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B pabome uccredosano cywecmeosanue U eOUHCMBEHHOCMb peulenus 0Opamuoul
Kpaeesoil 3a0auu 0ns ypasuenus byccunecka—/Iasa C nexnaccuueckumu Kpaesvlmu YCioGUsIMU.
Crauana ucxoouas 3a0aua c8OOUMCs K IKGUBANECHMHOU 6 ONPEOeNeHHOM CMbIcae 3a0aye.
C nomowpro memoda Dypve IK6UBATEHMHAS 340a4aA CEOOUMCS K PEUEHUI0 CUCTEeMbl UHNe-
epanvhbix ypasnenuu. C nomMowplo Memooa corcamolx 0mooOpadcenull 00Ka3vl8aomes cyuje-
cmeosanue U eOUHCMBEHHOCHb PeUleHUsl CUCTEeMbl UHMEeSPALbHbIX YPAGHEHULl, KOMOopdsl
makdice SGIAEMCs eOUHCMBEHHbIM peulenuemM Keusaienmuol 3aoaqu. Ilonw3ysace skeusa-
JIEHMHOCMbIO, OOKA3bI8ACMCSL CYWECBO8AHUE U eOUHCMBEHHOCb KIACCULECKO20 DPEeUleHUs.
UCXOOHOU 3a0aUu.

KuioueBble cjioBa: oOpaTHas KpaeBas 3agaua, ypaguenus byccunecka—Jlasa, Hexnac-
CHUYECKOE yCIIOBHUS, KIIACCHYECKOTO PEIICHHUE.

BBenenue. OOparapiMu 3amauamMu st AuddepeHnnanbHbIX ypaBHE-
HUW MPUHATO HA3BIBATh 33/1a4H, B KOTOPBIX HAPSAIY C HAXOXJICHUEM PEIICHUs
TpeOyeTcss HAaWTH BXOJHBIC JTaHHBIE, Hampumep, KodhPHUIMEHTH ypaBHEHUS
Wi QYHKINH, ONPEISISIFONINe HadallbHbIC WM TPAaHUYHbBIE yciIoBHs. Teopus
oOpaTHbIX 3ama4d s qudepeHInanbHbIX YPaBHEHUM SIBIISICTCS JUHAMUYHO
Pa3BUBAIOILMMCS Pa3[elIoM COBPEMEHHOM Hayku. [Ipennocsuikoi mis uccie-
JIOBaHUM pa3pelInMOCTH OOpaTHBIX 3a/1ay JJisi pacCMaTpUBAEMOro Kiacca sB-
JSIFOTCST HEKJIACCMUYECKUE 3a/1a4 MaTeMaTH4YeCcKoi (pU3UKH, BO3HUKAIONIUE TIPU
MOJIETUPOBAHUU DPA3NUYHBIX (U3UYECKUX, MEXAHHUUECKUX, OUOJIOTUYECKUX U
T.I. TIPOIeCCOB. {7151 mceBIo rUMepOOITNYeCKIX YpaBHEHHUI Takue 3a1auu BO3-
HUKAIOT B TEOPUM HECTAIIMOHAPHOI'O TEYEHHS BSI3KOTO rasa, Mpu KOHBEKTHB-



HOM muddy3un conell B MOPUCTOM cpesie, pacpOCTpaHEHWH HAYalbHbBIX Y-
JIOTHEHUH B BA3KOM ra3e U BO MHOTUX JIPYIMX CUTyalUsX.

OCHOBBI TEOPUHU U MPAKTUKH HCCIEAOBAHUS OOpaTHBIX 3a7a4y MaTema-
THYECKOW (PU3MKHM OBLIN 3aJI0KEHBI U PA3BUTHI B (PyHJAAMEHTAIBHBIX paboTax
Boiaromumxcsi yuyenbix A.H. TuxonoBa [1], M.M. JlaBpentbeBa [2,3],
B. K. MBanoga [4], B.I'. Pomanosa [2, 3, 5]. B nanbHeitmem, pa3Buras umu
METOJIMKa UCCIIeIOBaHMs 0OpaTHBIX 3a/a4 Oblla MPUMEHEHA B UCCIIEIOBAHUSIX
IIMPOKOTO Kpyra 0OpaTHBIX 3a1ad UX YUEHHUKAMHU MOCIIE0BATEISIMH.

B nanHolt paboTe 10Ka3aHbl CYIIECTBOBAHUE U €AMHCTBEHHOCTb pellle-
HUs 00paTHOM KpaeBoi 3aiaun U1t ypaBHeHus: byccunecka — JlsBa, Monenu-
pYIOILEro NpooabHbIE BOJIHBI B YIPYToil Oajke ¢ y4eToM MOINepeyHOl nHep-
LUN.
1.ITocranoBKa 3a1a4u M €€ CBelecHHe K JKBUBAJICHTHOH 3a1aye.
Paccmotpum ypaBaenune byccunecka — JlsBa [6]

Uy (X, 1) = Ugee (X, 1) — o (X, 1) = B (X, 1) = a(bu(t, x) + (X, 1) )
B obmactu D; = {(x,t) :0<x<1L,0<t< T} oOpaTHyI0 3a/1a4y ¢ HadaIbHBIMU

YCIIOBUSIMU
u(x,0)=@(x), U, (x,0)=w(x) (0<x<1), (2)
C 'PAaHUYHBIMU YCIIOBUSAMU
u(0,t)=0, 0<t<T, 3)
u (L t)+du (L t)=0, 0<t<T, (4)
" C JOMOJIHUTCIIBHBIM YCIIOBUEM
u(Xy,t) =h(t), (5)

roe X, €(0,1), d>0 ,a >0,/ >0 —3amannsle yncina, f (X, t), p(X), w(X),
h(t)— 3amannbie pyHkuu, a U(X, t) u a(t) —uckombie GyHKIUH.
Onpenenenune. Ilapy {U(Xxt),a(t)} ¢yuxyuu u(x,t), a(t) Hazosem
K1accuueckum peuieHuem kpaesou zaoauu (1)-(5), ecau ona yooenemeopsirom
CLeOVIOUWUM Y CTIOBUIM:
1) @Dyukyua u(x,t) u ee mpouszsoomvie U (X,t), U, (Xt), U (Xt) ,
U (X, 1), Uy, (X,t) Henpepuignol 6 Dy ;
2)  pynuxyus a(t) menpepvisna na [0,T];
3) ypasnenue (1) u ycnosus (2)-(5) yooeremesopsiomes 6 06bIuHOM KldC-
CUUECKOM CMbICIe.
Cuauana 3amayva (1)-(5) Oyzaer cBeaeHa S5KBUBAICHTHOM 3a1a4e. J1Jist aToro
pPaccCMOTPUM CIIEYIONIYIO CIEKTPaIbHYIO 3a1auy [7]:
V'(X)+Ay(X)=0, 0<x<1, y0)=0, y'1)=dAiy(),d>0. (6)
Ora 3aza4a UMEET TOJIBKO COOCTBEHHBIE byHKIIH
yk(x)=\/§ sin(\/Z X),k=0,1,2,.., ¢ MOTOKUTEILHBIMI COOCTBEHHBIMU YHUCIAMU



