0,V=0,60=0.

(d) on the wall of the upper stage: At the point ¥ =1 and — X, <X <0: U=0, V=0,
00/0Y =0.

(e) on the wall of the lower stage: At point X =0 and 0<Y <1: U =0,V =0, 00/0X =0.

(f) on the wall below the stage: Atthe point ¥ =0 and 0S X <X :U =0,V =0,60=1.

The last term on the right-hand side of equation (2) is the contribution of the buoyancy force. The
length of the downstream flow from the simulation area was chosen to be 70 steps ( X ,=70). The upper

length of the design area was chosen to be 5 steps (i.e. X;=5), and the velocity profile at the input area

was set as parabolic profile, likeu, /u, = 6[— v +(H +5) y—HS]/(H —s)z, and temperature was

chosen as uniform7; .

3. The numerical algorithm

For a numerical solution of this system of equations, the projection method is used [21-24]. The
equations are approximated by the finite volume method [21-23]. At the first stage it is assumed that the
transfer of momentum is carried out only through convection and diffusion, and an intermediate velocity
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field is calculated by the fourth-order Runge-Kutta method [21-23]. At the second stage, according to the
found intermediate velocity field, there is a pressure field. The Poisson equation for the pressure field is
solved by the Jacobi method. At the third stage it is assumed that the transfer is carried out only due to the
pressure gradient. At the fourth stage, the equations for the temperature are calculated by the fourth-order
Runge-Kutta method.

L[ e e

Vﬁ*
1I. § (Vp)dl = j
ﬁn+1—ﬁ*
. = =_vp,
Al P
v je —9" 0= ~§ @0 —;Vé’)ndl“
Q A oQ R P

4. Parallelization algorithm

For numerical simulation was constructed a computational meshby using the PointWise software.
The problem was launched on the ITFS-MKM software using a high-performance computing. This
numerical algorithm is completely parallelized using various geometric domain decompositions (1D, 2D
and 3D). Geometric partitioning of the computational grid is chosen as the main approach of
parallelization. In this case, there are three different ways of exchanging the values of the grid function on
the computational nodes of a one-dimensional, two-dimensional, and three-dimensional mesh. After the
domain decomposition stage, when parallel algorithms are built on separate blocks, a transition is made to
the relationships between the blocks, the simulations on which will be executed in parallel on each
processor. For this purpose, a numerical solution of the equation system was used for an explicit scheme,
since this scheme is very efficiently parallelized. In order to use the domain decomposition method as a
parallelization method, this algorithm uses the boundary nodes of each subdomain in which it is necessary
to know the value of the grid function that borders on the neighboring elements of the processor. To
achieve this goal, at each compute node, ghost points store values from neighboring computational nodes,
and organize the transfer of these boundary values necessary to ensure homogeneity of calculations for
explicit formulas.

Data transmission is performed using the procedures of the MPI library [25]. By doing preliminary
theoretical analysis of the effectiveness of various domain decomposition methods of the computational

domain for this problem, which will estimate the time of the parallel program as the time 7., of the
/p+T,,,-

sequential program divided by the number of processors plus the transmission time 7, =T,

calc
While transmissions for various domain decomposition methods can be approximately expressed through
capacity:

Tclo?n = scnd ZN x2
chm’i = vend 2N x4p (5)
Tcis = send 2N X6p

where N° — the number of nodes in the computational mesh, p - the number of processors (cores), ¢, —

the time of sending one element (number).
It should be noted that for different decomposition methods, the data transmission cost can be

represented as T!” =¢ 2N’xk(p) in accordance with the formula (5), where k(p) is the

com send
proportionality coefficient, which depends on the domain decomposition method and the number of
processing elements used.
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At the first stage, one common program was used, the size of the array from start to run did not
change, and each element of the processor was numbered by an array of elements, starting from zero. For
the test simulation is used well known problem — 3D cavity flow. Despite the fact that according to the
theoretical analysis of 3D decomposition is the best option for parallelization (Figure 3), computational
experiments showed that the best results were achieved using 2D decomposition, when the number of
processes varies from 25 to 144 (Figure 3).

Spaddup
Il
f

Figure 2 - Speed-up for various domain decomposition methods of the computational domain

Based on the preliminary theoretical analysis of the graphs, the following character can be noted. The
simulation time without the interprocessor communications cost with different domain decomposition

methods should be approximately the same for the same number of processors and be reduced by 7., / p

. In fact, the calculated data show that when using 2D decomposition on different computational grids, the
minimal cost for simulation and the cost graphs are much higher, depending on the simulation time, on

several processors taken 7, / p.

To explain these results, it is necessary to pay attention to the assumptions made in the preliminary
theoretical analysis of efficiency for this task. First, it was assumed that regardless of the distribution of
data per processor element, the same amount of computational load was done, which should lead to the
same time expenditure. Secondly, it was assumed that the time spent on interprocessorsending’s of any
degree of the same amount of data is not dependent on their memory choices. In order to understand what
is really happening, the following sets of computational simulations test were carried out. For evaluation,
the sequence of the first approach was considered when the program is run in a single-processor version,
and thus simulates various geometric domain decomposition methods of data for the same amount of
computation performed by each processor.

5. Numerical results for test problem

Geometric parameters are indicated in Figure 1: channel length L=75, channel height H=2, step
height S=1. Numerical results were obtained for the dimensionless numbers Re=50, Pr=0.7 and Gr=19.1
[20].

Figure 3 shows the comparison of the longitudinal velocity profile with the numerical data of Lin et
al. [20] at the point x/ x,=0.5, where x, =2.91. Figure 4 shows the comparison of temperature

profiles with the numerical data of Lin et al. [20] at the point x/ x,=0.5, where x, =2.91. It can be

seen from the figures that the mathematical model and the numerical algorithm which is used in this paper
is coincided with the numerical results obtained by Lin et al. [20]. Figure 5 shows the streamlines and the
horizontal velocity contour for dimensionless numbers Re=50, Pr=0.7 and Gr=19.1.

Figure 6 shows the temperature profile for dimensionless numbers Re=50, Pr=0.7 and Gr=19.1. For a
better understanding of this process from figures 6-8 can be seen the development of the backward-facing
step flow with vertical buoyancy force: the initiation and process of the development of the region of
flows reconnection with taking into account the buoyancy forces.

— 50 ——
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Figure 3 - Velocity profile with vertical buoyancy forces for dimensionless number Re=50, AT =1°C, x/ X, = 0.5, where
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Figure 5 - The contour of the horizontal velocity component with streamlines for dimensionless numbers Re=50, Pr=0.7 and

Gr=19.1.
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Figure 6 - Temperature contour for dimensionless numbers Re=50, Pr=0.7 and Gr=19.1

6. Numerical results for real problem

For the real problem considered a man-made obstacle 9 floors (27 m) and 5 floors (15 m) buildings.
The wind flow is conventionally moving from the high building side to the low one. The following
models consider the calm, according to the Beaufort wind speed scale. The speed of wind is in the range
from 0 to 0.2 m/s. To find the optimal distance, various parameters prescribed in the above-mentioned
standards were used.

According to the fire protection requirements specified in Building norms and regulations of the
Republic of Kazakhstan 3.01-01-2002, 2.12 *, the minimum distance between houses with a height of 4
floors or more must be at least 20 meters. However, having constructed this model, a result was obtained,
showing that at such a distance between the buildings, there was no wind, therefore, air circulation does
not occur in this interval.

After that, the IBC (International Building Code) standard used in the USA was considered, where
the distance between two buildings is calculated according to the following formula:

Oyr = \/(§M1)2 + (§M2)2 , where O, - required distance, O,,,,0,,, - height of the first and

second buildings, respectively.

For the calculations, the area was divided into the 14 design subareas of different sizes. Each
subregion is a grid block, which contains a part of a curvilinear, uneven, unstructured grid. When creating
a grid, the number of points is chosen in such a way that no oscillations occur in the solution of the
problem and the results are correct for large values of the Reynolds number. Thus, the constructed grid
contains more than 100 000 control volumes.

U: 005 018125 03125 0.44375 0575 0.70625 0.8375

Figure 7 - Horizontal velocity-component and streamlines with buoyancy force for Pr=0.7 and AT =1°C
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Figure 8 - Temperature component with buoyancy force for Pr=0.7 and AT = 1°C

In the interval between the buildings and near the streamlined surfaces of buildings, the grid is
thickened, i.e. the sizes of control volumes decrease. This allows for more accurate simulations. As the
grid is removed from the vortex zone and the dimensions of the control volumes increase the flow around.
Therefore, in areas that are not of great interest in solving a given problem, net catch is smaller. And in
the most important zones for the model, the number of nodes is greater, which allows obtaining more
accurate results.

In figure 7 shows horizontal velocity-component and streamlines with buoyancy force for Pr=0.7 and
AT =1°C. In figure 8 can be seen temperature component with buoyancy force for Pr=0.7 and
AT =1°C'. The distance obtained for existing buildings was 31 m and satisfied all the standards specified
in the republican standards. This model also showed that a vortex does not occur at a given distance. In
the following case, the length of extensions to the buildings (balconies, porches, etc.) was added to the
previous value and an approximate distance of 35 m was obtained. This model showed that a vortex in the
gap occurs and therefore the natural purging between buildings is not broken.

7. Conclusion

Numerical studies of the laminar flow were carried out by the zone of joining the flows behind the
backward-facing step with taking into account the buoyancy forces. This gave a deeper insight into the
internal flow behind the backward-facing step and the processes of flows reconnection under the influence
of temperature effects, which in turn gave an idea of the further appearance of secondary zones. The
distance from the ledge to the canal boundary is 4 times the channel height, for a more detailed study of
the backward-facing step flows withtaking into account the buoyancy forces [20]. The numerical data of
the velocity distribution showed the formation of a primary reattachment zone of backward-facing step
flows. To numerically solve the Navier-Stokes equations system, the projection methodwas used. From
numerical results can be seen that the realized numerical method gives a small error in comparison with
the numerical results of other authors [20] for the dimensionless numbers Re=50, Pr=0.7 and Gr=19.1.

After testing the numerical algorithm with the buoyancy forces, for the real problem considered a
man-made obstacle with 9 floors (27 m) and 5 floors (15 m). In this problem, the wind speed was
regarded as calm, according to the Beaufort wind speed scale (from 0 to 0.2 m/s). According to the data
obtained as a result of the numerical simulation taking into account the buoyancy forces, it can be said
that the current standards and rules for construction do not guarantee the required aerodynamics of the
terrain.

Also in this paper is used a parallel algorithmto obtain fast numerical results. This parallel algorithm
is based on one-dimensional, two-dimensional and three-dimensional domain decomposition method. The
numerical results from the 3D cavity flow test problem, which used 1D, 2D and 3D domain
decomposition method showed that 3D domain decomposition is not time-consuming compared to 2D
domain decomposition, for the number of processors that does not exceed 250, and 3D domain
decomposition has more time-consuming software implementation and the use of 2D domain
decomposition is sufficient for the scope of the problem. That’s why for backward-facing step flow with
vertical buoyancy force is used 2D domain decomposition. It should also be noted that setting the
boundary conditions is an important process. In the future, this mathematical model and a parallel
numerical algorithm can be applied to various complex flows taking into account the buoyancy forces.
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A. Hcaxos, A. AdbL1KacbiMoBa, M. CakbinoekoBa
Kazaxckuit HanoHaMBHBIN YHUBEpcUTET M. anb-Dapadu, Anvatsl, Kazaxcran
HPUMEHEHHUE TEXHOJIOT U IMMAPAJUIEJIbHBIX BEIYMCJIEHUM JIJI1 MOJIEJIMPOBAHU A
BETPOBOI'O IIOTOKA BOKPYI' APXUTEKTYPHBIX IPENIAATCTBUI C BEPTUKAJILHBIMHA
CHUJIAMM IIVTABYYECTH

AHHOTaIIHH. HpI/IHl/IMaH BO BHUMAHHUE BBICOKHC TEMIIbI CTPOUTEILCTBA B COBPECMCHHBLIX KPYIHBIX Iopoaax,
OYCHb BAXXHO COXPAaHUTb CCTCCTBCHHYIO A3POJUMHAMUKY MCKAY 3JaHUAMU. HCO6XOHI/IMO HCCICA0BATh a3pOJuHaA-
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MHKY MEXIy apXUTEKTYPHBIMH COOPYXXCHUSMH, CIENaB IpPEABAPUTEIBHOE IPOTHO3HOE MCCIEAOBAHUE IIEpes
HayaJloOM CTpPOHUTENbCTBA. Hambonee onTuManbHBIM CHOCOOOM OIIEHKH SIBISIETCS HOCTPOCHHE MaTeMaTHYECKOH
MOJIETIM BO3AYIIHOTO IOTOKa. B HacTosmel paboTe mpecTaBieHbl YUCICHHBIE PELIEHHS BETPOBOTO IIOTOKA BOKPYT
ApPXUTEKTYPHBIX TIPENATCTBUI C BEPTUKAIBHBIMU CWIaMH IulaBydecTH. /[l ommcaHmst 3TOro Iporecca
UCTIONB3yeTcs HecxknmaeMoe ypaBHeHHe HaBbe-Crokca. Orta cucTeMa almpoOKCUMHUPYETCs METOAOM KOHTPOJIBHOTO
o0beMa ¥ pelaeTcsi YMCIEHHO METOJOM paclleluieHne 1o QusmyeckuM mnapamerpam. YpasHenue Ilyaccowna,
YZIOBIIETBOPSIIOILEE YPABHEHHIO JUCKPETHOW HENPEpHIBHOCTH, PEIIaeMOMY HTEpPAlMOHHBIM MeTonoM SkoOu Ha
KaXI0M BpeMEHHOM Iare. J[Ji1 MPOBEpPKH MPaBHIBHOCTH MaTEeMAaTH4eCKOM MOJENH M YHCICHHOTO ajiropuTMa
pemieHa TectoBas npoOiiema. UucieHHble pelleHuss oO0paTHOTO MOTOKA C BEPTUKAIBHBIMHM CHJIAMH ILIaBY4YECTH,
KOTOPBIE CPABHUBAINUCH C YHUCICHHBIMU pE3yJbTaTaMU JIPYTUX aBTOPOB. DTOT YUCIEHHBIM QJITOPUTM IMOJHOCTBIO
pacrapauIeMBaeTCcsl ¢ UCIIOJIb30BAaHUEM Pa3IMYHBIX METO/0B reoMerpudeckux aexomnosuuid (1D, 2D u 3D). B
paboTe mpopenaH npeaBapUTEIbHbII TEOPETHUECKUI aHAIN3 Pa3IMYHBIX METOJIOB JEKOMITO3UIIMH BHIYUCIUTEILHOM
00J1aCTH M pealbHBIX BBIYMCIUTENBHBIX 3KCIICPUMEHTOB IS 3TOM 3a1adu, ¥ ObUI ONpeeNeH HAWIYUIIHA MEeTOx
paslIoKEeHUs] TOMEHOB. B OynymieM Aisl pa3iMyHBIX CIOXKHBIX ITOTOKOB C BEPTHKAIBGHBIMHM CHJIAMH ILUIaBYyYECTH
MOXET ObITh NpPUMEHEHa MpPOBEPEHHAas MaTeMaTW4ecKass MOJENb W TMapayieNbHBIH YHCICHHBIH alropuT™M C
HaWIy4IIM METOAOM AEKOMITO3HULIUH JOMEHOB.