A, U3 ypaBHEHUS Ctg\/z =d/A. HyneBoli wuHAeKc mpucBauBaeM 000

COOCTBEHHOM (DYHKIINH, a BCE OCTaJbHBbIE HYMEPYEM B MOPSIKE BO3pACTAHUS
COOCTBEHHBIX YHCEI.
CnpaBennuBa cieayromas

Teopema 1.
Ilycmo
f(x,t)e C(Dy), (o(x) w(x) € C2[0, 1], h(t)eC*[0,T], h(t)= 0 npu t [0, T],
A0k j p(X)sin(/2, X)dx =0, (7)
w(1)+d.— I w(x)sin(\[4, X)dx = 0, 8)
f(l,t)+ f (x,t)sin(y/4, X)dx =0, 0<t<T, (9)
preernd LSS

U BLINOTHAIOMCSL YCIOBUSL COLACOBAHUSL
¢')+dg"M=0,p' () +dy"M=0,  p(x,)=h(0), w(x)=n(0).  (10)
Tocoa 3a0aua HaxodcOoenus Knaccuieckoeo peuwtenus 3zaoavu (1)-(5) sxeu-
sanenmua 3aoave onpeodenenus gyuxyutl U(X,t) u a(t), odmagarommx CBOH-

ctBamu 1) u 2) ompeneneHus Kiaccuyeckoro pemenus 3agadu (1)-(5), yoos-
nemeopsowue ypasnenuio (1), ycnosuam (2), (3) u ycroguam

1 1
u(d, t)y+ ————u(x,t)sin( 4, X)dx =0, 0<t<T, 11
()dsmﬁog()(‘/") (11)

h"(t) = Ugex (X5 t) = AU (X, 1) = By (%o, ) =a(ONE) + F(X,1), 0<t<T. (12)

Joka3arteabcTBo. [1ycTh {u(x,t),a(t)} ABJISICTCS pemenneM 3aaadu (1)-
(5). Torma u3 ypaBuenus (1), ¢ ya€rom (9), umeem:

Uy, (1,t) + W i Uy (X, 1) sin(4/ 2, X)dx —
—(um (L) + miunxx(x,t)sin(\/f0 x)dx] _
- o{utxx Lt) + miuw(x,t)sin(\/ﬂ_o x)dx] -

- ,B[uxx (1L,t) + miuxx(x,t) sin(,[ 2, x)de =



=a(t)| u(l,t) + ——— j'u(x t)sin(y/4,X)dx [ (0 <t <T).
dsm
(13)

NuTerpupys mo 4actsiM IBaxAbl , ¢ yI€ToM (3), HaXOqUM:

j U, (X, t)sin(y[2, x)d x =u, (1,t)sin /2, — /4, u(L,t)cos /4, —

—ﬁoju(x,t)sin(Ji_ox)d x(0<t<T) .

OTcrona UMeeM:

u, (1, t)+d _[u (X, t)sm(\/_x)dx_

sin

=é(ux(l,t)+duxx(l,t))—/lo{u(l,t)+dsm\//l_o.!u(x,t)sin(\/ﬂ—ox)dx}. (14)

[Moncrasnss (14) B (13) MOJTYyYUM:

utt(l,t)+ Uy (X,t)sin(y/ 4, X)dX +
o7

i—i{é(ux(l,t)deuxx(l,t))l{u(l,t)+ sm\/_IU(X t)sm(\/_x)dx}

_ a%{% (u, (L,t)+du,, (1)) - ﬂo{u(l,t) " sinl\/ﬂ,_ '([u(x,t)sin(\//l_ox)dxﬂ _

- ﬁ{l (u, (1,t)+du (1,t))— A{u(l,t) + j u(x,t)sin(y/4, x)dx}
d d sin \/_
= a(t){u(l ) ) T—— j u(x,t)sin(y/2, x)dx} (0<t<T). (15)
d s1n
N3 (15) B cuny (4) HaXOJIUM:
o)+ iy Po20) o (0<t<T), (16)

1+ 4, 1+ 4,
e

a)(t)=u(1,t)+ ju(x t)sin(,/[2, X)dx (0<t<T). (17)
sm\/_

Hanee, B cuinty (2) u ycioBuii (7) u (8) HaxoauMm:

8



a)(0)=go(l)+ P(X)sin(y/2, X)dx =0,
rf 7

&'(0)=y()+——— I w (X)sin(y/2,X)dx =0. (18)
dsm

U3 (16) u (18) sicHO, 4TO a)(t) =0 (0<t<T). Orcroma, ¢ yuerom (17),
3aKJIF0YaeM, UTO BhINOJIHAETCS ycnosue (11).
N3 (5) BugHO, uTO
Uy (Xo,t) =h'(t), uy(X,,t)=h"(t) (0St<T). (19)
W3 ypaBuenus (1), umeem:
U (Xg£) = Ug (X9 £) = i (X 1) = Bl (X, 1) = @(OUXp, 1) + F (X, 1) (0<t<T). (20)
Otcrona ¢ yuérom (5) u (19), mpuxonum k BeimoaHeHu:o (12).
Teneps, NpearIoNnokKuM, 4TO {u(x,t), a(t)} ABJISIETCSl PELICHUEM 3aJa4d
(1)-(3), (11), (12). Torma u3 (15), c yuérom (11) nomyuaem:

2 2
%(ux(l,t)Jrduxx(l,t))+ai—2(ux(l,t)+duxx(l,t))+ Blu, (1L)+du, (L) =0 . 1)
Bcuny Q) u ¢'(1)+de"(1)=0,y'(1)+dy"(1)=0 , umeem:
U, (1,0)+ du,, (1,0)= ¢'(1) + d@"(1) = 0,
U (1,0) + du (1,0) = 4/ (1) + dyr"(1) = 0 (22)

N3 (21) u(22) nerko npuxo i K BBIOIHEHHUIO (4).
Hanee, u3 (12) u (20), nonyyaem:

2
jt—z(u(xo,t)— h(t)) = at)(u(x,.t)-h(t) O<t<T). (23)
B cuny (2) u (x,)=h(0), w(x,)=h"(0), umeem:
{u(xo,t)— h(0) = p(x,)—-h(0) =0,
U, (X,t)—h'(0) = y(x,)—h'(0) = 0.
N3 (23) u (24) 3akmouaem, 4to BbinonHseTcs ycnoBue (5). Teopema 1
J0Ka3aHa.
Z.CBeI[eHHﬂ U3 TCOPUU CIICKTPAJIBbHBIX 3a1a4 U BBCICHHE HEKOTOPLIX IPO-
CTPaHCTB
Pemas oqnopoanyto 3anauy, coorBercTBytouei 3aaaue (1)-(3), (11), me-

TOJIOM pa3JIeJICHUs IEPEMEHHBIX, TPUXOJAUM K CIEKTPAIbHOU 3a7a4e
Y'(X)+Ay(x)=0, 0<x<1,

1 : _
y(0)=0, y(1)+ eI ! y(x)sin(,[4, X)dx = 0. (25)

(24)

W3BectHo [7, 8] uro cnekTpaibHas 3aaada (25) HKBUBaJICHTHA
CHeKTpanbHOM 3amade (6) 06e3 coOCTBEHHON (PYHKIIMH, COOTBETCTBYIOIICH



cobcTBeHHOMY 3HaueHuto A,. CrenoBareinbHoO, CIeKTpaubHas 3agada (25)
UMEET TOJbKO COOCTBEHHBIC (YHKIUH Y, (X)=\/§ sin(y4.X), k=12,..., ¢

IIOJIOXKUTCIbHBIMU COOCTBEHHBIMHU quCjI1aMHu Z’k , OIpeACIsICMbIC nus3

ypaBHeHus CtQ \/I =d \/Z , 3aHYMEPOBaHHBIC B IIOPSAKE BO3pacTaHUs.

B pa6ore [7,8] chopmymupoBaHsl U OOOCHOBaHBI  CJIEAYIOIIUE
YTBEPXKICHHS.
Jlemma 1. Hauunas ¢ nexomopozo nomepa N umeem mecmo oyenxa

0< A —7k < (dak)™". (26)
CaneacrBue 2.1. [lycms V,(X)= \/2_sin(,/,uk X), eoe \/,U—kzﬂk,

k=1,2,3,.... Toeoa cnpaeeonuevi HepaseHcmea

[ 00 =i M|y, <V20d7) T, k=N,

2[00 -V, O} o, <1/09d). 27)

Jlemma 2. buopmozconanvno conpscénnas cucmema {z,(X)} K cuc-

meme {Y, (X)}, K=12.3,..., onpedensiemcs no gpopmyne
2, (X) = v/2(sin([ A X) —sin [ 4 (sin\[ 2 X) (sin [ 2,))/(1+dsin® /2, ) . (28)

Teopema 2. Cucmemor {y,(X)}, k=12,..., obpazyem 6azuc Pucca 6
npocmpancmee L, (0,1).

Teneps, IIyCThb
My (x):\/z cos(\/z X), & (X) = V2 cos(\/,u_k X), k=1,2,3,.... Torma, aHaJIOrH4HO
(27), cnpaBe BBl HEPABEHCTBA

1700 = & Oy < V20070, k=N,
k§l||ﬂk(x)_§k(x)||Lz(0’l)Sl/(9d2), (29)

[Tpennonoxum, uto g(X) € L,(0,1). Torna, ¢ yuérom (27), nomyuaem

2
Z(IQ(X)Vk(X)dXJ <Z j g (x)dx - j yE (X)dx +

k=1\ o k=10

M

1 2 w 1
+2 Ig(x)Vk (X)dxj + 2kZ':\l I g°(x)dx - I(Yk (X) =V (x))*dx
0 0

k=N

N

10



N | =

w (1 2
[I(Z:I(J. g(xX)yy (X)dXJ J <M ||g(x)||L2(0,1) , (30)
=1\0

rac

N 1 2
M :[iji(x)dx+2/(9d2)+2} . 31)

k=1 o

Amnanoruydso (30), c yuerom (29), Haxoaum:
1

o (1 2\2
(;{jmxmuxm{]} <M g, .- (32)
=1\ 0
Tak kak ¢ynxmmn {Yy, (X)}, k=1,2,3,..., oOpasyror 0azuc Pucca B

npoctpactee L,(0,1), Ttorma wm3BecTHO uTOo Ui Jt00OM  (YHKUIUHU
g(Xx) € L,(0,1) cnpaBeaIuBO paBeHCTBO

909 = 0. (), (33)
rac
1
9k = [ 900z, (0dx. (k =1,2,....)
0
I[anee, HETPYAHO BUICTH, UTO
A os iy !
_a_khg(x)sm(ﬂx)dx W \/_jg(x)sm\/_xdx (34)
rae

o, =1+dsin® J4, >1.

Orcrona, ¢ yuérom (30) umeem:
1

[kz gj <Molg00l, - (39)
=1

rae

!
M, =M+ iiy V2. (36)

1
d‘sin \/Z‘ (kl Ak

[Mpenmnonoxum, uro g(X) € C[0,1], g'(x) € L,(0,1), g(0)=0 un

11



1 1
J(@)=9g()+———| g(x)sin(y/ 4, x)dx =0.
(@=9() dsmﬂ—ogg( )sin(y/ 2 X)
Torpa u3 (34) umeem:
\/_ j 0/ (%) cos(y/ 7 x)dx. 37)
Orcrona, ¢ yuérom (29) , HaxoaUM:

(de o))’ ] <M|g' O, .- (38)

Iycts g(x)eC'[0,1], g"(X) € L,(0,1), g(0)=0 u J(g)=0. Torma u3
(37) nonyuaem:

V2 1} . cos /A
=——|—|g"(x Ay X)dx — "n)1. 39
Oy i £g<)sm<\/k) Y ikg() (39)
OTCIOI[a HaxoauM:
© 1/2
(kZ(zk |gk|>2j <mlg' () +V2M|g" (] .- (40)
=1

rac
1
Q[ZLJ
d k=1 /,lk

Temeps npemmonoxum, uro g(x)eC?[0,1], 9" (x)eL,(0,1), g(0)=0,
J(9)=0, 9"(0)=0u dg"(1)+ g'(l) =0. Torna u3 (39) umeem:
_ 2
Ok g"(x)cos(y/ 4, X)dx.
Ak ﬂ“k\/— I \/—

Orcrona, ¢ yuérom (29) , monyyaem:

1

- E 4
(kzukﬁk |gk|>2j < MIg" (0
-1
(41)
3
1. OGosuaunm uepe3 B [9], coBokymHOCTb Beex dynkumii U(X,t) Buaa

u(x.t) = kiuk(t)yk(m ,
=1

paccMatpuBaemblx B Dy, roe kaxnpas u3 Qynkuuil U, (t) HempepblBHa Ha
[0,T] u

12



1
{5 A Ol <

HopMy Ha 3TOM MHO>KECTBE ONpEAEINM TaK:
1

||U(X,'[)|Bz%T = {é(lk \/Z”Uk (t)”C[O’T])Z}Z )

3
2. Yepez E? 0003HAYMM TPOCTPAHCTBO, COCTOSIIEE W3 TOIMOJIOTHIE-

CKOT'O IMPOU3BCACHUA
3

B2, xC[0,T].
Hopwma siemenra z = {u,a} omnpenensercs: GopmyIoit

l2le; =lueeBlg;, +la®lgor-

-

3 3
UsBecTHO, uto Bj1 1 E¢ sBustoTcs GaHaXOBBIMM HPOCTPAHCTBAMM.

3.UccnenoBaHue CylecCTBOBAHMS U €IMHCTBEHHOCTH KJIACCHYECKOro
peuleHusi 0OpaTHOI KpaeBoii 3a1a4u.