KaroueBble c10Ba: METON JICKOMIO3UIMU JOMEHOB, OOTEKaHHE APXUTEKTYPHBIX MPEISITCTBUN, OOpaTHBIN
MOTOK, METOJI POELHPOBAHNS, BEPTUKAJILHBIE CHJIBI IIJIABYUECTH, CMELITAHHAs KOHBEKIIHS.

A. Hcaxos, A. AobL1KacbiMoBa, M. CakbinoekoBa
an-®apadu arsiHnarel Kazax YTtk yHEBEpcuTeTi, AnMmarsl, Kasakcran

IHAPAJJIEJIBJAI ECENITEY TEXHUKACBIHBIH COVYJIEJEHY
KEJEPTTJIEPIHIH AMHAJIACBIH/IA KEJIAIH AFBIHBIH YJITVIEY YIIHIH KOJIJAHY

AnHoranus. Kazipri 3amanfbl ipi Kajanapaa KyPbUIBICTBIH JKOFapbl KapPKBIHBIH €CKEPE OTBHIPBII, FUMapaTTap
apacblHIarel TaOWFU a’pPOJUHAMHKAHBI CaKTay ©TE€ MaHbI3/bl. APXUTEKTYpaJblK KYpBUIBIC —apachIHJaFbl
a’POIMHAMHKAHBICHIH 3€pPTTey Ka)KeT, KYPBUIBICTBI Oactamac OypbhIH anfgblH-ajla OOoJDKaMABl 3epTTEyAl jKacay
Kepek.baranaynblH OHTANIBI 9/1iCi aya aFbIHBIHBIH MaTEMaTHKAIBIK MOJICNIH Kypy 00JbIn Tabbiiansl. byt makanana
TIK KO3FaJIbIC KYIITEPIMEH apXUTEKTYPAJbIK KEACPriiep aiHantachlHIA JKCIIIH aFbIHBIHBIH CAHIBIK IICHIiMAEpI
KepcetiireH. byt mporiecti cunarray yiiiH ceirbuiMaiiTeiH HaBbe-CTOKC TeHIEY1 KOIIaHbUIa bl Byl )Kyiie aKpIpiIbl
KeJIeM 9JiCIMEH JKYBIKTaJIbIN, (pU3MKaIBIK mapamerpiep OejiHy omiciMeH caHIBIK Typae memiiai. Juckperri
y3imicci3 TeHueyiH KaHaraTTaHaslpaThiH [lyaccon Tenneyi op kezeHzue SIkoOM WTepaTHBTI oMiciMeH HIEHIiesi.
Tekcepy YIIIH MaTeMaTHKaJIbIK MOAEIBIIH IYPHICTHIFBIH XXOHE CAHJABIK ajJrOPUTMJI ChIHAY Maceleci LIelIijies.
Backa aBTOpmapIplH CaHIOBIK HOTIDKEIEPIMEH CalBICTBIPBUIFAH TiK KYIIIHIH KYIITEpiMEH apTKa OarbpITTalFaH
KaJaMIbIK arblHHBIH CAHIBIK IIEIIiMAEpl KapacThULAbL. BYJ CaHJABIK alrOPUTM JPTYPJi T€OMETPHUSIIBIK JAOMEH/II
nexommosurus (1D, 2D xoHe 3D) apKpUTBl TONBIFBIMEH TMapajuienbieHeni. CaHIBIK JOMEHHIH OpTYpIi
JICKOMIIO3UIIMSL  O/IICTEPIHIH aJ[bIH-aJla TEOPHSJIBIK aHaJIM3i JKOHEOChl Mocesie OOMbIHIIA HAKThl ecenTey
IKCIIEPUMEHTTEDP JKAacalbl JKOHE €H THIMJI JOMEH JEeKOMIO3WIMs dfici aHbIKTanbl. Kejeniekre Tik KaTThUIBIK
KYIITEpIMEH OpTYpJi KypHedl arblHAap YIIiH [9JEJJICHIeH MaTeMaTHKaJbIK MOJENb JKOHE Y3IIK JOMEH
JIEKOMIIO3UIIMS 9IICIMEH IapaJuIeNb/i CaHbIK AJITOPUTM KOJIJAHBLIYbl MYMKIH.

Tyiiin ce3mep: TOMEHIIICKOMITO3UIUS O/IiCI, apXUTEKTYPANIBIK KEeIepriiepiH aFbIMbl, apTKa Kapai jKypeTiH
KaJaMJIbIK aFbIH, IPOCSKIMSIIAY O/IicCi, TiK KYIIIi KYIIIi, apaiac KOHBEKIIUS.
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TECHNOLOGICAL PROCESSES FOR THE PRODUCTION
OF NWS FROM GALLIUM NITRIDE (GaN) BY CVD METHOD

Abstract. Gallium nitride (GaN) is a III-V semiconductor with a direct zone gap of ~3,4 eV. GaN has
important potentials in white light-emitting diodes, blue lasers and field-effect transistors due to its superthermal
stability and excellent optical properties, playing major roles in future lighting, in order to reduce the cost of energy
and sensors to withstand radiation. The article provides an overview of the authors' research on GaN obtained by the
CVD method, which is a much more promising material than other traditional materials. The physical properties are
compared to improve the material parameters, the methods of obtaining and the results of the research work of
different authors for the creation of light diodes, transistors, microwave electronics.

Keywords: GaN, Gallium Nitride, CVD method, semiconductors, review.

Today, compounds of metals with nitrogen, the so-called nitrides, are of particular interest, among
which many have high refractoriness, dielectric and semiconducting properties, the ability to transfer to
superconductors at relatively high temperatures, and high chemical stability in various corrosive media.
Many of the nitrides have already been successfully used in electronics, nuclear industry, semiconductor
and dielectric technology, in space technology, modern machine building, metallurgy, electrical
engineering and other industries [1-3]. And it is also possible to use nanocarriers to solve such problems
as cancer diseases and one of the directions - creation of antitumor drugs - obtaining structures based on
boron nitride [4], which has chemical inertness and high resistance to oxidation. Nanoparticles of
hexagonal boron nitride 100-150 nm in size with a smooth and developed surface can be obtained by
chemical vapor deposition [5].

Due to their unique properties, the nitrides of metals of the third group (III-N) are very promising for
the creation of various semiconductor devices. And one of the elements of the IIl-group is - gallium
nitride (GaN). GaN has long been interested in researchers and developers of semiconductor devices. The
heterostructure of GaN and its solid solutions possess physical properties that provide electronic devices
based on them, optical, power and frequency characteristics that allow them to be used in various fields of
semiconductor electronics.

The main advantage of gallium nitride [6-11] over other common electronics materials is a wide
forbidden band of 3.5 eV (1.1 eV for silicon). This means that GaN-transistors operate at higher
temperatures and are less sensitive to ionizing radiation (which in the literal sense of the word is vital for
space and special electronics). In theory, the operating temperature of GaN devices reaches 500 ° C, in
practice it is still equal to 150-200 ° C. The maximum electric field strength for GaN is 3,3 x 10° V/cm -
this is 11 times greater than that of silicon. And due to the high density of charge carriers GaN-transistors
withstand much higher currents. Table 1 shows the comparison of gallium nitride with other
semiconductors.
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Table 1 - Comparison of the properties of semiconductor materials. The numbers in the table are approximate
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4H-SiC 3,25 700 s 318 10* 700 5,12
InSb 0,17 77000 580 1% 10° 18 5,37
InAs 0,354 44000 500 4% 10* 27 4,52
GaSb 0,726 3000 1000 5% 10* 32 7,5
InP 1,344 5400 200 5% 10° 68 4,6
GaAs 1,424 5800 400 4% 10° 55 5,73
Ge 0,611 3900 1900 1% 10° 58 5,9
GaP 2,26 250 150 1% 10° 110 4,65
C (diamond) 5,5 2200 1800 6% 10° 1300 0,8
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Figure 1 - Periodic table, where the shaded cells indicate the elements that can be deposited using CVD

Another no less important area is the production of a nanotube of gallium nitride. Thanks to the
tubular structure, the material must be significantly more sensitive to environmental influences than the
already known nanowires, which opens up prospects for its use in filtration, sensorics, biology, etc.
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CVD processes occur at much higher temperatures than PVD processes, typically 300 to 900 ° C.
This heat is supplied from an oven, radio frequency coil or laser, but it always heats the substrate.
Substrates that do not tolerate this temperature should have thin films deposited as a result of the physical
form of vapor deposition.

The advantage of substrate temperature in some CVD processes is that they have less waste
deposition, especially in cold wall reactors, since only heated surfaces are coated. When using a laser
heating system, the process of chemical vapor deposition becomes selective with respect to the laser path;
this is a clear advantage over the physical methods of vapor deposition, such as spraying.

In the paper [13] synthesized nanowires and GaN nanotubes by direct reaction of metallic gallium
vapor (Ga, 99.99%) with flowing NHj; in an electric furnace. At different NH;3 flow rates between 50 and
200 centimeters, large-scale nanowires and GaN tubes were formed at a growth temperature of 900 ° C on
a Si (111) substrate. GaN grown on a Si (111) substrate at 900 ° C and at a NH; flow rate of 50 cccm, the
preferred orientation is growth in the (002) direction. When the flow rate of NH; increases to 100
centimeters, the products have a much wider diameter, but, the length is shorter. If continue increasing the
NH; flow to 200 centimeters, available get nanotubes and nanolayers. Hence, the faster the NH; flow rate,
the greater the GaN surface tension.

The GaN [14] layers were deposited on the CVD-grown h-BN layers using an organometallic CVD.
Trimethylgallium and NH; were used as precursors, and the V / III ratio was maintained at 2000-4000
during growth. Before the growth of the GaN layer, the substrate was heated to 1100 ° C for 3-20 min
only with H, gas. The temperature was then lowered to 540-600 ° C for the growth of the GaN nucleation
layer. After 3 min growth of the GaN nucleation layer, GaN epitaxial layers were grown at a higher
temperature in the range 1000-1100 ° C. No additional intermediate layers or substrate treatments were
used to grow the GaN layer on the growth of CVD h-BN.

a
Electrochemical GaN layer growth en CVD h-BN

delamination \\ ~
ool I i TMGa - - NH,§
.’_r = 2 -, B

Ni(111)

Transfer

Figure 2 - Growth of GaN films on transferable chemical vapor deposition (CVD) - hexagonal boron nitride (h-BN)

(a) A schematic illustration of the transfer of h-BN grown by CVD from Ni (111) to amorphous
fused quartz substrates and the growth of a gallium nitride (GaN) layer using organometallic chemical
vapor deposition (MOCVD). Scanning electron microscopy of field radiation (FE-SEM) images

(b) high-density discrete GaN islands that are almost fused into GaN microstructures several microns
in size and (c) fully coalesced GaN films grown on CVD-grown h-BN.
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Hopefully, h-BN, grown in CVD, has already discovered many atomic rocks, which allowed to
increase the high-density GaN islands, which merged to form a flat homogeneous film. In addition, almost
single-crystal GaN layers were grown directly on the growth of CVD h-BN without the use of other single
crystal substrates. A clear observation of the high-density GaN epitaxial growth on a large-scale scalable
single-crystal CVD-grown h-BN opens the way for new applications of h-BN in the development of a
number of inorganic semiconductor devices.

Gallium nitride and indium nitride nanotubes [15] were grown using a hot wall chemical vapor
deposition (CVD) system. NWs GaN were synthesized by the metal-catalyzed (Ni or Fe) growth of VLS
on alumina or oxidized silicon substrates. This process included a solid gallium source (either metallic Ga,
or metallic Ga in combination with Ga,03), heated to temperatures between 800 and 1100 ° C, in
ammonia flowing at a rate of 2 centimeters to 100 centimeters. This process consistently produced
nanowires with similar structural and electrical properties for similar growth parameters, having a high
crystalline quality (Table 2).

Table 2 - Growth parameters for NWs GaN

Parameters Growth 1 Growth 2
Temperature C 800 950
Ammonia Flow sccm 100 2
Substrate Si/Si0, Si/Si0,
Gallium Source Ga+Ga,0, Ga+Ga,04
Pressure 1 atm 1 atm
Metal Catalyst Ni Fe

Both types of nanowires exhibit large carrier concentrations with decreasing mobility with increasing
free carrier concentrations, which is consistent with a transport in which dispersion of impurities
predominates. In the case of nanowires of gallium nitride, using the feedback between the parameters of
growth and electrical characteristics, it was possible to reduce (increase) the concentration of carriers
(mobility) by one order. In addition, simple theoretical estimates and annealing experiments show that
nanowires of gallium nitride are highly compensated.

Epitaxial layers [16] were grown on an AIX2400G3-HT instrument of MOC-hydride epitaxy.
Sources of gallium, nitrogen and dopants (trimethylgallium (TMGa), NH; and bis-cyclopentadienyl
magnesium (Cp,Mg), respectively) were delivered to the reactor with a hydrogen stream. 0.5 pm p-GaN
epitaxial layers were grown on 2'-Al,O3 (1000) substrates with a pre-deposited i-GaN 2 pum buffer layer.
Doping-impurity consumption was 5.4 - 107 mol / min. The temperature and growth rate of GaN were the
same for all samples. Two methods were used for post-growth thermal annealing. Some of the samples
were annealed at 800-1000 ° C in an epitaxy reactor for 7 min under a nitrogen atmosphere. Other
samples were annealed at 1000 ° C in an IR-heated unit with rapid thermal annealing at different times
from 0.5 to 3 min. Heating to specified temperatures was 5-7 s. The annealing atmosphere was nitrogen at
a pressure of 0.1 atm. The same pressure was used for all samples. A significant change in the
electrophysical properties of the p-GaN: Mg samples as a result of a change in the annealing temperature.
The main observation is a significant (approximately 20-fold) increase in the hole concentration in the
samples annealed at 1000 © C, compared to those that were annealed at 800 ° C, which is probably due to
the higher activation of the acceptor.

In the paper [17] talks about the approach to the synthesis of straight and smooth GaN nanowires
with catalyzed NiO by the CVD method. The nanorbeters were deposited on a substrate from a LaAlO;
monolayer without the use of a template. Before deposition, the substrate was immersed rapidly in a
solution of ethanol Ni (NOs) 2 and then heated at 900 ° C in a long quartz tube in an Ar flow for 2 hours
(h) to decompose Ni (NO3) 2 into NiO nanoparticles. Then, the growth of the nanoparticles GaN was
carried out in a long quartz tube at 920-940 ° C in a NH; stream for 5-20 min. The synthesized GaN
nanowires had a diameter of 10-40 nm and a maximum length of about 500 pum. And also in work [18] it
was demonstrated that using a sapphire substrate it is possible to fabricate long nanowires of GaN using
the CVD method. Using gallium and ammonia metals as sources of Ga and N, GaN nanowires were
deposited on a sapphire substrate at 900 ° C using a nickel catalyst. The wires they had prepared had a
length of several hundred micrometers and diameters from 30 to 150 nm.
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The paper [19] describes the photocatalytic activity of GaN nanowires and they have a good ability to
photodegrade the organic dye at various pH values even with strong acidity and alkalinity. In addition, the
photocatalytic activity of GaN nanowires was compared with the photocatalytic activity of TiO, and ZnO
nanowires. It was found that the surface area of GaN nanowires was an order of magnitude lower than that
of TiO, nanowires, the photocatalytic activity of GaN nanowires was slightly higher. Compared to ZnO
nanowires, ZnO nanowires were performed better than GaN nanowires at pH 7.0, but in a strong pH
range, for example, pH 2.3, the photocatalytic activity of ZnO nanowires rapidly decreased from 70% to
33%, whereas nanowires of GaN increased by 60%.