[IpuHumas Bo BHUMaHME JleMMYy | U TeopeMy 2 MepBYIO KOMIIOHEHTY
U(X,t) permenns {u(x,t),a(t)} samaum (1)-(3) ,(11),(12) Gyaem uckars B Buje

(0 = 2 (O, *2)
Irac
u, () = fuxbz, (0dx, k=12.....

Jlnst onpenenenust nckombix ¢yHkmi U, (t), K =1,2,..., npumenss me-

TOJl pa3zieNieHus] MepeMeHHbIX K ypaBHeHHIO (1), B cuiy (2), MOIy4YUM COOT-
HOILIEHUS

(1+ Z)Up (1) + @A U; () + fAU, (D) == F (tu,a), (K =1,2,.., 0<t<T), (43)
U, (0)=0,u0)=y,, k=12, (44)

rac
1

R (t:U,) = i (0 +a®u, (1), fi ()= [ F (D2, 00dx,

0
1 1
o = [ (02, (0 py = [ (07, (9dx, k=1.2,....
0 0

Ou4eBUIHO, YTO

13



A <1+ 4, <24,

Toraa
2 2 2
a a” A a
8 g 41+ 4) p 4 p
Tenepp NpeanoNoKUM, YTO
2
o
—=4>0.
g P

Pemas 3amauy (43), (44) naxoaum, 4To

1 t t t t
Uk(t)zy—[[ﬂzkeﬂlk — e )% +(e'u2k — etk j‘// Kt
K

} Fk (T; u, a)(eﬂzk (t - T) _ e:ulk (t - T) )d Z':|

+
I+ 4
0<t<T; k=12,.), (45)
raec
ak, i | <22 g
My =————+ (1) >~ (1=12),
21+ 4,) A1+ 4)° 1+4,

222
a2 A
Vi = Mo — My =2 kz—lﬂ; .
41+ 4,) + A

Jlns onpenenenus mepsoii komnonentsl U(X,t) kmaccuueckoro perme-
must {U(X,t),a(t)} szamaum (1)-(3), (11), (12), yuursiBas cooTHOIeHus (45),
u3 (42) nonyuum

&)1 t t t t
u(X,t)=Z{7—K,u2keﬂ“< — ek jcok 4—(9#2k — etk jy/k+
k=1 k

—+

t
2 ka(r;u,a)(eﬂzk(tT)—eﬂlk(tr)jdr} }yk(x). (46)

k0
Teneps, ¢ yauetom (42), u3 (12) Haxoaum, 4To

at)=h" ") - f(Xo,t)+\/5§/1k (UF (O)+ ai () + Ay (D)sin 2y Xo - (47)
=1

Hudbdepennmpys (42) nBa pasza, HOIYIHM:

k

k

14



t
+ 1 [ Fy (T;U,a)(ﬂzke'u%(t_r) -
1+, 0

_,Ulke’ulk(t_f)jdf} (OStST;k=1,2,~-~) > (48)

t

, H Hopt
0= gy j(””

H1kHok {“m
t t
(ﬂ el — g e j‘//k +

ﬂZeﬂlk(t T)) :l

B cuny (42) u (49) umeem:

ﬂk(t—f)_
T (j)Fk(rua)(,u e”?

(k=12,..) . (49)

A (U (1) + iy (1) + AUy (1) = R (7:u,8,b) —uy (1) =

1 t t t t
—_}/k[ﬂlkﬂzk(#lke#lk —ﬂzkeﬂzk j(”k (,Uzzke'qu — i eIk )‘// +

t
+ : IFk(T;U,a,b)(yzzke'uz"(t_T) —,Ulzke’ulk(t_f)jdz' n
I+ 4

+

F. (t;u,a 0<t<T; k=12,.).
4 cu,a)  ( )

(50)

Hanee, npunumas Bo BHuUMaHue (50), uz (47) st BTOPOl KOMITOHEHTHI
a(t) pemenus {u(x,t),a(t)} zamaum (1)-(3), (11), (12) momywaem crnemnyroiiee
COOTHOLICHUE

a(t)y=h"' (t){h”(t)— f (X, t)+\/§§:L A

F(t;u,a)+
k

N t 2 2kt 2 1k
Z{ [ﬂlkﬂzk(ulke‘“ — " jcok ( et et )l//+

+ IFK(T,U,a)(,u e‘uz"(t_f)—,ulzke’ulk(t_T))dr}sin(ﬁxo). (51)
T+ g

Taxum o6paszom, pemenue 3aaauu (1)-(3), (11), (12) cBeneHo Kk penieHUIo
cuctemsl (46), (51) otHOCUTENBHO HeU3BECTHBIX PyHKIMK U(X,1) 1 a(t).
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Jlemma 3. Ilycmo {U(X,t),a(t)} —pewenue 3aoauu (1)-(3), (11), (12).
1

Tozoa ¢pynxyuu U (t) = _[U(X,t)Zk (xX)dx, t [0, T], k=1,2,..., yoosremsopsitom
0

coomuoutenuio (42).
CaencrBue 1. ITycmo cucmema (33), (36) umeem eouncmeennoe peute-

nue. Ecnu 3a0aua (1)-(3), (11), (12) umeem pewienue, mo oo eOUHCMEEHHO.
Herpyano BuaeTs, 4to
u, <0, et <1 =D o1 (i=12,0<t<T;0<r<t)

1 1
ﬂ1kﬂ2k|3ﬂa —= =70

Y 1{a?
2435 )

VYuuteiBas 5TH COOTHOLICHUS, HAXOJUM:

[Z(ﬂk VA, (t)llqo,nf]z <

|luik| <o (I :172)7

N | —

o0

< 20‘7’0[2(/7« M|¢k|)zj

k=1

1
© 2
+ Zam(ZmJTk Iwk|>2j +
k=1
1 1

+27/0\/?U.i(\/sz (T))ZJZ + 2T70||a(t)”0[o,T](i(/1k \/Z”uk (t)"(:[O,T])z]z’ (52)
0 k=1

k=

1

® 2
|C[(m + \/E[kz:/tlj X
=1

||5(t)”C[0,T] < "h_1 (t)"C[O,T] {”h”(t) —f (Xo’t)

x (kZ(\/ﬂ_k IIfk(t)Ilcm,T])z]z +||a(t)||c[m(;mk \/Z||“k(t)|lcm,n)2]2 .

+2aﬁyo[i(ﬂ w]z +2a%[i<ﬂ WKYJZ 2aty T U > WA fk(r))Zdrjz v
k=1 k=1 0

k=1

20 T80 | S Ol &
k=1

[Ipeanonoxum, uro nanusie 3agaun (1)-(3), (11), (12) ynosneTBops-
IOT CIEAYIOLIHUM YCIIOBHSIM:
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1. p(x) e C?[0,1] ¢"(x)eL,(0,)) u ¢(0)=9¢"(0)=0,

o) + - sinl NN i p(x)sin(\[2,)dx = 0, de"(1)+¢'(1) =0,

2. y(x)ec?[01] v"(x)eL,(0,1) uy(0)=y"(0)=0,
! j w(x)sin /4, xdx =0, dy"()+y'(1)=0,

‘//(l)+ d sin\/ﬂ,_

3. f(xt)ec(D;) f (xt)eL,(D;), f(0,1)=0,

1
! [ f(x.bsin(\/2,)dx =0, 0<t<T,
0

dsin\/ﬂ_o

2
4, a>0,ﬂ>0,%—,8>0. h(t)ec?[0,T] h(t)=0 npn tefo,T].

Toraa, ¢ yuetom (35), (40), u3 (52) u (53) noay4um, COOTBETCTBEHHO,

f(,t)+

H G(X’t) HBZZT < A(T) + Bl(T)H a(t) HC[O,T]H U(X,t) HBZZT ’ (54)
H a(t) HC[O,T] < AZ(T) + Bz(T)H a(t) HC[O,T]H U(X’t) HBZZT > (55)
rac
A M) =2ay,M[ "0, +2a7M " (O], +27M JT| £, 060 Lo
B,(T) =2Ty,,
-1 " S -1 %
AM=[n"®Of IO 0D, +ﬁ[§ﬁk ] [M 1 0Olciom

F2aB7,M [ @', o +2037 M [0, o)+ 2627 MAT | £, 06D, o, |1

- VA
_ -1 -1 2
B,(T)=+2|h"(t) qu:](;ﬁk ] (1+2a 7,7 ]
U3 HepaBeHCTB (54), (55) cnemyeT cripaBeIMBOCTh HEPABEHCTBA
[0 + 8@ gy < AT+ B ) ey 7yt D] - (56)

riue

AM)=AM)+A,(T), B(T)=B,(T)+B,(T).
O06o03HaunM uepe3 K 3aMKHYTBIN 11ap B IPOCTPAHCTBE ET3 2, CIeH-

TPOM B HyJ€, paauyca R.
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Teopema 3. IIlycmo suinoansemces yenoeus 1°-4" u ycnosue
(AT)+2)*B(M) <. (57)
Tozoa 3aoaua (1)-(3), (11), (12) umeem 6 wape K, ET% eo0uHCmeeHHoe pe-
wenue, 20e R=A(T)+2

Joka3aTeabcTBO. B mpocTpancTBe ET% paccCMOTPHUM YpaBHEHHE
z2=dz, (58)
rae z={u,a}, a komnoHeHTsl @, (i=12) omepatopa @(u,a) ompeaeIeHbI
npaBbIMU YacTAMHU 46), (51) COOTBETCTBEHHO .
Amnanornyso, (56) noxydaem, 4to JUIs JIOOBIX Z,Z,,Z, € K; crpaBen-
JIUBBI OLICHKHU

|z < AT)+ BIaO), Juet]y. 69

|2, ~ 2, g: < BT R( 2,020+l G -w0e0lg ) (60)

B cuny (57), u3 (59) u (60) cnenyer, uto oneparop @ neicTByeT B IIa-

pe Ky u sBisercs cxxumatromuM. [Tostomy ator onepatop B mape K, umeer

€IMHCTBEHHYIO HETMOJBMKHYIO TOUKY Z= {u,a}. CrnepnoBarenbHO, Z= {u,a}
ABJsIeTCs B mape K, €IMHCTBEHHBIM pellleHHeM cucTeMsl (46), (51) .

3

OyHKIUA u(x,t), KaK SJIEMEHT NpOCTpaHcTBa BJ7, HempepbiBHA M
UMeeT HelpepbIBHbIE pou3BoaHble U, (X,t), U, (X,t) B D;.

HetpynHo Buaers, uto U, (X,t),U, (X,t),Uy, (X,t), U, (X,t), Uy, (X,1) He-
npepsiBHbI B D, . 3ametum, uto ypaBHenue (1) n ycnosus (2), (3), (11) u (12)
yIIOBJIETBOPSIOTCS B 0OBIYHOM cMbIcie. CenoBaTeNnbHo, {u(x,t),a(t)} ABIISICT-
cs pemennem 3anaqu (1)-(3), (11), (12), a B cuny cneactBus 1, OHO €UHCT-
BeHHOe. Teopema foka3aHa.

W3 Teopemsbl 3, B cuily Teopembl 1, HEMOCPEACTBEHHO CIEAyeT CIpa-
BEUTHBOCTH CJICYIOIIETO YTBEPIKICHHSI.

Teopema 2. [lycmsb svinonnsitomest 6ce yciogusi meopemul 1 u 6blnonmsi-
emcs yenosusn coanacosanus (¢(x,)=h(0), w(x,)=h(0). Toeda 3aoaua (1)-(5)

umeem 6 uiape KR eOUHCMBEHHOE KIACCUYECKOe peuterue.
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BUSSINESK-LYAVA TONLIiYi UCUN
BiR QEYRI-KLASSIK SORHOD SORTLI TORS SORHOD MOSOLOSI

N.S.ISGONDOROV, S.i.ALLAHVERDIYEVA
XULASO

Mogqalado Bussinesk-Lyava tonliyi iiglin qeyri-klassik sorhad sortli tors mosalo totbiq
olunur. 9vvalca, qoyulmus mosalo ekvivalent masaloys gotirilir. Furye {isulunun kémoyi ilo
ekvivalent masoalo inteqral tonliklor sistemino gotirilir. Sixilmig inikas prinsipindon istifado
edorok inteqral tonliklor sisteminin hollinin varligi vo yeganoliyi isbat edilir. Bu hall ekvivalent
masalonin halli olur. Sonra iso ekvivalentlikdon istifado edorok qoyulmus mosolonin hollinin
varlig1 va yeganoliyi isbat edilir.

Acar sozlar: tors moasalo, Bussinesk-Lyava tonliyi, qeyri-klassik sortlor, klassik hall.

INVERSE BOUNDARY VALUE PROBLEM
FOR THE BOUSSINESQ-LOVE EQUATION
WITH NONCLASSICAL BOUNDARY CONDITIONS

N.Sh.ISGANDAROYV, S.L.LALLAHVERDIYEVA
SUMMARY

This paper the existence and uniqueness of a solution of the inverse boundary value
problem for the Boussinesq-Love Equation with nonclassical boundary conditions. The prob-
lem is firstly reduced to the problem that is in a sense quivalent to the original. Then, the Fou-
rier mathod is applied, reducing the problem to solution of a system of integral equations. The
existence and uniqueness of the latter equation is proved by the contraction mapping principle,
which also yoelds the unique solution of the equivalent problem. Using equivalence, we finally
prove the unique existence of a classical solution of the problem under consideration.