1D GaN NWs were prepared in a reaction chamber with an air hot reaction with a hot temperature
[20]. The growth of 1D GaN was carried out at a growth temperature of 1000 © C for 1 hour using a
Ga,03-NHj; system. NH; at a flow rate of 130 cm® min-1 was used as the reaction gas and the carrier gas.
The substrate was located in the center of the furnace with a series of crucibles mounted on Ga,0O;. In
each experiment, Ga,O; powder was loaded with 0.2 g. For the growth of NW, 100-oriented Si substrates
coated with sputtered Au were used. The phase formation of CVD-GaN was analyzed by X-ray
diffraction.

Figure 3 - (a) FESEM images of GaN nanowires synthesized by the CVD method at 1000 ° C on Au/ Si substrates
for 1 hour with the Ga,0;-NHj; system and (b) magnified image

Figure 4 - The TEM, SAED and HRTEM images of GaN nanowires grown at 1150C: (a) TEM and SAED images, and (b)
HRTEM images

For the fabrication of GaN nanowires [21] CVD was used. The main materials are powdered Ga,0O;
(99.99%), a crystal of NiCl, - 6H20 (99.9%) and NHj3; (99.999%). Thin film of NiCl, was formed by the
immersion method. Unpolished substrate Si (1 1 1) n-type after ultrasonic cleaning was immersed in the
NiCl, - 6H20 ethanol solution with a concentration of about 2%, and dried at 100 ° C. The second step
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was to manufacture GaN nanowires in a conventional tube furnace with Ga,0O; as a gallium source and
NH; as a source of nitrogen. When the furnace is increased to a certain temperature (1050 °© C, 1100 ° C
and 1150 ° C), 3 g of Ga,0; Si substrate and placed inside a quartz tube in a horizontal tube furnace, and
the distance between them was 1 cm, with Ammonia 800 ml min-flow rate 1 was passed into the oven for
40 minutes at a certain temperature. After the ammonia, the gas flow Ar (99.999%) was introduced into
the tube for 5 minutes to wash the residual NH;. After the reaction, the samples were lamellar-light yellow
on the surface of the substrate. As the reaction temperature increases, the number of nanowires grows, and
the quality improves. Nano drives start to emerge at 1100 °© C and at 1150 ° C have the highest
crystallinity with a smooth and clean surface.

HRTEM shows that the distance between crystals nanowires grown at 1150 © C, corresponds to the (1
0 0) Distance between the crystals of hexagonal GaN monocrystal and that the direction perpendicular to
the growth of GaN nanowires (1 0 0).

For the growth of Mn-doped GaN-wires [22] used the metal Ga (purity 99.99%) and powder of Mn
(299%), with high purity N, (99,999%) as the carrier gas and NH; (99,9995% ) as the reaction gas. For
the growth of GaN wires, a substrate of a silicon substrate (100) was used. While the temperature of the
tube furnace was increased to reach reaction temperature N; (99.999%), NH; (99.9995%) and HCI gases
(N, 10 mole%) were injected. The heating rate was 5 © C./min, and the holding time was 1 hour. During
this time, the temperature and the total flow were regulated in the ranges 950-1400 ° C and 490-625
centimeters, respectively. As the amount of Mn doping increases, the light-emitting wavelength increases
to 700 nm (red), the maximum. Moreover, even when the experiment was carried out with the same ratio
of the Ga metal to the Mn powder, the light emitting wavelength was 644.4 nm while maintaining the
temperature at 1300 ° C.

Carina B. Maliakkal, Azizur Rahman and others [23] were grown GaN NWs using as precursors
(Figure 3) organometallic chemical vapor deposition (MOCVD), nickel catalyst and trimethylgallium
(TMGa) and ammonia (NH3).

Figure 4 - Growth of GaN-NWs: (a) GaN NWs obtained by growing in medium N, (840 °C and 150 torr with a flow of 1
cm’ of NH; and a TMGa stream of 2.5 ccem). (b) droplets containing gallium and nickel obtained by growing in an H,
atmosphere under similar growth conditions. (ce) nickel-catalyzed unsteady GaN NW obtained by rowing under the same
conditions (840 C and 150 torr with a flow of 1 cm® of NH; and a flow of 2 meem TMGa) in (c) the plane of the ¢ (d) plane and
(e) sapphire substrates r-plane [26]. The pressure of 150 torr in medium N, and ~840 ° C, with low precursor flow rates and V-III
ratio, was optimal for growing thin, not oblique GaN NW.
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So, several technologies of the process of growth of GaN obtained by the CVD method were
compared. These methods show the progress in the production of GaN. The best way to synthesize
nanowires and GaN nanotubes is the direct reaction of metallic gallium Ga vapor with a flowing NH; gas.
By choosing a gas flow of hydrogen nitride and temperature, it is possible to obtain thinner or thick
nanowires and nanotubes.

For semiconductor nanowires, cylindrical geometry and strong two-dimensional retention of
electrons, holes and photons make them particularly attractive as potential building blocks for nanoscale
electronics and optoelectronic devices [20]. The use of GaN nanowires has been demonstrated by
researchers in the following areas: photoelectric devices, light emitting diodes (LED), field effect
transistors (FET), lasers, photocatalysts and nano-generators.

The future, GaN will play an increasingly important role in the use of nitride-based semiconductor
devices, through the introduction of homoepitaxy and the structure of the device, replacing heteroepitaxy
and the currently used device structure. The bulk GaN substrate will grow rapidly over several years, with
larger sizes, higher quality and lower cost. To implement mass production and wide application of
volumetric GaN substrates, a combination of different growth methods is a possible solution.
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K. Ackapyisi', H.K. Mana6aes
K.1.Cor0aeB aTpinnarsl Kasak yJITTBIK TEXHHKAIBIK 3€pTTEY YHHUBEpCUTETI, AnMarbl, Kazakcran

CVD 9IICI APKBLJIBI I'AJIVIM HUTPUJATEH NWs —
AJIYIbIH TEXHOJIOTUAJIBIK BAPBICHI

AnHotanus. [ammm HUTpHO, 30HANBIK caHpUIayel Tike ~3,4 3B xome (GaN) II-V (AjBy) xmaccrarst
JKapTeUIai oTKi3rim Oombim Tabemianel. GaN e3iHIH aca >KOFaphl TeMIlepaTypaja TYpPaKThI JKOHE ONTHKAJIBIK
KacHeTTepiHe OalJIaHBICTBI ©31H aK JKapbIK IIbIFapaThlH IMOATApAA, KOK Jlazepliep MEH JalallblK TPaH3HCTOpIapaa
KOJIJIaHy JKOHE KeJCIIeKTe COYJICNICHyTre Kapchl, SHEPIUsAHbIH, KYPBUIFbIIApAbIH OaracklH TYCIpyre MaHBI3AbUIBIFBIH
KepceTeni. Makanama I9CTYpiIi MaTepraigapaad Kaparanaa oosarrarsl Mo 6osbin kesetin CVD omiciMen anbiHFaH
GaN - Ti 3epTTpeyeri aBTOpIaHIBIH KYMBICBIHA IOy KenTipireai. MaTepuangapAblH HapaMeTpiepiH KakcapTy
KOHE TpaH3ucTopiap, *apbikanon xoHe AXOK sjekTpoHMKana KojJaHy YIUIH Marepaijbl aly HpOLEcCTepiH,
(hM3UKAITBIK KACUETTEPIH JKOHE 9p TYPJIi aBTOPJIAPABIH 3€PTTEY HOTHIKEIEPIH CAJBICTBIPY JKYPri3iiei.

Tyiiin ce3nep: GaN, rayjun Hutpuni, CVD apaici, xapTbuiaid eTKisrimrep, mody.

K. Ackapyisi', H.K. Mana6aes ’

Kazaxckuil HaMOHaJIBHBIN HCCIEN0BATENbCKUI TEXHUUECKUN YHUBEPCUTET
uM. K.1.CarnaeBa, Anmatsl, Kazakcran

TEXHOJOI'NYECKHE INPOLECCHI HOJTYYEHUSA NWs
U3 HUTPUJA T'AJUINA CVD METOAO0OM

Annotanusi. Hutpun rayums (GaN) npezacrasisier coboii nmonynpoBoanuk [11-V ¢ npsiMbIM 30HHBIM 3a30pOoM
~3,4 5B. GaN umeeT BakHbIE IOTEHIMANBI B OENBIX CBETOMIIIYYAIONIMX IUOAAX, CHHHMX Jia3epax M MOJIEBBIX
TPaH3UCTOpaX HM3-32 €r0 CBEPXTEPMHUUCCKON CTAOMIFHOCTH U MPEBOCXOIHBIX ONTHYCCKUX CBOMCTB, WTrpas TJIaBHEIC
poiu B OyAyIeM OCBEIICHUU, YTOOBI CHU3UTh CTOMMOCTh SHEPTHU M JATYUKH, YTOOBI IIPOTUBOCTOATH H3ITyUCHHIO.
B crarbe npuBomuTCst 0030p UCCIeAOBaTENbCKHX paboT aBTopoB mo GaN momydeHHHBIX CVD MeTomoM, KOTOpHIi
ropaszno 0oJiee TEPCIEKTHBHBIA MaTepual, 4eM IpyTrHe TPaaulHOHHBIE MaTepuanbl. CpaBHHBAIOTCS (U3NICCKUC
CBOWCTBa JUIs YIIYYIICHUS MapaMETPOB MaTepHaia, METOIBI MOyUeHHS M Pe3yJIbTaThl UCCIEIOBATEIBCKIX padoT
pa3HBIX aBTOPOB ISl CO3JaHUS CBETaTUOIOB, Tpar3ucTopos, CBY anekrpoHuke.

Kirouessie ciaoBa: GaN, Hutpua ramums, CVD meTon, noaynpoBOJHUKH, 0030p.

Information about authors:

Askaruly KydyR - PhD doctoral student of the 1st academic year for the specialty of 6D072300 - "Technological Physics",
the Department of "Technical Physics and Materials Science", Satbayev University. k.askaruly@gmail.com;

Manabaev Nurlan Kasenovich - PhD doctor, the Department of "Technical Physics and Materials Science", Satbayev

University. infopresskz@gmail.com




Uszeecmus Hayuonanvuot akademuu nayk Pecnyonuxu Kaszaxcman

NEWS

OF THE NATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN
PHYSICO-MATHEMATICAL SERIES

ISSN 1991-346X

Volume 4, Number 320 (2018), 66 — 71

UDC 517.927
A.Seitmuratov', Z.Seylova’, S.Tileubay', A.Smakhanova', M.Serikbol', K.Kanibaikyzy',

'The Korkyt Ata Kyzylorda State University, Kyzylorda;
*The Sh.Ualikhanoya Kokshetau State University, Kokshetau

angisin_(@mail.ru, stsoias62@mail.ru, Sarsen-00@ mail.ru, Smakanova84@mail.ru,
makpal.serikbol@mail.ru, VIP kundyz@mail.ru

THE USE OF A MATHEMATICAL METHOD OF I. G. FILIPPOVA
IN THE SOLUTION OF BOUNDARY VALUE PROBLEMS
OF VIBRATIONS OF CYLINDRICAL SHELLS

Abstract: In the present work deals with the questions for problems of torsional and longitudinal vibrations of
cylindrical shells of variable thickness in a more general setting that allow to formulate a boundary value problem in
the solution of private problems of vibrations of a cylindrical shell under various conditions at the end of the shell. A
review of the well-known in the scientific literature studies in the field of vibrations of rods and shells is given in
many works. However, these works did not reflect and did not formulate the boundary value problems of oscillation:
along with the approximate equations of oscillation, there are no strictly justified boundary conditions at the ends of
the rods and shells arising from the developed mathematical approach, and the boundary conditions from the static
problems were applied. In addition, the necessary number of initial conditions depending on the order of time
derivatives of the required functions was not justified and the areas of applicability of the approximate equations of
oscillations were not investigated.

Key words: regional tasks, cylindrical shell, oscillation, torsion vibrations, Bessel function, close equalization,
three-dimensional task, variable radius.

Cylindrical shells of variable radius are found in many constructions and buildings. In the scientific
literature, the theory of oscillations of cylindrical shells is constructed using the hypothesis of flat
sections. Below this problem is solved with the use of a mathematical method used in the works of 1. G.
Filippov and A. Zh. Seitmuratov.

To derive the equations of oscillation of the rod of variable radius we have the following three-
dimensional boundary value problem: equations of motion in potentials

o’
N(AD)= p——:
(A) P
82
M(Ay,)=p a;’?; M

Uu,,u.) = grad @+ rot[rot(é. ).y, |
boundary conditions on the rod surface
F*(2)o.. +0, -2F'c,_ = f,A;
(0, ~0.)F'(2)+o, {1 -[F2 )] }= o

2
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where r = F(z) - variable radius of the rod; initial conditions are zero. Potentials @ and y, let us seek
believing

= [0 ik [ @, exp(pr)dpy
0 !

o0

vy = [ 249 Yk [y exp(pt)dp
!

0

A3)

For the values @,, ¥/,, converted by Fourier and Laplace potentials after substitution (3) in the
equation (1) we obtain the ordinary Bessel's differential equations of the imaginary argument

d’®, 1dD,
LA——L D, =0;  a’=k’+pp’N, (p)
dr r o dr @
d’ 1d
PR T By, =0 B =K+ pp" M (p)
dr r o dr
whose solution is limited in the case of r = 0, equal
Dy = Ayl (ar); Y20 :Bolo(ﬂr) )
representing the displacements of ¥ ., U _ in the form
Uy = _[ Sf?iff;?z> }dkjue,o exp(pt)dp
0 %)
for u, y,u, , obtaining the expression
2n+l
c 2
u = A o — kB [ ;
" ZO( ’ of )n!(n+1)!
) (6)
=3kt ~ B g 2
n=0 n.
after decomposition of the Bessel's function in power series of the argument.
Instead of continuous integration A4, B, we introduce a new
Uy = 0!2A0 _kﬁ2Bo; Wy = k4, _ﬁzBo (7

herewith W, - the transformed offset of the axis points z of the rod U, - s derived from the
displacement u, , along the radial coodinate 7 also at » =0. In the new variables U,W, as before

u,,,u,, will be written in the form
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z[(a c,0° +ﬂ2”)U —ka*C, 0" ] (2) )
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By reference (8) to k, p, for displacement u,, u_ we obtain expressions

:i[(ﬂ’fl)CQ +/1(”))U+ AI)CQ :l (2} .

g nl(n+1)!

’ 2n
i{ CoQ, U+(;; CQ, +Z§”))W}Q )
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0’ 0? 0 0’
M _ N—l : /1(1) — Mfl — |-=;
A p(wjaz 2 =P &Az%

n—1
0 =2AE™ Q=0 Q=1
g=1

rae

ﬂ.}l) , 221) - describes the propagation of longitudinal and transverse waves along the Z .

Substituting the general solutions of the three-dimensional problem (9) in the boundary conditions
(2), to determine U, we obtain a system of equation

L,U)+M, (W)= f,A, 10
L, (U)+M,,(W) = f, A, "

where operators L, M , are equal

(5]

— 2 iz (n)_i () _ iz iz_ (n)
L, =270 {[ 200, 5 +(1-0)4 nﬂ[ﬂq cQ &ﬂ +(E ){xg (+0)A }

FF, ) & NE
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The equations (10) are the general equations of longitudinal oscillation of a rod of variable radius.