Key words: inverse problem, Boussinesq-Love Equation, nonclassical conditions,
classical solution.
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B nocaeonee epems 3a0auu onmumanbHo20 ynpaeienus Oiis paziuyHblX YPAGHEHUL C
YACMHBIMU NPOUZEOOHBIMU C HELOKATbHBIMU 2PAHUYHBIMU YCAOBUSMU UHMEHCUBHO U3YYAIOMCS
[4, 10]. Hapsoy ¢ smum 3a0auu onmumanrbro20 ynpasienus ¢ KoIpouyuenmamu ypasHenuil ¢
YACMHBIMU NPOUZBOOHBIMU CPEOU BCeX 3a0a4 ONMUMATLHOZO YRPAGIEHUs 3AHUMAIOM 0c0b0e
mecmo [1, 2, 5, 6]. B paccmampusaemoti pabome usyuaemcs 3a0a4a ORMUMAIbHO20 YRPAGie-
HUst OJis 2UnepOOIULeCcKO20 YPAGHEHUS C HENIOKANbHBIM SPAHUYHBIM YCI08UEM, KO20d UCKOMASL
VAPABNAOWAs QYHKYUS NPUCYMCMBYEm 6 MAAOWeM KOIpduyuenme ypagHeHus.

KnaroueBble ciioBa: mnep60m/1qec1<ne YpaBHCHUS, ONITUMAJIBHOC YIIPABJICHUEC, HEJIO-
KaJIbHbIC YCJIOBHA, ,Z[I/I(i)(i)epeHL[I/IaJ'IBHBIe YpaBHCHMS C YaCTHBIMU IIPONU3BOJAHBIMHA

1. IlocranoBka 3amaum. PaccmoTpum 3amady ompenesieHus Iapbl
ymkumit (U(X,t), (X)) e W, (Q)XV u3 cleylomux cOOTHOIEHHI

2
z—zu—Au+19(X)u(X,t)= f(x1), (x,H)e Q=Qx(0,T), (D)

t
U(%,0) =u, (X), a“(a’:’o) = (X),x€ Q, @)
ou
a_ = J.K(Xa y)U(y,t)dy 5 (Xat)e S B (3)

1% S O

T
JR(x,tu(x,t)dt = (X)), Xxe Q, 4
0

31eck T 3aJaHHOE TMOJIOKHTENbHOE yrcino, Q < R"(n=2,3)-orpannyennas 06-
JIaCTh ¢ TIaaKoi rpanumei dQ, S =0Qx(0,T) -00KoBast IOBEPXHOCTH IIMIMHAPA
Q, vV -BHEIIHsIsI HOPMaJb K rpaHuIe d€2 .
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Ecmn dynkmuu  f (X,t), (X),u, (X),u,(X), K(X,y) 3amaHbl, TO HOIy4aeM
npsmyto 3anaqy (1)-(3) onpenenenus pyHkmmu U(X,t) .

Ecnu #(X) - Heu3BecTHast GyHKIMS, MbI JOMOJHUTENIBHO 337aIUM YCIIOBUE
(4). Torma monmyvaercst oOpatHas 3amada (1)-(4) ompeneneHus napbl (yHKIIHNA

(U(X,1), (X)) .
Mpernomowmy, w0 fel,(Q), U eWs(Q). ujel, (@),
Re L. (Q), pe L2 (Q), K(x,y)e L_(0QxQ)- 3ananHbie QyHKIHNA

3anauy (1)-(4) npuBOaUM K CEAYIONIEH 3a/1aue ONTUMAIBHOTO YIIpaB-
JICHUS: HAUTH Takyto QYHKIHMIO 2}(X) U3 MHOXKECTBA

V= iz?(x) € L2 (Q):a<¥(X)<b noumu ecrooy na Q}, (5)
KOTOpast JOCTaBJIIET MUHUMYM () YHKIIHOHAITY
T 2
1
(@)= [| [RODUX,t;Hdt —p(x) | dx (6)
2alo

npu orpanuuenusx (1)-(3), rme Uu(x,t;?%)- pemenne 3amaumn (1)-(3) npu
¥ =1(X), a,b 3amannbie uyncna. D1y 3amauay HazoBeM 3aaaqeii (1)-(3),(5),(6).
OyHkuuo H(X) Ha30BeM YNpaBleHHEM, a V -KJIIAaCCOM JOMYCTUMBIX
ynpasieanii. Mexnay 3amadamu (1)-(3),(5),(6) u (1)-(4) cymecTtByer TecHas
cBsA3b. OTMETHUM, UTO €CliU rglgivn (&) =0, To nononHUTENLHOE ycI0BUE (4) BbI-

TIOJTHSICTCSL.
[Ton pemenuem kpaeBoit 3amaun (1)-(3) mpu kaxaom (pUKCHpPOBAHHOM

ynpasieHun eV Oyaem noHuMaTh GYHKIHIO U3 W21 (Q) paBHyr U,(X) mpu

t =0 ¥ yZ0BIETBOPSAIOLLYIO HHTETPAIbHOMY TOXKECTBY

T T
I (—a—ua—n+Van+19un)dxdt— [ [n(x,t) [K(x,y)u(y,t) dydsdt —
0Q\ ot ot 00Q Q
T
- Jul(x)n(xao)dx =.[ I f(X’t)U(X,t)dth (7)
O 0Q

pu Bcex 77 =1(X,t) u3 W21 (Q), paBubIX HymrO ipu t =T .

N3 pesynbpTaToB paboThl [3] ciaemyeT, Y4TO NMPU MPUHSTHIX YCIOBHIX
KkpaeBas 3aaaya (1)-(3) npu kaxxaom ¢ukcupoBaHHBIM *€V HMeeT eIUHCT-

BEHHOE 0000IIIEHHOE pelIeHUe U3 W21 (Q) u cripaBeIMBa OIICHKA
”“”W§(Q) : C[HUOHW%(Q) | L@ " ] L@ | ®)
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Kpome Toro, 310 penienne o01aiaeT CBOMCTBaMHU

ue C([O,T],Wzl (Q)) aa—Lt‘e C([O,T], L, (Q)).

3nmeck U B ganbHeleM depe3 ¢ OyaeM 0003HAYaT pa3InIHbIC TTOCTOSH-
HBIC, HE 3aBUCSIINE OT OLICHUBACMBIX BEJIMYHMH U OT JIOITYCTUMBIX YIPaBICHHMA.

2. O pazpemmmmoctu 3agauu (1)-(3), (5), (6).

Teopema 1. [TycTh BBINOIHEHBI YCIOBHSI, IIPUHSTHIC TIPU MTOCTAHOBKE 3a-

naun (1)-(3),(5),(6). Torma V., = {19* eV :1(Jy)= min I(z?)} HEMyCTo, clabo
veV

KOMIIaKTHO B L2 (Q) um mro6asi MUMHUMU3HUPYIOIIAs MOCIIEeI0BAaTEIbHOCTD {19,(}
cimabo B L2 () cxoauTcs K MHOXKECTBY V, .

Jloka3zaTebcTBO: SICHO, 4TO MHOXKECTBO V , OIpenesieMoe COOTHOIIIe-
HueM (5), c1abo KOMITAaKTHO B MPOCTPAHCTBE L2 (Q) . IToxaxkeM, 4TO (HYHKIIHO-

Hau (6) cinabo B L2 (€2) HempepeiBeH Ha MHOkecTBe V . [lycts #e V - HekoTO-

pBII>'I 3JICMCHT, {ﬂk }E V- IMPOM3BOJIbHAA ITOCJICAOBATCIBHOCTh, TaKasd, 4TO IIPpU
K — oo
¥, — ¥ cnabo B L2 (Q). )

B cwiy onHOo3Ha4uHOW paspemumMocT KpaeBoi 3amauu (1)-(3), kaxkaomy
ylpaBileHUuI0 ¥ €V COOTBETCTBYET E€IUHCTBEHHOE PEILEHUE U, = u(x,t;z?k)

3anaun (1)-(3) u crpaBennuBa oleHKA HUKHW <c, Vk=12,.., T.e. mocie-

1
1@
JIOBATENLHOCTH {U, } PABHOMEPHO OrpaHMYEHa 110 HOPMeE IIPOCTPAHCTBA W21 Q).

Torna u3 TeopeM BioxkeHus [7, ¢.84] cienyer, 4TO M3 MOCIEAOBATEILHOCTU

MOKHO BBIICJIUTH MOAITOCIICI0OBATCIIBHOCTD {uk }, TaKyro, 4TO IIpU | —> o0
|
Uk — U CWJIBHO B L2(Q), (10)
I
auiea—“ aUK' SN 6o L. (Q) (11)
ot ot’ ox X 2 7

rae U=u(xt)e W21 (Q) nekoropslii anement. [lokaxem, uro U(X,t) =u(x,t;?%),

T.e. (QynHkuusa U(X,t) saBasercs o0oOmeHHbIM pemienueMm 3anadn  (1)-(3),
COOTBETCTBYIOIIUM yrpaBieHuto € V . SIcHO, 4TO CIipaBeITTUBhI TOXK/IECTBA
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}j - IE)—77+Vu Vn+9¢, u, n |dxdt—

0| ot a K KK (12)
T T

=] (1) [ K(x,y)u, (y,0) dydsdt—[u ()n(x,0)dx =] | f(x,0)m(x, t)dxdt
000 Q | 1 0Q

Q
npu Bcex 717 =1n(X,t) u3 W21 (Q), paBubIx Hymro ipu t =T .

[Tepexons k npeneny B (12) npu | — oo u ucnons3ys (9) (10), (11) u
TEOPEMY BIIOKEHUS W21 QclL 4 (Q) momyumm, uro QyHKIUS U(X,t) paBHa
u O(X) npu t =0 u ymoBinerBopsieT ToxaecTBy (7). OTcrona u U3 €IUHCTBEH-
HoctH pemieHus 3anauu (1)-(3), cooTBeTcTBYyIOLIErO yrpaBienuo eV, cre-
ayet, yto U(X,t) =u(X,t;7).

Ucnonb3yst eAMHCTBEHHOCTH pemienust 3agaun (1)-(3), cooTBeTcTBYIO-
uiero ympaslieHuto €V, jerko mpoBeputb, yTo cootHouieHus (10), (11)

y L, HO M Juis BCeM
I
MOCJIEI0BAaTEILHOCTH . YuureBag 3T0, u3 (6) moay4aeM, YTO
Kk

CIIPaBCJIMBBI HC TOJIBKO IJId IMOAIIOCIICAOBATCIBHOCTHU {

| (19k) — 1(¢¥) npu kK -, T.e. 1(J) cnabo B L2 (€2) HenpepbIBEH HAa MHO-

xectBe V . Torga B cuiny Teopem 2 u3 [8, ¢.49] noiydyaem, 4To CHpaBeIMBbI
Bce yTBepKIeHus Teopembl 1. Teopema okazana.

Jlis obecriedeHus] €IMHCTBEHHOCTH PEIICHUS 3aJa4d ONTHMAILHOTO
yIpaBJIeHHs BMECTO (DyHKIMOHaa (6) MOXKHO paccMaTpuBaTh (DYHKIIMOHAI
BHJIA

2
l o (8) = I(ﬂ)+a||z9—w|||_2(g), (13)
rae | (¢} ompenenen paBeHcTBOM (6), « > 0- 3a7aHHOE YMCIIO, WE L2 (Q)-

3aanHast QyHKITHS.
Teopema 2. IlycTh BbIIIOJIHEHBI ycioBUs TeopeMbl 1 u o > 0. Toraa

CYLIECTBYET IUIOTHOE MOJAMHOXecTBO G mpocTpaHCTBa L2 (), Takoe, 4To
s moboit we G 3amavua MuHMMH3auuu QyHknuonana (13) Ha MHOXecTBe

nipu ycnoBusx (1)-(3) umeeT eAMHCTBEHHOE PEIICHHE.
JokazarenberBo. @ynkuuonan |(7¥) orpaHuyeH CHU3Y U B CUJy T€O-

pemsbl 1 HempepbiBeH Ha V . Kpome Toro, MHOecTBO V 3aMKHYTO M Orpa-
HUYEHO B PAaBHOMEPHO BBITYKIIOM OaHAXOBOM IPOCTPAHCTBE L2 (Q), Torma u3

pe3ynbraTtoB paboTs [9, ¢.372] cnenyer yrBepkaeHue Teopembl 2. Teopema 2
J0Ka3aHa.
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3. Anddepennupyemocts (PpyHxkumonasa (6). Tenepp wucciemyem
muddeperuupyemMocts ¢yHknuonana (6). Ilycts w(Xx,t) =w(X,t;¢) 006006-

LIEHHOE PELICHUE U3 W21 (Q) compsikeHHOM 337291

2 T
a—gj—Awﬂﬂ(x)y/(x,t): Jw (&, HK(E, x)ds + R(x,t) [R(X,Hu(x,t)dt —p(x) |
ot oQ 0
(x,t) e Q, (14)
w(x,T) =o,%=o,xe Q, (15)
Wl o, (xbes. (16)
ov S

[Tox 0600meHHBIM pernieHneM KpaeBoi 3anauu (13)-(15) npu kaxaom Gukcu-
poBaHHOM ympasieHun eV Oynem nmoHumMath GyHkuuo W (X,t) =w(X,t;7)

u3 W21 (Q), paBHYIO Hymo Ipy t =T ¥ yJOBIETBOPSIONLYIO HHTEIPAILHOMY TOXK-

JIECTBY
T T
[ I(—a—waﬁ+VW®+ﬂw®)dxdt— [ Jw(x.t) [K(x, y)P(y,t) dydsdt -
0Ol odt ot 00Q Q

(17)

T T
-[] (I)(x,t)R(x,t){jR(x,t)u(x,t)dt —(p(x)}ixdt =0
0€Q2 0

npu Bcex @ = O(X,t) uz W21 (Q), paBubIX Hymro ipu t = 0.
[Tockonbky cmemanHas 3anayda (14)-(16) siBisercss JTUHEHHOM OTHOCH-
TenbHO W(X,1), TO 3Ta 3a7aya B MPOCTPAHCTBE W21 (Q) umeer enMHCTBEHHOE

o06ob6meHHoe penieHue [3] u cnpaBemivBa OleHKa

WiwlQ) = C[H“O Hw%(g) | L@ " Il @ el (9)] -

Teopema 3. I1ycTh BBINOJHEHBI MPEAIIOIATacMbIe BBIIIE YCIOBUS HA JIaH-
ueie 3ama4dn (1)-(3), (5), (6). Torna dyakiumonan (6) HenpepbiBHO auddepeHin-
pyem mo @peme wa V u mubdepennuman B touke eV mpH mpupamieHuU
o€ L2 (Q) umeer BHI