Due to the complexity of the equations (10), we obtain from them the approximate equations of the
longitudinal vibration of the rod. Limited to the first summands in the series of operators (11), we obtain a
known equation for the constant radius rod

1w oW
i, ot oz

- 0; (, = 1. =0) (12)

in this case, the speed of the longitudinal wave of compression in the rod is equal to

cl = b(3a2 - 4b2)* (a2 - b’ )_1

and is given in various textbooks and books.

If we limit ourselves to the first two terms in the series of operators (11), we obtain a refined equation
that generalizes the equation (12).

If the rod of variable radius, then from the general equations of oscillation (10) we obtain the simplest
equation of the second order

o aZW
=pN /33(2)? (13)

o'W
0z*

where the variable coefficients of the p, (2) in the derivative of W are equal

po(z)W+p1<z)aa—W+pz<z)
Z

p(2) =2|(1-C)F (2)F"(2)F (2)-(1+CO)F (2)]

p()= B (-CPFO-6+OF @)+ (1-CIF @) -1+ OG+ OFF O (25~
L U=COE @+ (1-C) FAQF, <z>[FF; (2)- %Fj (1= CF2 @)+ FLOF ()
0.(2) = {— ; la+0y -ca-olF@)+ ;(302 _5C—8)F(2)F(2)+ j(l _CPF()F*(2)+

+3(1-CHF ()F (2)F. (2))
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py(2) = E (1-OF() —%(cz LCHNFRF @) ~(1-CHFR)F ()~ (1-COF QFAF ()] (14)
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1KOpK]:lT Arta ateiHAarsl KeI3bU10p1a MEMIIEKETTIK YHUBEpCUTETI, KpI3bUTOp/IA K.
’[11.VanuxaHoB aThIHIAFbI Kekieray memiekerTik yHuBepcureti, Kekmeray k.

HOUINHAIPJIIK KABBIKIHAJIAP/JBIH INETTIK TEPBEJIIC ECEBI YIIHIH
N.I'. ®UJIUIITIOBTBIH MATEMATHUKAJIBIK IHEITY 9/ICIH KOJLJIAHY

AnnHoranus: bepinren Makanana aifHaIMaibl JKoHE KeIOey MIIMHAIPIIK KaOBIKIIanap ece0iHeH TyBIHAaUTHIH
CypakTap >Kaiibl Macene Kosrananpl. HerisiHeHn KaObIKiamap aiHamachlHAa OOJIATBIH Op-TYpJll IHapTTapra
OalaHBICTBI LIETTIK €CENTepAi KAJIBIITACTBIPY MakcaTblHAA IIWIMHIIPIIK KAOBIKIIACHIHBIH —aiHBIMAalIbl
KaJIBIHJIBIFbIHA OalJIaHBICTHI XKaNIbl ece6l KapacThIpbuiagsl. OChIFaH JIeHiHri jKacalFaH CHIPBIKTap MEH KaObIKIIanap
TepOestici )KyMbICTapblHa KO3 XKYTipTe OTHIPBIN, KapacThIPbUIFaH TepOeic IETTIK eCeNTepiHae HaKThl KaTaH TYpIe
MaTeMaTUKAIIBIK TYXKBIPBIMBI J)KETKITIKC3 KopceTiireH. COHIBIKTaH Oy )kyMbIcTa Oenrii raybiM W.I".dunnnmnoBTeiH
TepOestic ecenTepiH eIy eri MaTeMaTHKaIbIK SAICIH KOJJIaHJBIN TepOenic TeHICYJepiHiH JKYBIK IaMaChIHbIH
KOJIIaHy IIapTTapbl aHBIKTAJJIBI.

Tyiiin ce3: meTTik ecer, MWWIMHIIPIIK KaObIKIIa, TepoOenic, alfHaaMansl Tepoenic, beccen GyHKUMACHI, KybIK
TEHJIEY, YII OJIIIEM/Ii €cell, aifHbIMaJIbl PaanyC.
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A.K. Ceiitmyparos', 3.T.Ceiitopa’, C.IIL. Tusey6aii',
A.K.Cmaxanosa', M.C.Cepik6oa', K.Kanu6aiikpi3p'

'KbI3BLI0pAMHCKHI TOCY AapCTBeHHBIH yHIBepcuTeT MM.KOpKbIT ATa, r.KbI3b1TOpIA
2KOKLueTayCKI/IfI rocyaapcTBeHHbIH yHUBepcuTeT uM.111. Yannxanosa, r.Kokmeray

INPUMEHEHUE MATEMATHYECKOI'O METOJJA U.I'. ®@NJIUIIIIOBA
TP PEHIEHUU KPAEBBIX 3AIAY KOJIEBAHUS HUJIMHAPUYECKUX OBOJIOYEK

AnHoTtanusi: B Hacrosmell pabore paccMaTpuBaroTCs BONPOCHI s 337ad KPYTHIBHOTO M IPOJOJIBHOTO
KoJIeOaHUH IMIMHAPUYECKUX 000JIOUEK TIepeMEHHON TONIMHBI B Oojee o0miel OoCTaHOBKE, KOTOPhIE TO3BOJISIOT
(hopMysIMpoBaTh KpaeBble 3alaud IPH PEIICHWH YacTHBIX 3ajJad KoJjeOaHus IMIMHAPHYECKOH OO0O0JOYKH IpH
pa3IMYHBIX YCIOBUAX Ha Topie obomoukn. O030p M3BECTHBIX B HAYYHOW JIUTEpaType HCCIESIOBAHHN B OOJACTH
Koyie0aHni cTepKHEeH 1 000I0UeKk MpUBenEH BO MHOTHX padorax. OQHAKO B 3TUX paboTax HE HAILIM OTPAXKCHUS U
He ObuTH c(HOpMYITHPOBAHBI KpaeBble 3aJadn KoJieOaHW: HapsAdy ¢ NMPHOMMKEHHBIMHA YpaBHEHHSIMH KOJICOaHHS
OTCYTCTBYIOT CTPOTO OOOCHOBAaHHBIE I'PDaHWYHBIC YCIOBHS Ha TOPLAX CTep)KHEH M 000JIOYeK, BBITEKAIONIHE U3
Pa3BHBAEMOT0 MaTEMaTHYECKOTO MOJX0/a, a IPUMEHSINCh I'PAHUYHbIE YCIOBUS U3 3a1a4 cTaThuku. Kpome toro, He
000CHOBBIBAJIOCH HEOOXOANMOE YHCIIO HayaJbHBIX YCIOBHI B 3aBUCMMOCTHU OT IIOPSAKA IPOM3BOIHBIX 10 BPEMEHH
OT MCKOMBIX (DYHKIHMI U HE UCCIIEA0BAIMCH 00JIaCTH MPUMEHUMOCTH MPUOJIMKEHHBIX YPaBHEHUH KOJIeOaHuiA.

KiroueBble ci10Ba: KpaeBble 3aJauyd, LWIMHApPHYECKas o000JIOUKa, KoneOaHMe, KpyTWIbHAs KoyeOaHud,
¢dynkuust beccens, npuOimkeHHbIe ypaBHEHNE, TpeXMepHast 33/1a4a, IepeMEHHBIH paanyc.
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SPECTROPHOTOMETRICAL STANDARDS 8"-10".
1. EQUIPMENT, METHODS AND FIRST RESULTS

Abstract. Justification of the task of creation a network the spectrophotometric of standards 8™-10™ is given.
Standards of this brightness are necessary for calibration of spectral observations using large telescopes. Selection of
stars — candidates in spectrophotometric standards and primary standards was made. As candidates in the standards
selected stars of spectral classes A and B which are located in the equatorial zone with declination £3°. The used
equipment - a new CCD spectrograph is briefly described. Dispersing element of a spectrograph is the concave
toroidal grating which simultaneously serves as collimator and as camera. The spectrograph operates in the slitless
mode. As the receiver of radiation the CCD camera ATIC-490EX was used. The new spectrograph allows to
investigate an energy distribution in the spectra of much dimer stars than in case of observations with spectrometers.
Observations on the telescopes AZT-8 and Zeiss-600 at Kavenskoe plato carry out. The differential method of
observations was used. Processing of CCD-spectrograms and numerical reductions detail is described. The energy
distribution in spectral region 340 — 660nm is investigated, spectral resolution of the obtained data be 5 nm, the
relative standard deviation - from 3 to 6%. The absolute energy distribution in spectra of two candidates for
standards is presented.

Key words: stars, spectrophotometrical standards, CCD spectrograph, methods of observations.

YK 524.31
B. M. Tepemenko

JATOO «Actpodmsmnueckuit UucTuTyT MM DecenkoBay, Anmatsl, Kazaxcran

CHEKTPO®OTOMETPUYECKUE CTAHIAPTHI 8™-10™.
1. AIIITAPATYPA, METOJIUKA U ITIEPBBIE PE3YJIbTATBI

Annoranust. [IpuseeHo 060CHOBAaHKE 3aJa4M CO3JaHMs CETH CIIEKTPO(OTOMETPUUECKUX cTanaapToB 8-10",
CranaapThl JAaHHOTO OJieCKa HEOOXOIMMBI I KAJIMOPOBKH CICKTPAIBHBIX HAOJIIOJCHUN HAa KPYITHBIX TEJICCKOMaX.
Cnenana BbIOOpKA 3BE3/-KaHJUIATOB B CIHEKTPO(POTOMETPUYECKHE CTaHAAPTHI W IEPBUYHBIX CTaHIAapToOB. B
KayecTBEe KAaHAWIATOB B CTAaHIAPTHI BHIOPAHBI 3BE3MIbI CICKTPANBHBIX KJIACCOB A M B, KOTOpBIE pacroiOkKeHHI B
9KBAaTOPHAIBHON o0sacTh co ckioHeHneM 13°. KpaTko ommcaHa HCIOfb3yeMas ammapatrypa - HoBbiid [13C-
cnekTporpad. JucneprupyonmmM JIeMEHTOM CIieKTporpada sBIsSeTCS BOTHYTas TOPOUAAIbHAS PelieTKa, KOTopas
OJTHOBPEMEHHO CIY)KUT KOJUTMMaTopoM M Kamepoil. Criektporpad paboraer B OeciuesneBoM pexume. B kauectBe
npueMHuKa naaydeHus ucronb3yercs [13C-xamepa ATIC-490EX. HoBblil cnekrporpad mosBoisisieT MccienoBaTh
pacripeneneHne SHEPrHH B CIEKTpaX HAMHOTO OoJiee TYCKIBIX 3BE3l, YeM CO CIeKTpoMmerpamu. HaOmronenws
BeimotHeHBl Ha Teneckomax A3T-8 um Ileticc-600. Hcmomp3oBancs auddepeHnnansHeiii MeTOx HaOIFOICHUA.
[Monmpo6ro omucanbl meron oOpabdotkmu [13C- crmekTporpaMMm W YHCICHHBIE peAyKIuu. PacmpeneneHue SHepruu
HCclieayeTcs B crieKTpainbHoi obmactu 340 - 660HM, CIIEKTpalbHOE pa3pelieHre MOTYIeHHBIX JaHHBIX COCTABIISET
5HM, OTHOCHTENBHAS C.K.0. - OT 3 10 6%. [IpencraBieHo aOCONMIOTHOE pacIpeieieHne YHEPTUU B CHEKTPaxX JIBYX
KaHIUAaTOB B CTaHAAPTHI.

KiroueBnie ciioBa: 3Be3/1bl, CriekTpogoToMeTpruieckue cranaapthl, [13C-criektporpad, MeToabl HAOMIOACHUH.
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Beedenue. VccnenoBanue pacnpelesieHHs] SHEPIHU B CHEKTpax 3Be3X - TPAAWLMOHHAS TEMaTHKa
Actpodusndeckoro mHCTUTYTa UM. DEeceHKoBa, a CO3JaHHBIA B WHCTUTYTE CIIEKTPOGOTOMETPHUICCKUI
Kartayor [1] mpogomkaeT ocTaBaTbcsa caMbIM MacCOBBIM B Mupe. CHeKTpaibHOe pacripeaesieHHe YHePTUn
UCIIOJIB3YETCS UIA ompeneneHus (GU3NUECKUX MapaMeTpoB 3Be3ll M MEX3Be3THOH cpensl. Kpome Toro,
3BE3lIbl C W3BECTHHIM PpaCIpeleNeHUEM SHEPIUH HCIOJIB3YIOTCA Ul CTaHJapTH3alWu CHEKTPodoTo-
METPUYECKUX HAONIOJACHUA CaMbIX Pa3HBIX HEOECHBIX TeT WM IS KAIMOPOBKHU ammapaTypbl. OOBIYHO B
Ka4ecTBE CIIEKTPOPOTOMETPHUUECKUX CTaHAAPTOB CIYXKaT 3BE3[bl PAHHUX CIIEKTPaJbHBIX Ki1accoB. B mx
CHEKTpax MMEIOTCS HPOTSHKCHHBIE YYaCTKH, CBOOOAHBIE OT CHJIBHBIX CHEKTPAJbHBIX JIMHHH.
CriekTpoOTOMETPHYECKHE NaHHbIE IPEACTABISIOT B JBYX BHAAX: «CIUIOIIHOM)» M «CKBaXXHOM». B
«CIUIOIIHOMY» JAHHBIE 0 BHEATMOC(HEPHOH OCBEIIEHHOCTH MPUBOJISATCS HEMPEPHIBHO Yepe3 OIpeeIIeHHbIN
WHTEpBaJl, paBHBII MHTEPBATy yCpPEIHEHUs, T.€. B THCTOTPAMMHOM BHJE. B «CKBa)XHOM» BUAE JaHHBIC
OpUBOIATCS JUIsI M30paHHBIX MAIMH BOJH. B HacTosimee BpeMms CIUIOIIHOE BHeaTMoc(epHoe
pacrpesenieHre HEeprud B MHTErPAIbHOM CIEKTPE M3Y4YEHO B CIIEKTpax OKOJIO MOJYTOpa ThICAY 3BE3.
[Ipaktuuecku Bce oHM sipye 6 BenmumumHbl [1-6]. B nurepatype u B 6ase manubix SIMBAD wumeercs
HECKOJILKO JIECATKOB 3Be3/1-cranmaptoB 7" - 8™ [7-10] u Bcero Heckosbko - 6osee cnabbix. CTaHmapToB
K€ NOJDKHO OBITh KaK MOXXHO OOjbllle, TaK KaK OT MX KOJHUYECTBAa 3aBHCAT INPOU3BOIUTEIBHOCTH
HaOJIOIEeHWH W TOYHOCTh TOJNy4YaeMbIX JaHHBIX. OYEeBHIHO, YTO TPU HAONIOJEHUSX Ha KPYMHBIX
Teseckonax TpeOyrorcss Oosee cialOwle cranzapthl. [losToMy mobOaBieHHMe K MMEIOIIMMCS B HaIWYUU
cnabbIM  CTaHZapTaM [ake HECKOJIBKMX 3BE3J HMEeT CMbICI M 3aJada CO3JaHus CJIabbIX
CHEeKTPO(HOTOMETPUIECKAX CTAHAAPTOB SIBISICTCS aKTyalbHOW. MOXKHO cKa3aTh, YTO HMX CO3JaHUE —
«BEeYHas» 3a/1aya, TaK KaK cO BpeMEeHeM TpeOyroTcs Bce Oojiee ciadble cTaHIapThl, Oojiee TOUHBIE, C
0oee BBICOKMM CHEKTPaIbHBIM Pa3pelIeHUEM U OXBATHIBAIOILMX Bce OoJiee MINPOKHIA HHTEPBAJ CIIEKTPA.
MBpbI penuiny paciiupuTh CIIMCOK CTaHAAPTOB B CTOPOHY OoJiee ClIa0bIX M0 CPABHEHHUIO C UMCIOIMMUCS B
KaTanorax 3Be3faX W CO3/aTh CeTh CreKTpodoToMerpuueckux cranmaproB 8"-10". Hacrosimias pabora
SBJISIETCS IIEPBOM M3 IUTAHUPYEMOU cepuH Ty ONMKaLUi, TOCBSILEHHbBIX €€ CO3IaHHUIO.

Annapamypa. PactipefieieHre YHEpTHU B CIIEKTPax 3Be3J B YKa3aHHBIX BhIIe padorax [1-10] Ovm0
MOJTyYEHO C MOMOUIBI0 OJTHOKAHAIBHBIX CIEKTPOMETPOB, B KOTOPHIX MPHUEMHUKOM HU3ITY4YEHHS CITYKUIN
GoroymuokuTenn. Jlsl WCCIENOBaHWS pacmpelesieHusl SHeprud B crektpax 3se3x 87-10" Hamwm
crienaibHO OBUT M3TrOTOBIICH criekTporpad [11], B koTopoMm mpreMHHKOM u3nydeHus sBisercs [13C-
kamepa. [lomyepkHeM, UTO CIEIUANBHBIX HCCIEIOBAaHUM paclpefesieHusl SHEPTUH B CIIEKTpax 3Be3J] C
nomomipto [13C-cnextporpadoB Mbl He BcTpeyand. [lo-BUIMMOMY, OTCYTCTBME TaKUX HCCIEAOBAHHN
CBSI3aHO HE CTONBKO C MOTEped HX aKTyaJbHOCTH, CKOJIBKO C METOIMYECKUMH TPYyIHOCTSIMH,
BO3HHUKAOIIMMU IIpU HUX oOcyuiecTBiIeHUH. CTOUT OTMETHTh, YTO TOYHOCTh PErUCTPAlMH IIOTOKOB
nznyuenust [13C-kamepoil mo cpaBHeHHIO ¢ (QOTOYMHOXKHUTETIsIMU Oojiee Hu3Kas [12]. Bmecre ¢ Tem,
CTaHIAPTH3aLUs CHEKTPAIbHBIX HAOMIONEHUH pa3IUYHbIX HEOECHBIX O0BEKTOB, MoiydeHHbIX c I13C-
criekTporpadaMi, B OTACIBHBIX YUaCTKax CIEKTPa BHITIONHSIETCS MTOBOJBHO YacTo (CM., Hampumep, [13-
14]).

B namem cnektporpade anst abcomoTHbIX u3MepeHuin (CAU) aucneprupyromuM 3JeMEeHTOM
CIIy>)KUT TopoujanpHas nudpakiuoHHas pemerka. IlocrosnHas pemerku — 150 mTpuxos/mMM, pazmep
3alITPUXOBaHHOM uacTu pemietku - 20%20MM, ¢okycHoe pacctosiHMe - okoyno 242 mM. Jlucmepcus
cnekrporpaga cocraBiser 25HM/MM, pasmep mnons - 20mMm. CnekTporpad paboTraer, Mo CyTH, B
OecrieneBoM pexXuMe, BXOIHAs LIeNb MMEET IIMPHHY OKOJO 1 MM, 4YTO 3aBefIOMO OOJIbIIEe pa3MepoB
M300paKeHUH 3BE3a IS TEIEeCKONOB ¢ (OKYyCHBIM paccrosHueM MeHee 20M. lllmpokwe mens wuiam
nuagparma TpeOyroTes it aOCOMIOTHBIX U3MEPEHUN — YTOOBI He OBUIO BUHBETUPOBAHMS My4ka. Tak Kak
CHEKTpaJbHOE pa3pelleHre JaHHBIX COCTABIAET BCETO SHM, TO OECILIENIeBON BapHAHT BIIOJHE IPHUEMIIEM.
I'maBHOE TOCTOMHCTBO MCIOJIB3YEMOMN PEIIETKH B TOM, YTO OHA 00€CIeYnBaeT MIOCKHUI CIIEKTP B 00JIaCTH
ot 300 mo 800HM. DTO ee CBOMCTBO IMO3BOJISET MCIOJIB30BAaTh B KauecTBE MpueMHuKa m3myderus [13C-
MaTpuipl. B kauectBe mnpueMHuka wusnydeHus ciayxkuT II3C-xamepa ATIK-490EX. OcHoBHBIE
rapaMeTpbl MaTpPUIbl TaHHOW KaMmephl CIeAyIore: Ynucio nukceneid - 3380%*2704, pasmep MUKCENOB -
3.69*3.69 MkM, nuuHa MaTpuisl - 12.5mMMm. OxmmaxneHne kamepsl - Ha 25K Hibke TemrepaTypsl BO3ayXxa,
CHeKTpaibHast 001acTh YyBCTBUTENbHOCTH — OT 300 10 800MK, IIyM CUMTHIBaHHUA - Se.

[MonpoGHoe ommcanue crekrporpada mnpuBeneHo B pabdore [11]. 3amerum, uro cBetocmina CAU
paBHa 1:10 1 mepBOoHaYaTBHO OH OBLT paccunTaH Ha PaboTy ¢ 1-meTpoBeIME Teneckonamu «lleicc-1000y,
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pacnonioxkeHHbIX Ha BblcOKOropHOd TIHIAO. B cBsI3u ¢ yCTaHOBKOM Ha 3THUX TEJIECKOMAaX ONTUYECKUX
peayKTOpOB, HabOIOIEHNsT BBHITONTHEHB! Ha Teneckonax A3T-8 u Ileticc-600, koTOphle HaXOMAIMUXCS Ha
Kamenckom muato. Ha mnaro mpo3padHocTh aTMOC(epbl XyXkKe, YTO CHH3WIO TOYHOCTH MONYyYEHHBIX
nanubix. K Hemocratkam CAWM MOXKHO OTHECTH TO, YTO pa3Mep MaTPHIlBl UCIOJIb3yeMOH KaMephbl He
MO3BOJISIET OAHOBPEMEHHO OXBAaTUTh BCIO JIOCTYIHYIO U3MEpEeHUsIM oOnacTh crekrpa. [Ipu 3amene 113C-
KaMephl Ha 0oJiee KpyImHyIo, 3TOT HemocTatok CAU ycTpaHuTcs.

Buvioopka 36e30-kanoudamos 6 cmanoapmsl u nEPeUUHBIX Cmanoapmos. B

KadecTBe CNaObIX CIEKTPO(YOTOMETPUYECKHX CTaHAApTOB MBI BBIOpamu 24 3Be3Abl paHHUX
CIIEKTPANbHBIX KiaccoB 8-10 BeNMUYUHBI, PACIOJIOKECHHBIX PAaBHOMEPHO BJOJIb 3KkBatopa (O = £3°).
Jannbrit BEIOOp 00ycioBIeH ABYMs (akTopamu. Bo-nepBbix, crieKTpsl A-B- 3Be311 UMEIOT MPOTSKEHHBIE
YYaCTKH, KOTOpbIE CBOOOIHBI OT CHJIBHBIX JUHMMA. VX yJZ00HO HCIOJB30BaTh JIS CTaHAAPTH3AIMH
HAOJIOJICHUI W KamuOpoBKM ammapaTypbl. K ToMmy ke, pe3yJbTaThbl CTaHIAPTU3AIUH M KATUOPOBKH
MPAKTHYECKH HE 3aBHCAT OT CIEKTPAIBHOTO pPa3pelIeHrs HCIONB3yeMoro crekrporpada. Bo-BTopsix,
CTaHIapTHl B IKBATOPHAIBHOW 30HE MOKHO HCITOJB30BaTh MPH HAOMIOACHHUAX B PA3HBIX ITONYIIAPHIX
3emuu. EcTecTBEHHO, YTO MpPH BHIOOPKE JOIDKHO COOJIIOJIATHCS OCHOBHOE TpeOOBaHHE K JIFOOBIM
CTaH/IapTaM - OHU JIOJDKHBI OBITh HeTlepeMeHHBIMU. CITUCOK 3BE3/-KaHIUIATOB B CTAHAPTHI IIPEICTABICH
B Tabmme 1.

Tabmuma 1 - Ciucok 1 XapaKTepHCTHKH 3BE3/I-KaH/IN1aTOB
B criekTpodoromeTpudeckue crannaptel 8™ - 10™

Hip (Tyc) HD (BD) o 2000 5 2000 v B-V Sp
1241 1112 00" 15"27.3° | -03°39'15" | 9.105™ | -0.066" B9V
9152 12021 0157 56.1 -02 05 58 8.843 | -0.071 A0
13917 18571 0259 16.8 01 14 40 8.632 | +0.038 A0V
18243 24520 03 54 07.0 021102 8.626 | +0.118 B9

20778 28190 0427 03.5 0416 51 9.021 | +0.125 B9V
24053 289997 0510078 -00 16 58 9.964 | +0.077 B3V
29258 42334 06 10 08.7 00 42 36 9327 | +0.025 BSIII
32634 50087 0651 40.6 0019 36 9.084 | +0.047 BOIII
38123 63367 07 48 44.4 015621 8990 | +0.060 B9V
Tyc210-630 BD+01 2119 083243.6 005349 1013 | -0.07 A0
43704 86027 09 55 59.6 024755 8356 | -0.029 A0V
55011 97917 1115483 -02 17 58 8.880 | -0.145 B9
Tyc281-353 BD+01 2668 1213253 010922 1029 | -0.09 B5?
66872 BD+02 2711 134219.0 013018 10.263 | -0.11 B5
Tyc317-603 BD+02 2790 1414259 014758 10.11 0.03 A0
74972 136161 1519 14.7 02 10 02 8.891 | 0.330 A3V
82133 151355 16 46 47.0 021234 8.826 | -0.092 B4/5V
87417 162628 1751 52.6 025359 8258 | 0.192 B9.5V
92559 174648 185141.0 -01 45 35 8.827 | 0.118 B9.5V
Tyc479-625 185296 193821.0 013014 9.741 | 0210 BIII
101541 BD-03 4950 203443.6 024144 | 10.010 | +0.141 A0
Tyc 531-232 BD+01 4436 2110115 0214 20 9.99 +0.03 A0
112149 215112 224258.0 0240 57 8240 | -0.041 BOV
Tyc 581-756 BD+02 4661 2323 38.20 025557 10.05 0.38 F2

CaMblii spKMH KaHIuIaT B cTaHgapThl - 3Be3qa HD 151355 (V=8.25™), camsblii cinaObiii — BD+02
2711 (V=10.37"). AGcomtoTHOEe OOJBIIMHCTBO 3BE3] CIHCKA YIOBJIETBOPSET IOCTABICHHBIM
TpeGoBaHMsIM. TONBKO OJTHA 3BE3/1a PACIIONOXKEHA BHE BBIACICHHON MOJIOCH U TOJBKO OJIHA 3BE3/a UMEET
CIIEKTpaibHbIN Kiacce F2.

Kakx m mpm co3manmm Bcex Katamoro [1-10], HaOmromeHWs BBHIMOTHEHBI IH(QEpeHIHATEHBEIM
METOAOM. 3Be3)Z[I)I-KaHJII/IIlaTBI B CHeKTpO(i)OTOMeTpI/I‘IeCKI/Ie CTaHAAPTHI MMPUBA3BIBAJIMCE K 3BE€34aM, IJid
KOTOPBIX OBIJIO 3apaHee W3BECTHO CIEKTpajbHOE paclpeelieHHe SHeprud (MX MOXKHO Ha3BaTh

— 74 ——



ISSN 1991-346X Cepusa pusuxo-wamemamuyeckas. Ne 4. 2018

BTOPHYHBIMH CTaHaapTamu). B kadecTBe mociennux Obuto B3saTo 9 A0V-3Be3n 7"-8"™ w3 karamora [1],
KOTOpBIE TaKXKE€ PACIIOIOKEHBI B DKBATOPHAIBHON 007acTH. VX CIHCOK M OCHOBHBIC XapaKTECPUCTHKHU
npuBelneHbl B Tabmuie 1. AOCOMIOTHOE pachpeneieHue JJis HUX B 00JacTsIX, 3aHUMaeMbIX
0aJIbMEPOBCKUMHU ~ JIMHHUSIMH, OBLIO  TPEABAPUTEIILHO TpapUuecKd HMHTEPIONIUPOBaHO. Bauay
OTPaHUYEHHOTO 00hEMa CTATHU MBI 3[IECh HE IPUBOANM WHTEPIIOTUPOBAHHBIX JTAHHBIX.

Tabmuna 2 - Ciucok BTOPHYHBIX CIIEKTPO(POTOMETPUIECKUAX CTAHAAPTOB U X XapaKTEPHUCTUKH

Neri/it HD 0000 62000 7'[(1’1’18.5) \ B-V Sp
1 009716 01"35.1™ -02° 20’ 5.29 7.43" 0.16" A0V
2 023009 03 41.6 -00 10 6.20 8.64 0.21 A0V
3 036117 05 29.5 -00 03 6.09 7.99 0.10 A0
4 075620 08 51.1 0028 4.01 7.97 0.11 A0V
5 100237 1132.0 -01 47 3.31 7.34 -0.01 AOV
6 121513 13 55.8 0131 3.25 8.00 0.11 A0V
7 147470 16 22.9 00 30 7.19 7.67 0.10 A0V
8 185198 19 37.9 0130 1.60 7.32 0.19 B9.5V
9 216261 2251.6 -01 49 4.02 8.16 0.16 A0V

Memoowvt nabniodenuii u oopadomxu. HabnroneHust BHITIONIHEHBI METOIOM PaBHBIX BBICOT, KOTOPBIH
MO3BOJISIET HCIIONIF30BaTh B PEAYKIMIX 3a MOIJIOIIEHUE B aTMOocdepe cpelaHee 3HaueHune KodhuImenTa
CIIEKTPaIBHOM MPO3PAYHOCTH I MecTa HabmomeHuil. Ero 3HadeHus ObutH B3ATHI U3 paboTel [11], B
KOTOPOW OHHM TPUBOMAATCS JUIS JIETHETO M 3UMHETO CE30HOB. Pa3HOCTh BO3AYHIHBIX Macc AM Mexmy
3aMucsMU CTaHAapTa M KaHAWJATOM B CTaHAApTel B cpenHeM He mpesbimana 0.10. Kaxnmas 3Be3ma
HaOmronanace ot 4 1o 7 pas. [lo pa3HbpIM npuYrHAM (anmaparypHbIM U aTMOC(EpPHBIM) YacTh 3aIlluce
CrieKTpoB Obuta BEIOpomieHa. JlmutensHOCTh 3Kcno3mmmid cocraBimsia ot 100 mo 500 cekyHz.
TemmepaTypa KaMepsl 1 OWHHUHT IJIS1 IPOTPAMMHBIX U CTAHJAPTHBIX 3BE3]l IOJDKHBI OBITh OJMHAKOBBIML.
PexxuMbl 3amuceidl MX CHEKTPOB OTIMYAIOTCS TONBKO JKCHO3UIMEH. 3BE3/bI, IS KOTOPBIX IOTYyYECHO
a0COJIOTHOE paclpeleieHHe SHeprud MyTeM NPHUBI3KM K BTOPUYHBIM CTaHAApTaM, MOXHO Ha3BaTh
TPETUYHBIMU CTaHAAPTAMH.

Kparko omumem mponenypy oOpaOGOTKH KaJpoB M MOJYYEHHBIX MO HUM HaHHBIX. [logpoOHO oHa
M3J0)KeHa B COCTaBJICHHOW HaMH MHCTpyKUuH. Pesynbrarom HaOmogenuii ¢ CAW SBISIOTCS «CHIPBIE»
KaJIpbl CTIeKTPoB 3Be31 B popmate “FIT”, koTopsle HE0OX0AUMO «IOBECTH 110 yuciay. [Ipumep ogHOTO M3
MTOJIYICHHBIX KaJApoB TpuBeneH Ha pucyHke 1. Kamper oOpabareiBatotrcst B makere «MaxIm DL— 6»
CTaHIApTHBIM crocoOoM. IlepBbiii dTam O0OpaOGOTKM OTCHSATHIX KaJIpOB HAYWHAETCS C MX OYUCTKH OT
«TOPSIYUX» MHUKCENOB, MOPOKAAEMBIX IeeKTaMU MaTPHULIBI U KOCMUYECKUMH Jydyamu. BTopoii atan - Tak
Ha3blBaeMas KalMOpOBKa. DTO CTaHIApTHAs MPOIEAypa, MO3BOJSIONIAS C MOMOIIBIO TOTIOTHUTEIBHBIX
KaJpoB (TJIOCKOTO MOJisi, OMacOB M JapKOB) y4YecTh BCE amlmapaTrypHble HCKaxKeHWs. B Hamiem ciydae
IUIOCKOE TI0Ji€ HE 3alUCBIBAJIOCh BBHUJY OJHOPOJHOCTH HCIOJIB3yeMOM MaTpulbpl. Tpetuil stam —
BbIUMTaHWe (oHa U mpeoOpa3oBaHHE KaapoB B YMCIOBOW MaccuB B makere Excel. B mrore B mamstu
KOMIIBIOTEPA MBI IMEEM HAaOOp YHCIEHHBIX 3HAYEHWH HAKOTHMBIIUXCA Ha MATPHIIE 3apAI0B (MMITYIIECOB),
KOTOpbIE MPOMOPLHOHAIBHBI TOTOKaM OT 3BE3J B COOTBETCTBYIOIIMX JUIMHaX BOJH. [Iporpamma Excel
MO3BOJISIET €ro MPEICTaBUTh B BUJIE rpaduKa - pETUCTPOrpaMMbl. UeTBEPTHIiA 3Tall - OTOX/IESCTBICHUE HA
peructporpamme urH BosiH. OHO OCYIIECTBIIICTCS BPYUHYIO, «Ha ri1a3y». Kypcopom HaBoaMMCS Ha IIEHTP
JIETIPECCUM B CIIEKTPE , BHI3BAaHHOM TOW WJIM WHOW JIMHUEH. /(7 3B€31 paHHHX CHEKTPAJIbHBIX KIACCOB
peniepamu ciayxar 6ameMeposckue smanu Ho, HP w Hy, ansa 3Be3n xiracca G - muamm H m K. Ogens
OTBETCTBEHHBIM SBJISIETCS CIENYIOIIUM 3Tam - pazoueHue Ha 50-aHrcTpeMHbIe MHTepBanbl. Jlucmepcus
cniekTporpada - mpakTuiecku nHeitHas. B Hamem cnextporpade SOA coorBercTByeT 25.5 mukcena. W3-
3a HEOOJBIIMX CIBHTOB CIIEKTpa TPH pa3HBIX TIOJIOKEHUAX CIeKTporpada Hadago mepBoro S50-A
WHTEpBajla HEOOXOMUMO BBIYHMCIATH JJIsI KaXAOTO Kajpa. 3apaHee Oblla 3aroTOBJICHA TaOJWIa W3
HOMEPOB MHKCEJIeH, COOTBETCTBYIOLIAs Hayaldy U KOHIy 50-aHrcTeMHBIX HHTEepBaioB (madmon). Mapkep
MOHHTOpA BBICTaBIsUICSA Ha neHTp jguand HP. HoMep mukcens nentpa nuann (uKcupoBaics u Tabiauma
(mabiioH) COOTBETCTBEHHO IETMKOM CHBUTANACh B YIbTPa(QHUOIETOBYIO WM KPACHYIO 00JIACTh CIEKTpA.
TouHocTh oTOXAecTBIeHHUA - 1-2 mukcens (2-5A). Inst BTOPUYHBIX CTaHIAPTOB TpeOyeTcs ele OaHa
omepanysi - HEOOXOIUMO BBHITIONHUTH WHTEPIOJAINIO HEMPEPBIBHOTO CIIEKTpa B yYacTKax CIEKTpa
75
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3aHMMaeMbIX OaTbMEPOBCKUMH JIMHUAMHU. VIHTEpHOISAIMS  OCYMIECTBIAETCS TOCie  pa3OMBKH
peructporpammbl  Ha S50-aHrcTemMHBIE WHTEpBaibl. HTEpnonmpoBanvch TaOMWYHBIE 3HAYEHUS, WUX
3HAYEHUS] KOHTPOJIHMPOBAINCH TpaUUecKy, - «Ha TJa3», 4TO TpeOyeT ONpe/eNeHHOro HaBblKa. BBuay
KPaTKOCTU HHTEPBAJIOB TaKas HMHTEPHOJALUS MPOBOAMUTCS JOCTATOUYHO yBEpeHHO. EcTecTBEeHHO, UTO
PYYHOH CIOCOO MHTEPIIONANNN TpeOyeT 3HAYNTEIHHOTO BPEMEHH, HO B HAIIIEM CITydae 3TO ONTUMANBHEIH
BapuadT. [Ipumep peructporpamMmbl MPUBEAEH HAa PUCYHKE 2.

Pucynok 1 - Criekrporpamma HD1112 (9.10™; B9V)

360

280
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40

T
0 500 1000 1500 20

Pucynok 2 - Peructporpamma HD24520 ((8.63™; B9)

Yucnennvte pedykyuu. Otcuyerbl BHYTpU S50-aHICTPEMHBIX HHTEPBAIOB CYMMHUDPYIOTCS H
HOPMHUDYIOTCSI, TO €CThb YCPEIHSIOTCS U perucrporpaMMa IpeBpallaercs B rucrorpammy. Bcee
BBIYHMCIICHUS M YHCIICHHBIE PeAYKIMH BHITOTHAIOTCS B makete Excel.

Penykiuu 3a paznuuue SKCHO3MIMHA 3BE3/bl M CTAHAAPTa M 32 Pa3HOE IOTJIOIIECHUE WU3TY4YEeHUsS OT
HUX B arMochepe 3eMiIM BBITOJHEHBI TI0 KIAacCHYecKor (opmyre muddepeHIHaTbHON CIeKTPO-
¢doromeTpun:

E(}) = Eq() “[1:(1) / Ist(W)] [At/ Ate]xpep(W) ™™, (1)

rne E«(A) u Eg(A) — BHearmMocepHble 3HAYCHHsI CIEKTPAIbHBIX IJIOTHOCTEH JSHEPreTUYSCKUX
OCBEIIEHHOCTEH, CO3AaBaeMbIX 3BE3/I01 M CTAaHAAPTOM;

I+(A) u I(A) - ycpenHeHHBIE B HHTEpBaJie SHM OTCUETHI HA 3BE3/y U CTaHAApT (IIpU MPUBS3KE K ABYM
3aMUCAM CTaHIApPTa — CPeIHEe U3 ABYX HAOMIOJACHMM); Aty U Atx - ITUTEIBLHOCTh SKCIO3UIMIA B CEKYH IaX
Ha CTaHJApT U 3BE3]Y; Pep(A) — cpesiHee 3HaueHne Ko QUIMEHTa TPO3PAuHOCTH AJI1 MeCTa HaOMI0IeH S,
AM = My, - M - pa3HOCTh BO3AYILIHBIX MAacCC MEXIY CTAaHAAPTOM U 3BE30M.

B penykuusix Ui BTOpUYHBIX CTaHIAPTOB MBI Opajii 3HAUEHHUS OCBEIIEHHOCTEH M OTCUETOB HE IS
WMHTETPAILHOTO CIIEKTPa, a JUIsl KBazMHeNpepbIBHOTO. JIs mcciemyeMbix 3Be3l OepyTcsi MHTETpaibHbIe
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OTCYETHl BHYTPH WHTEPBAJIOB C TEMH K€ HOMEpaMH MUKceNnel (IUIMH BOJNH HEeHTpoB S0A MHTEpBAJIOB).
PesynpraTer HaOMIOAEHWN IS ABYX CHEKTPO(GOTOMETPHYECKHX CTAaHAApPTOB IPOMEKYTOYHOTO Olrecka
HD1112 u HD 12021 mpuBeaens! B Tabmuile 3. TOYHOCTh MOMYyYEHHBIX HAHHBIX, XapaKTepHU3yemas
OTHOCHUTEIBHOU CPETHEKBAJAPAaTUUYHON OMIMOKO#, coctaBnsieT oT 3 mo 6%. Jlns 3Be3n 9-10 BenwuuHbI
TaKyI TOYHOCTh a0COIIOTHBIX H3MEPEHUI MOKHO CUUTATh BIIOJIHE YIOBIETBOPUTEIHHOM.

Ta6nuua 3- Pacnipenenenue suepriy B crnextpax E(A) s HD1112 u HD 12021 (exunuust - 107 wt/m*m)

A A 1112 12021 LA 1112 12021 LA 1112 12021
3425 80.5 178 4525 141.6 206 5625 80.1 108
3475 81.8 176 4575 137.0 200 5675 78.7 103
3525 84.9 178 4625 135.0 196 5725 75.2 101
3575 80.5 165 4675 130.6 189 5775 735 97
3625 79.9 169 4725 125.4 181 5825 72.0 96
3675 81.8 166 4775 121.9 172 5875 724 94
3725 92.8 173 4825 118.0 160 5925 68.8 91
3775 106.1 192 4875 1113 154 5975 674 89
3825 131.0 226 4925 108.8 155 6025 66.4 88
3875 159.6 265 4975 109.3 154 6075 64.7 83
3925 168.1 272 5025 107.0 149 6125 63.2 82
3975 186.1 299 5075 105.2 145 6175 60.4 81
4025 1913 309 5125 102.2 141 6225 57.5 76
4075 186.8 292 5175 99.7 137 6275 57.8 74
4125 178.6 274 5225 96.3 133 6325 562 72
4175 174.2 270 5275 93.6 127 6375 54.8 71
4225 171.6 263 5325 91.0 124 6425 54.5 68
4275 169.2 249 5375 88.4 121 6475 54.4 66
4325 158.8 229 5425 87.7 117 6525 50.5 63
4375 150.0 224 5475 86.9 115 6575 48.0 60
4425 146.4 220 5525 83.5 111 6625 47.0 63
4475 145.0 213 5575 80.5 111 6675 475 63

PaGota BhIMONHEHAa TpU MONAEP)KKE TMporpamMMmbl IeneBoro ¢uHancupoBanuss BR05236322
MunncrepctBa O6pazoBanus u Hayku PK.
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CHEKTPO®OTOMETPJIK CTAHJIAPTTAP 8"-10". 1. AIIMTAPATYPA,
OICTEME KOHE AJIFAIIKBI HOTUXKEJIEP

Aunnoramust. 8"-10" crnekTpo(OTOMETPIIIK CTAHAAPTTAPABIH KYHECIH Kypy MiHIETTepiHiH HerizmeMeci
kentipiani. Ockl KapKbUIABIH CTaHJAPTHI 1pi TeJecKkonTapAa CHEeKTPIiK OakbliaysiapiblH KaJuOpOBKACHl YIIIH
KaxerTi. CHekTpoOTOMETPIIK CTaHIAPTTAPIbIH JKOHE aJFAIlIKbl CTAHAAPTTAPIBIH IKYJIIbI3-KaHIUIATTapAbIH
TaHgamanapbl okacanapl. CraHaapTTaplblH KaHAWAATTapbl peTiHge +3°0OeifiMIenyMeH OSKBaTOpJbIK aidMakra
opHajackaH A >xkoHe B cmekTpiik TomnTapbelHBIH OKYIABI3AAPH TaHAaiabl. [laiiianaHbuiaThlH annaparypaHblH
KbICKalla cunarramackl — xaHa 3BA-crextporpad. Bip yakpiTra KOmMMarop jxoHe Kamepa OOJBIN KbI3MET
aTKapaTblH OMBIK TOPOMATHI TOpP CHEKTPOrpadThIH BIABIPATKBI 31eMeHTi Oousbin TalObutagsl. Crekrporpad
CaHpUIayChI3 pexumue >kyMmbic icreiini. Cayneneny kaObuimarbim petige 3BII-kamepa ATIC - 490EX
naiinananeiiagsl.  JKaHa criekTporpadp SHEpPIUSHBIH TapalyblH 3epTTeyre MyMKiHmik Oepexmi. Eprepexreri
CICKTPOMETPMEH JKYJIIBI3IAp CHeKTpiepinae Oipa3 onci3. bakpuraymap A3T-8 sxone Lleticc-600 TeneckonTapsiHaa
operHDanapl. bakputayneiH auddepeHnuanapk onici maigananeuiasl. Cnekrporpammanapmer 3bA-kaapmap eHaey
MpoIieccTepi HAKTBUIANl CypeTTeNreH. DHEPrusHbH Taparysl 340 - 660HM CHEKTpIiK aiiMakrapia 3epTTelesi,
QIBIHFAaH MOJIMETTEP/iH CHEKTPIiK pPYKCaThl SHM KYpaiabl, CalbICTBIpMaibl C.K.0. - OT 3 neH 6% neHiH.
CrangapTTap/bIH eKi KaHIUIaTTapbIHBIH CIIEKTPIICPIH/C YHEPTHSAHBIH HAKThI TAPaTybl YCHIHBLIJIBL.

Tyiiin ce3nep: xyiap3aap, cnekrpodoroMeTpitik crannaprrap, 3bA-cnekrporpad, 6akpuiay smicTepi.

HNudpopmanus 06 aBTope:
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COMPARISON OF ALTITUDE PROFILES OF AMPLITUDE
OF TWO TYPES OF F2- LAYER IONOSPHERIC DISTURBANCES

Abstract. Based on the data of vertical sounding of the ionosphere in Almaty in 2000-2012, the altitude profiles
of amplitude of nighttime enhancements in the electron concentration of the F2 layer were obtained and compared
with the altitude profiles of amplitudes of large-scale traveling ionospheric disturbances (LSTIDs). A scattering
diagram is calculated between the height (4,4,) corresponding to the amplitude maximum and the height of the
maximum of the (%,,F2) layer. Similar diagrams are calculated for the amplitudes of the LSTIDs. It is shown that £,
is always below £, F2, between hy,, and h,,F2 there is a good correlation relation, and the difference between 4, and
h,,F2 increases linearly with increasing 4,,F2. If for 4,,F2 = 280 km the difference is ~ 38 km, then for £, F2 = 380
km the difference is ~ 54 km. A similar behavior of the altitude corresponding to the maximum amplitudes was also
obtained for plasma disturbances formed by the LSTIDs, with the average distance between altitudes varying from ~
45 km for 4,,F2 =280 km to ~ 80 km for 4,,Ff2 = 380 km.

Key words: ionosphere, vertical sounding, electron concentration in the F2 layer maximum.

YK 550.383
A.®. Axosen, I'.U. 'opanenko, b.T. ’Kymabaes, 1O.I'. IuTBuHOB

ATOO «MuctutyT nonocdepsn» AO «HLIKUT», Anmarsl,

CPABHEHUE BbICOTHBIX IPO®UJIENA AMILIIATY ]I
JIBYX TUIIOB BO3MYIIEHUI F2- CJ1I0S1I HOHOC®EPHI

AnHOTauusa. Ha ocHOBe NaHHBIX BEPTHKAIBHOTO 30HAMpPOBaHUS HoHOChepsl B Ammarsl B 2000-2012 rr
MOJIy4eHbI BBICOTHbIE POMUIIN pa3Maxa HOYHBIX YBEJIHMUYCHHUI DJIEKTPOHHOM KOHIEHTpAIMU F2-CJ0si, ¥ IPOBEICHO
HX CpPaBHCHHE C BBICOTHBIMH MPOPWIAMH aMIUIUTY] KpPYITHOMACIITAOHBIX MEPEMEIIAIONINXCS HOHOCHEPHBIX
Bosmymiennii (KM [IMB). PaccumTanel aumarpaMmbl pacCesiHUsST MEXIy BBICOTOW /iy, COOTBETCTBYIOILEH
MaKCUMAaJIbHOMY pa3Maxy yBEJIHUYCHH, ¥ BHICOTOH MakCUMyMma h,,F cliosl. AHaJOTHYHBIC THATPAMMBI PACCUHTAHBI
qutst ammumaty KM TTUB. Tloka3aHo, uto /4, Bcerna HaxomuTcst HUxKe A, F, Mexny hy, A h,,F cylecTByeT xopormmast
KOPPEIAIUOHHAS CBSA3b, a Pa3HUIA MEXNAY /iy, U h,,F muHEHO BO3pacTaeT ¢ poctoM A, F. Ecmu mis h,F= 280 kM
pasHnna paBHa ~38 kM, TO s h,f= 380 kM pasHunma paBHa ~54 kM. [lomoOHoe moBeneHME BBICOTHI,
COOTBETCTBYIOIIEH MaKCHMaJFHOMY pa3Maxy, IOJYYEHO TaKKe IUIsi BO3MYIICHHH Iia3Mmbl, oOpa3oBaHHBIX KM
[IMB, mpu 3TOM cpenHee pacCTOSHUE MEXKIy BHICOTaMU H3MEHseTcs oT ~45 kv s £, F = 280 kM mo ~80 kM s
h,,F =380 kM.

KaroueBblie ciioBa: nonocepa, BepTHKAIBLHOE 30HIUPOBaHUE, BRICOTHBIE Tpoduin B F2-ciioe.

BBenenue. B nmuteparype ommcaH oOMIMPHBIA Kiacc BO3MYIIEHHH F2-ciosi HOHOC(EPHI, KOTOPHIE
HaKJIaJbIBaIOTCSl HAa PEryJsIpHbIE CYTOYHBIE BapHallUM AIIEKTPOHHOM KOHLEHTpauuu. PasHble TUIBI
BO3MYIIEHUH XapaKTEpU3YIOTCS OTIMYAMOLIMMUCST MEXaHU3MaMH HMX reHepauuu. KpymnHomacmraOHble
nepemeniamonmecss HoHochepHble BodMymieHus (KM IIMB), mno-suguMoMmy, sBISIOTCS HamOojee
XapaKkTePHBIMH OCOOCHHOCTSIMH HEOTHOPOAHOM cTpyKTypbl HoHOchepsl. KM [MMB npencrasmstor coboit
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OTKJIMK HOHOC(EPHI Ha pacpocTpaHeHne aTMOC(EPHBIX IPaBUTAMOHHBIX BOJIH (AI'B), reHepupyembIx B
TTOJIIPHBIX paiioHaxX BO BpeMs I€OMAarHUTHBIX BO3MyIeHWH [1] 1 B HIKHEH atMochepe HE3aBHCHMO OT
YPOBHSI MarHMTHOW akTUBHOCTU [2]. Pe3ynbTaTel TEOPETHUECKOTO M 3KCIEPHUMEHTAIBHOTO H3Y4YEHHS
pactpoctpanenust AI'B B HelitpanbHOli aTMocdepe U X MOHOCHEPHOTO MPOSBICHUSI CBEICHHI B psijie
0030pabIX pador [1, 3]. Tunmunsle mapamerpei KM IIMB mnpencraBnsioT clieAyroniie BeTMYHUHBI:
MePHOIBI 3aHUMAIOT auana3zoH 40 MuH — 3 4; ropuzoHTadbHBIe IHHB BOH — 1000-3000 kM; da3oBbie
ckopocti — 400—-1000 m/c.

Hpyroii Thn MOHOC(EPHBIX BO3MYILIEHHH HPEACTaBISICT COOOH HOUHBIC YBEIWYEHHUS 3JIEKTPOHHOM
KOHIICHTpaIMi B MakcuMmyMe F2-ciost moHochepsl (N,F2). DTOT THIN HEOTHOPOAHOCTEH OIMMCaH B
MHOTOYHUCIICHHBIX padoTax [4, 5, 6, 7, 8], B KOTOPBIX Hapsiay ¢ Mopdoorueii siBICHUST pacCMaTPUBACTCS
MEXaHU3M €ro oOpa3oBaHUs, BKIIOUAIOMINN: @) aMOunoisipHyto anddys3uo noHocepHoil Mmia3Mel; 0)
Ipeiid mia3Mbl BAOJIb MarHUTHBIX CUJIOBBIX JIMHHUM, OOYCIOBJIEHHBIM MEPUANOHAIBHBIM HEUTpPalIbHBIM
BETPOM; ) IUIa3MEHHBIM OOMEH MEXAy Iazmochepoit U moHOChEepor U &) peKoMOWHAIMIo. AHamu3
YacTOThl BO3HMKHOBEHHMS HOYHBIX YBEJIWYeHUH NmF2 1O AaHHBIM BEPTHUKAIGHOTO 30HIMPOBAHUS B
Anmatel 3a 2000-2014 rr. mokasan, 4TO CYIIECTBYET XOpOIIO BBIPAKEHHAs CE30HHAsl 3aBUCHUMOCTH
YaCcTOTHl BO3HMKHOBEHHS yBenwmueHUU [9]. OmWHAKOBEIMH YepTaMH pacIpenesieHHH IS BBICOKOH W
HU3KOW COJIHEYHOW aKTUBHOCTH SIBJISIFOTCSI BBICOKHE BEPOSTHOCTH ()OPMUPOBAHHUS YBEIMYCHUH B 3UMHHE
MECSILIBI.

B pa6ore [10] Opummr momydeHBI BBICOTHBIE Tpodmmu ammumtyny KM IIMB, koropble maroT
BO3MOKHOCTH BBECTH JOIOJHHUTEIbHBIE MTApaMeTPHhl, XapaKTEePHU3YIOIIHe PACIIPOCTPAHEHHE BO3MYILIEHHI.
OpHUM W3 TakdX MapaMeTpoB sIBISIETCS BbIcoTa MakcuMyma amruiuTynsl KMIIUB (ha4y), a Takke ee
COOTHOILIECHHE C BBICOTOM MakcumyMma F2-ciost (hyf'). Llenpio HacTosmield paboThl SBUIIOCH MOJIyYEHHE
BBICOTHBIX NIPOQHIICH pa3Maxa HOYHBIX YBEITUUEHHN 3JIEKTPOHHON KOHIIEHTpAaUU F2-Cllos, U CpaBHEHHE
UX C BBICOTHBIMH Npoduisivu ammuty s KM [THB.

Onucanue annapatypsl H AHAJU3 Pe3yJIbTATOB HAOIIOICHU .

Hounrsre mabmronenust noHocdepsl mpoBoasTcs B MuctutyTte moHochepsl (Amma-Ata, 76°55' E,
43°15'" N) Ha 1M(pPOBOM HOHO30HJIE, CONPSHKCHHOM C KoMmbloTepoM ‘“Pentium-166", koTopbIit
npefHasHaueH A cOopa, xpaHeHMs U 0o0paOoTKM HoHorpamm B IudposoMm Buze. Mubopmanms
CUMTHIBACTCA C HOHOTPAMM IOJIyaBTOMAaTHYECKUM METOAOM. JIMTENhHOCTh CEaHCOB HaOMIOJCHMS,
OCYIIECTBIISIEMBIX B 5S-MUHYTHOM PEKHUME, B 3aBUCUMOCTH OT ce30Ha coctapisieT 10—14 4, 10—15 Houei
Kaxnaelid Mecsid. llepBuuHas 00pabOTKa MOHOTPAaMM BKIIIOYAET CUMTHIBAHME 3HAYCHHUH NEHCTBYIOLIMX
BEICOT (h'(f)) oTpakeHWs pamuocHWTHalla Ha psfae (PUKCHPOBAHHBIX Pa0OYMX YaCTOT 30HIUPOBAHUS U
3HAYEHUH KpuTHYeCKOH 4acToThl (f,F2). NoHO30H I 0OecneunBaeT TOUHOCTh CUYUTHIBaHUS A'(f) ~ 2.5 KM 1
TOYHOCTH CUuUTHIBaHUA f,F2 ~ 0.05 MI'u. [aneHeiimas o6paboTKa BKIIOYAET MMONyuYeHHE U3 HOHOTPaMM
N(h)-npoduneii, ucnons3ys nporpammy mnepecuera POLAN [11] nmeiicTByromux BBICOT B HCTHUHHBIE
BBICOTEI. B 3TOoM Metome N(h)-poduis anmpOKCHMHPYETCS TEePEKPHIBAIONTUMUCS TOJTUHOMAMH, IIPU
3TOM y4acToK npoduist BOmm3u N, f2 annpoKCcUMUpyeTcst mapaboIoi.

Jns monmydyeHHsT KOJIMYECTBEHHBIX OLCHOK I1apaMETPOB HOYHBIX YBEJIMYCHHUH 3JIEKTPOHHOM
KOHLIEHTpAaluu cios [2 CTpOMUJIOCH MOBEJEHUE NEKTPOHHON KOHLEHTpalMu Ha psae (UKCHUPOBAHHBIX
BbIcOT (puc. 1) (paccTrosiHME MEXIy COCEIHMMH BBICOTaMM cocTaBisgeT 10 KM, a HIKHIS KpuBas
cooTBeTcTBYeT BbicOTe 4 = 190 kM). JKupHOW KpWBOW TpeACTaBICHBl BapHaLMU DICKTPOHHOU
KoHIIeHTparuu (N,,F2) B MmakcumymMme ciosi. Kputndeckast gacrora cinos (B MI'm) cBsi3aHa ¢ 37IeKTPOHHOM
KOHIICHTpalMeld B Makcumyme cios (N,F2), BeIpakaeMOi KOJMYSCTBOM 3JICKTPOHOB B KyOMYECKOM
caHTUMETpe, cooTHoIeHuem N, F2 = 1.24- 10* (f(,F2)2.

Ha pucynke | mnpencraBieH mpuMmep IOBENCHUS MapaMeTpOB HOYHOTO [2-ciosi, KOTOpoe
MIPEICTABIIACT MOCIENOBATEIHLHOCTD epBoro (¢ ~ 20:40-22:25), Broporo (¢ ~ 23:10 —02:00) u Tpetbero (¢
~ 03:15-04:15) yBenuuenuii. llageHue 2JIEKTPOHHOW KOHIIEHTpAIlMM B Ha4yale ceaHca W3MEpPEHUs
00yCJIOBIEHO BBIKJIIOYEHHEM HMOHU3UpYIOMEro n3aydeHus: ConHLa mocje ero 3axoja U XUMHYECKHUMHU
norepsiMy, OOYyCIIOBJICHHBIMH pEKOMOMHAIMed Iula3Mbl. bBBICTpoe  yBenMuYeHHE  3JIEKTPOHHOU
KoHIeHTpanmu ytpoMm tmocie 06:00 oOycnoBneno Bocxomom Connna. [loBeneHue 3IeKTpOHHON
KOHILIEHTpAIUU Ha psae QUKCUPOBAHHBIX BBHICOT MMO3BOJISIET MOMYYUTh BEICOTHYIO 3aBHCUMOCTD (TIpoduiIb)
pasmaxa yBennueHus. Ha pucyHke 2 mnpencTaBieHBl BBICOTHbIE NPOGWIM pa3Maxa yBeTUYEHHUH
9JIEKTPOHHOM KOHIEHTpAIMK Ui MEePBOTo (JieBas MaHelb) M BTOPOro (MpaBasi MaHeNb) YBETHUYEHUH U
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N(h)-npodunu U11 Havajda ¥ KOHIA YBEJIMUYEHHUH, paCCUNTaHHBIEC U3 BapHaluid N,(f), IpenCTaBICHHBIX Ha
puc. 1. B ceance n3MepeHHid, MPEACTABICHHOM Ha puC. 1, BBICOTA, COOTBETCTBYIOMIAS MAaKCUMAIHHOMY
pasMaxy, Kak mjs 1-ro, Tak ¥ A 2-TO yBEJNIMYEHUS, OKazagach paBHOW 260 kM. AHamm3 Bcero o0bema
HaOIOeHWH TOKa3aj, YTO pacCMOTPEHHbIE Ha puC. | OCOOEHHOCTH COXPAHSIOTCS BO BpeMs
(opMHUpOBaHHS YBEIMUCHUH W B JAPYTHE JAAThI, IPUXOASIIMECS HAa Pa3HbIE CE30HBI M TOMABI C Pa3HBIM
YPOBHEM COJIHEYHOH aKTHBHOCTH.
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Pucynok 1 — [ToBenenue 371eKTpOHHOM KOHIIEHTpauy F2-ci10s1 Ha psife GUKCUPOBAHHBIX BBICOT
npu GOPMUPOBAHUY HOYHBIX YBEIMYCHUH 3JIEKTPOHHOH KOHIIEHTPALHH.
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Pucynok 2 — BeicoTHBIE Tpodmiin pa3mMaxa yBeTHYCHUH 3IeKTPOHHON KOHLeHTpauuu (M) u N(h)-npodunu anst Hadana (o) U
KOHIIa (X) YBEIHYCHHIA, UMeBIINX MecTo 26-27 deBpaist 2006 r. a — nepBoe yBeIHICHHE (fq ~ 20:40, toq ~ 22:25); 6 — BTOpOE
YBEMUUCHHE (t,5q ~ 23:10, t,0, ~ 02:00).

Jns uccnenoBanust BeICOTHRIX mpodumieit amrumryn KMIIWMB 3a mepuon 2000— 2007 rr. ObLIH
BEIOpaHBI CeaHCHhl HAOMIOAEHW, BO BpeMS KOTOPBIX OBUIM 3aperHCTPUPOBAHBI BO3MYIICHHUS C
OTHOCHUTEIFHON aMIUTUTYO# (0;), mpeBbimaromieid 25%, Ha BBICOTE, COOTBETCTBYIOIIEH A,. 31ech O, =
A(h)/N(h), tne A(h) — abcomoTHAsS aMIUTHTYJa BOJTHBI HA BeICOTE 4 U N(h) — BeTWIrMHA HEBO3MYIIIEHHOMN
SIIEKTPOHHOM KOHLEHTPAaLUUK Ha NaHHOH BeicoTe. BRIOOp ceaHCOB HaOMIOAEHWI, B TEUEHHE KOTOPBIX
opumm 3apeructpupoBanbl KM IIMB ¢ OonpimmMu aOCOMOTHRIMA W OTHOCHUTENHHBIMH 3HAYSHHUSMU
aMIUTATY I, 0OeCIIeYrBall BBICOKYIO TOYHOCTh IMOCTPOCHHS BBICOTHBIX NPOGIIIeH aMILTUTY Jake BOIU3N
BBICOT OCHOBAHHS CIIOSI, KOTOPBHIE XapakTepu3yloTcsl MaibiMu 3HadeHussmu A(h) m N(h). Bcero Takmx
ceaHcoB okazanoch 63. Ha pucynke 3 (yieBas maHenb) HpeAcTaBlieH NpPUMEp BapHauuil 3JIEKTPOHHON
koHeHTparmuu N,(f) ms mounm 30 — 31 aBrycra 2004 1. Ha cepud BBICOT C PACCTOSHHEM MEXITY
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coceqauMu BbicoTamu 10 kM. HmkHSS KpuBas COOTBETCTBYET BbICOTe OCHOBaHUS cios (A = 190 xm).
Bepxusis (okupHast) KpuBas COOTBETCTBYET BapwamusMm N,F(f) B mMakcumyme cios h,F. Ha pucynke

MPEJICTABJICHbl CIJIAKEHHBIC BapHallMM IUIOTHOCTH C  OT()UIBTPOBAHHBIMH  BBICOKOYAaCTOTHBIMH
¢byKTYauaMu.
Nl m 30 - 31 asrycra 2004 . L J0rdtaserazooar
| | h, km o —eo e o - o1
i I | 360 — o—o o2 o-e-02
o1 |
1o |
4x10 \,3;;‘/ : |
|

2
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0x10°

20:00 6:00
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Pucynok 3 — Bapuaruu snexTpoHHO# koHIeHTpauuu N,(f) as Houu 30 — 31 aBrycra 2004 1. Ha cepuu BBICOT C PACCTOSIHUEM
MEXIy COCeTHUMH BbIcOTaMu 10 KM (J1eBasi maHelb) U COOTBETCTBYIOIINE BHICOTHBIE NPO(HIN aOCOTIOTHBIX (HEIIPEPHIBHBIE
JIMHWAN) U OTHOCHUTENBHBIX (IITPUXOBBIC JIMHUN) aMILTUTY I Bo3MyIeHni / (Toukn) u 2 (kpyxkun) st KM [TMB. Penpoaykims
puc. 1 u 2 u3 crateu [10]

Jns ynaneHus u3 NEpBUYHBIX JAHHBIX NV4(f) BBICOKOYACTOTHBIX COCTABIIAIOIIMX KaK MOHOC(HEPHOTro
MPOUCXOXKICHHS, TaK M BBI3BAHHBIX I[IYMOM, BO3HHKAIONIMM B TIpolecce OOpaOOTKH JaHHBIX,
OCYILECTBIISIACh ~ HU3KOYAcTOTHAs (QuiIbTpauusi psSAoOB € NPUMEHEHHEM CKOJIB3ALIETO0  OKHA
qurensHocThio T = 30 MuH. Bapmanuu 31neKTpoHHOM KOHIIEHTpAlMM, NPECTABICHHBIE HA PUCYHKE,
JEMOHCTPHUPYIOT OCOOEHHOCTh, XapPaKTEPHYIO I OOJBIIMHCTBA CEAHCOB, B KOTOPBIX Habmronamucs KM
IT1B. OcobenHocTs 3akirouaercs B ToM, uto KM IIMB B Bapuanusx N, F () mposBIAIOTCS 3HAYUTEIHEHO
crnabee, yeM B Bapuauax N,(f) Ha QUKCUPOBAHHBIX BBICOTAX, PACIIOIOKEHHBIX HI)KE BBICOTHI MAKCUMYyMa
cios. IlpwduMHBI TakoW BBICOTHOH 3aBHCHMOCTH peaknmuu HoHocdepbl Ha mpoxoxaeHue Al'B
paccmotrpensl B pabote [12]. Ha pucynke 3 (mpaBas maHenb) MpEACTaBICHBI BBICOTHBIC Npoduin
aOCOMIOTHBIX M OTHOCHTENBHBIX aMIUIMTYJ BO3MYIIeHMH 1, 2, paccuuTaHHble W3 BapHauuil N(f).
BricoTHBRIE TIpOGWIM aMIDIUTY BO3MYIICHHH CTPOWINCH IS KaKIOW TEPHOIUICCKOW BOJHEI,
3a(hUKCUPOBAHHOU B TeUeHHUe ceaHca m3MepeHuil. Ha pucyHke 3 (jieBast maHenb) OTYETIUBO BHIHBI O
JIBE BOJHBI, KOTOpble o00o3HaueHol muppamMu 1 um 2. B 3TOM ceaHce HaOIIONEHHWH BBICOTHI,
COOTBETCTBYIOIIME MAaKCHUMAaJIbHOM aOCOJIOTHOW aMIUIMTyJe, Kak A BOJHBI 1, Tak M AL BOJHBI 2,
coctaBsu 310 — 320 kM, TIpH 3TOM CPEIHSS BBHICOTa MaKCUMyMa ciiosi cocTtaBisuia 370 kM. BumgHo, 9To
npodui Uit BOJH 1, 2 pasnuyaroTcs Kak JJsl OTHOCHUTENBHBIX, TaK U aOCONIOTHBIX aMIUIUTyd. O0mmm
CBOMCTBOM JJIS1 BOJIH, IPECTABICHHBIX HAa PUC. 3 U JUIA BCEX OCTANbHBIX IPOAHAIN3HPOBAHHBIX CEAHCOB,
ABISIETCS. TO, YTO BBICOTHI, COOTBETCTBYIOLIME MAaKCHMAaJbHBIM 3HA4YEHHSIM aOCOJIOTHBIX aMIUIUTYZ,
MPEBBIIIAIOT BHICOTHI, COOTBETCTBYIOIINE MaKCHUMAaJIbHBIM 3HAUYEHUSM OTHOCHUTEIBHBIX aMIUMTyA. Ilpu
3TOM HMHTEpPBaT M3MEHEHHs BBICOT MakCMMyMa Mpo(uiell A BCETO MAacCHBa aHATU3UPYEMBIX CEaHCOB
BECBMa ILHPOK.

1 KOMM4ecTBEHHOr0 aHaJIM3a apaMeTPOB HOYHBIX YBEIMYEHH HaMHU OBIIM OTOOpaHBI 3a MEPHOJ
2001-2012 rr. 20 HOYeH, XapaKTEPU3YIOIINXCS HU3KOW MAarHUTHOH akTHBHOCTBIO (Dst> —50 HTn) u
BBIPOKEHHBIMHU TPOSBICHUSIMH HOYHBIX yBenuueHui N,. PucyHok 4 (neBas maHenb) IMpencTaBiseT
JUarpaMMy pacCesHUsI MEXIy BBICOTOM /4, COOTBETCTBYIOLIEH MAaKCUMAJIbHOMY pa3Maxy yBEIUYeHUH, U
BBICOTOM MakcuMyma h,,F ciosi. IHTepBan BBICOT, HA KOTOPBIX HAONIOJATNCh MaKCUMAIIbHBIE pa3Maxu
JUIsl BCErO MAacCHBa aHAJIM3HPYEMBIX CEaHCOB, OKa3ajcs BecbMa INHPOK. PaccunTaHHas METOIOM
HaWMEHBITUX KBAJIPAaTOB JIUHUS PETPECCHH H300pakeHa CIUIONTHON JIMHHEH. BrIpaxkeHue i1 3TOW JTHHUN
W 3HaueHne KodppunreHTa koppesiuuu #=0.9 npeacTaBieHbl B BEPXHEH YaCTH PHCYHKA.
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Pucynok 4 — JluarpamMmma paccestHust MeXy BBICOTAMH /iy, ¥ h,,F, OJTyYeHHAs! 110 BCEMY MacCHBY aHAIIM3UPYEMBIX JaHHBIX
(20 HOUEI) 11 HOYHBIX YBeNMUYeHUH (J1eBas nanens) 1 KMIIUB (npaBast nanens).

W3 pucyHKa cremyeT, 4To pasHulla Mexny /Ay, v h,F TuHEeHHO Bo3pacTaeT ¢ poctoM A, F. Ecmu mis
h,.F’= 280 kM pa3Huiia paBHa ~38 kM, T0 s h,,F= 380 kM pasnuiia pasHa ~54 kM. [lonoOHOe noBeACHME
BBICOTBI, COOTBETCTBYIOIIEH MaKCHUMAalbHOMY pa3Maxy, MOJYYeHO TaKKe JUISI BO3MYIICHHU IIIa3MBI,
obpaszoBannbix KM T1MB (mpaBast manens). Bugno, uto /4, Bcerma HaxoauTcs HoKe h,F, Mexny hy, u
h,F cyliecTByeT xopolasi KOppesSIlMOHHAs CBs3b, CPEIHEE PACCTOSIHME MEXIY BBICOTAMH M3MEHSICTCS
oT ~45 ¥m s h,,F = 280 xm mo ~80 kM s A, F = 380 KM mpu HU3KOW MarHUTHOH aKTUBHOCTH. Takoe
nopesieHue BeICOTHOTO mpodmist ammumuty KM [TUB Obuto uaTepnpeTrpoBano B padote [10] Ha ocHOBe
MPOCTPAHCTBCHHO-BPEMEHHOW KApTUHBI HMX PACIPOCTPAHEHUS, NPEJACTABISAIONICH MEPUOTIUUICCKUC
OCHWJUTALINK  TEPMOC(EPHOTO MEPUAMOHAIBFHOTO BETpPa, KOTOPblE TPUBOAAT K TEPHOTUIECKHM
KoJieOaHusIM BBICOTBI F2-cios. [103TOMy BBICOTHBINM NPOQWIL aMIUIMTYJ BO3MYIICHUNH B OCHOBHOM
onpexaensercs Gopmoit N(h)-npodus ciosl.

BuiBoabl. [IpoBeneHO cpaBHEHHE BBICOTHBIX 3aBUCHUMOCTEH (mpoduiei) pa3mMaxa HOYHBIX
YBEJIMUYCHHH 3JICKTPOHHON KOHIIEHTPAIUU F2- CIIOSI M aMIUIMTY A KPYTHOMACIITAOHBIX MEPEeMEIIarOIIUXCsI
noHocepHBIX Bo3MyIeHHH. HalineHpI KOJTMYIeCTBEHHBIE COOTHOIICHHSI MKy TapaMeTpaMu BapHaITii
pa3maxa yBenuueHuil N, F2 B MakCUMyMe CJOSI M Ha BBICOTE, XapaKTEepPU3YIOUIEHCS MaKCUMalIbHOU
CKOpOCTBIO HApacTaHUsl KOHIIEHTpauy. [lokazaHo, 4To BBICOTHBIE MPOMWIN pa3maxa yBenudeHust N, F2
n ammuty KMITHMB o6nanaroT oquHAKOBEIMH CBOMCTBAMH: BBHICOTA MAaKCHMyMa TTPO(IITeH JTSKUT HUXKE
BBICOTHI MAKCUMYyMa CJIOSI, TIPU 3TOM PACCTOSHUE MEXKIY BHICOTAMHU MaKCHUMYMOB PAcCTET C YBEIUYCHUEM
hF.

Paboma ewvinonnena no PBII-008 «Pazéumue KOCMUYECKUX MEXHONO2UL MOHUMOPUHSA U
NPOCHO3UPOBAHUSL NPUPOOHBIX PECYPCO8, MEXHOSEHHBIX USMEHEHUll OKpydcarwel cpeodvl, co30aHue
KOCMUYECKOU MEeXHUKU U HAZEMHOU KOCMUYECKOU UHDPACMPYKMYPbL, UCCIe008aAHUL 00BEKMO8 0ANbHe20
u Onudcnezo xocmocay 8 pamxax memvl «Cozdanue cucmemvl OUASHOCUKU U NPOSHO30 KOCMUYECKOU
n0200bl 0Jis AHAIU3A U NPOSHOZUPOBAHUS YCA08UU (DYHKYUUOHUPOBAHUS KOCMUYECKUX ANNAPAMO8, CUCTeM
nHasueayuu u ceszu (2018-202022.»), pecucmpayuonnwviti nomep (PH) 0118PK00800.
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VK 550.383
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Honocdepa HHCTUTYThI, ¥ ITTHIK FAPBILITHIK 3ePTTEYJIEP MEH TEXHOJIOTHSIAD OPTAJIbIFhI,
Kazaxcran PecrrybOnmkacer, Anmatsl, KameHckoe mmarto

HOHOC®EPAHBIH F2-KABATBIHBIH ¥YIBITKYJIAPBIHBIH,
EKI TYPIHIH AMIIVIMTY JACBIHBIH BUIKTIK [TPO®UJIBJAEPIH CAJIBICTBIPY

Annoranusi. Monocdepans! TiriHeH 3oHATaY nepektepi OoibiHma Anmatbina 2000-2012 xpuimap apaibl-
reiHa F2-Ka0aThIHBIH 2J1€KTPOHJapAbIH KOHICHTPALMSACHIHIA TYHT1 YaKbITTa apTybIHBIH OMiK cepriny npoduibaepi
AJIBIHABI, XOHE OyapAbl KeH ayKbIMIbl Ko3ranMmaisl moHocdepaisk Oyssurynap (KA KHWB) ammimnrynachbiHBIH
OMIKTIK IPOQHITBACPIMEH CABICTHIPY KYPTi3iiai. BUiKkTiTi /4, apackIHIAFE MIAIIBIPAY AUATPAMMAJIaphl, CEPILTYiH
MaKCHMaJZbl ayKbIMBIHA COMKEC KEJeTiH, XoHe /,,[-KabaTeIHBIH MaKCHMalnbl OWIKTIri ecemTenreH. YKcac
muarpammanap (KA KUbB) ammumrynanaper ymie ecenrenreH. Kepcerinrenneut, hy, opkamal /,F-IeH TeMEH
opHanacanbl, h,, XoHe h,F apacelHIA XKaKChl KOPPENSAIMSUIBIK KaThlHAc Oap, am hy, MeH h,F apachlHAarsl
aflbIpMaIbUIBIK /1, apTybIMEH ChI3BIKTHI TypAe apTanasl. Erep /4, F =280 kM yiiH alibipMalnbuiblk ~ 38 kM Ooica,
an h,F = 380 kM yIIiH allbipMalbuIbIK ~ 54 kM. BHIKTIKTIH MYHIall MiHE3-KYJIKbI MaKCHMaJI/Ibl CepIIIyre coiikec
keneni conpait-ak, (KA KWB) kypbuiraH ma3maHblH Oy3bUIybl, COHBIMEH KaTap OMIKTIK apachlHAArbl OpTalla
KalIBIKTHIK /1,,F = 280 kM-neH ~ 80 km-re zeitin 4, F = 380 kM yrid 45 KM-/IeH aybITKybI YILIiH albIHFaH.
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