T
(1'(®),69) = | Juysdxdt. (19)

0Q
HMoka3aTeabcTBo: PaccmorpuM npupamenue GyHkiuonana (6):

24



A = 13+ -1 () =

T T 1 (T 2 (20)
= [ [R(x,t)dudt| [R(x,t)u(x,t)dt —p(x) dx+— || [R(x,t)dudt | dx,
Q0 0 2010
rae (X, t) =u(X,t; 2+ 0 —u(x,t;2), a u(x,t;+0¢%) u u(xt;?%)- peuienus
3agaun (1)-(3), COOTBETCTBYIOIIME YIpaBieHHsM ¢+ 0, %€V . ScHo, drO

byHKIms AU(X,t) sBiseTcs 000OMICHHBIM PEIICHHEM M3 W21 (Q) xpaeBoii 3agaun

928

at—z—A&J'l‘(Z?'i‘ 519)&] —uodwy, (x,1)e Q, (21)
&J(X,O)zo,wzo,xe Q, 22)
a&‘ = JKOBODY . (DS, 23)

O06o001IeHHOe perIeHue 13 W21 (Q) 3amaum (21)-(23) paBHO HYJIO TpH

t =0 u yI0BIETBOPSAET UHTETPATILHOMY TOXKAECCTBY

T (o9& an .
(f)gj}( ot ot ~Vaivn - (19+519)5uf7jdxdt+j [n(x, t)fK(X y)du(y,t) dydsdt = 24

T
j j undddxdt
pu Bcex 717 =1(X,t) u3 W21 (Q), paBubix Hymo npu t =T . Kak s pemenus 3a-
naun (1)-(3) u ns pemenns 3agaun (21)-(23) cipaBeniinBa oreHKa
o <clju o .
|| ”W%(Q) Jul L, (Q |6 L, (Q)
Ecnu B (17) nonoxum @ = u(x,t), a B (24) 1 =w(X,t;¢%) u CIOXKUM MOITy4CH-

HBIC COOTHOIIICHUA, TO HMCCM

T T T
| jR(x,t)&{JR(x,t)u(x,t)dt—(p(x)}jxdt = [ [wouddxdt +

(25)

0Q 0 0Q2

T
+ [ Jyuoddxdt.

0Q
VYyuuteiBas 310 paBeHcTBO B (20) nuMeeM

T
A = | Jupddxdt +R, (26)
062
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2
T 1 (T
rae R= [ | duydddxdt+— [ | [RAudt | dx ocrarounslii wieH.
02 2ol 0

ScHo, yTO BhIpaxkeHue B mpaBoi yactu (19) mpu 3aganHom eV ormpe-
AessieT JMHEeWHbIH (yHKuoHan ot O¢. Kpome Toro, mo Teopeme BIOKEHHSI

W) (Q) c L, (Q) mueenm

T
| Juydvdxdt
0Q
YuuteiBas 31ech oteHKH (8), (18), moayunM OrpaHUYeHHOCTh MO0 O} (PYHKIIHO-
Haja B mipaBoii yactu (19).

Teneps npoBeaeM OLIEHKY OcTaToyHOro wieHa R, Bxoxsiiero B (26). Uc-
noJib3ys HepaBeHcTBO Komm-byHsikoBckoro moiyunm

R < C(&JL4 (Q)HWHL4 (Q)H5ﬁ‘L2 @* aj2L2 Q) ]

<dul, WL, @@

YuuThiBas 37€Ch OLIEHKY (25), momyuum, 4ro R = 0[”519” L.(Q) )
2

Torna u3 (26) cnenyer, uro ¢pynkuuonan (6) nupdepenuupyem mo dpere
Ha V u cnpasenma Gopmyna (19). Tlokaxkem, uro oroOpakenue 22— |1'(29),

onpenensieMoe paBeHCTBOM (19), HenpepbiBHO felicTByeT U3 V B L2 (Q).
[Iycte Oy (X,t) =w(X,t; 0+ o) —w(x,t;9). U3z (14)-(16) caenyer, 4to

OW(X,t) sBisieTcst 000OIICHHBIM PEIICHUEM U3 W21 (Q) kpaeBoii 3a1aun

2
@ — ASY + (9 + SDSY(x,1) = —pSP+ [ Sy (DK (E,x)ds +
ot 0Q

+ R(x,t)Tj R(x,t)du(x,t)dt (x,t)e Q,

oy(x,T)= 0,% =0,xe Q,
85—1// =0, (x,t)e S.
oV S
Amnanoruuno (18), 1y1s1 pelieHus 3Toi 3aJja4u CrpaBeIiinBa OlEHKA
g ={ el P | @)
Torna u3 (25) u (27) cnenyer oneHka
”5'//||W%(Q) <o () (28)
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Hcnonwzys (19) u HepaBencTBo Komm-byHsikoBckoro, nmeem

(3 + 6 —

DI @ =W WML @ *

+Hle @l ) 18l )lovl_ o) |
) L@ ML @I @

B cuny (25) u (28) oTcrona nmosiydaem OLEHKY
(% + 08 — 1'(¥) < clo . (29)
L, @ =9l @

31ech npaBasi 4aCTh CTPEMUTCS K HYJIIO TIPU Hggﬂ

L@ — 0. OTcrona cienyer, 4To

¥ — 1'(¥9) ectb HenmpepbIBHOE OTOOpakeHue U3 V B L,(Q)- Teopema 3 nokazana.

4. HeoO0xoauMmpble yCJOBHS ONTHMAJIBHOCTH U GopMyJia AJisi TPaueH-
Ta QpyHKIHOHAJA (6).

Teopema 4. Ilycte BbIMOAHEHBI YycnoBusi Teopembl 3. Torma s
ontuMaibHoOCTU yrpasienus ¢, (X)eV B 3amaue (1)-(3), (5), (6) HeoOxoaumo,

4TOOBI BBIIOIHSIIOCE HCPaBCHCTBO
T
(j)gjz u, (X, (X, H(HX) - I, (x))dxdt 20, (30)

s modoro d=(x)eV , rue u_(x,) =u(X,t;2, ), ¥_(X,1) =y (X.t; 4, ) - peme-

Hus 3aaa4 (1)-(3), u (14)-(16) coorBercTBeHHO Npu ¥} = ¥, (X) .
Joka3ateabcTBo. MHOXecTBO V , ompenensiemoe cooTHomeHueMm (5),
BBITTYKJIO L2 (Q) Kpome Toro, cornacuo teopeme 3, ¢yukiuonan |(2) nempe-

peiBHO nuddepenupyem no Opemre va V u ero nuddepennman B Touke eV
onpenensiercss paBeHcTBoM (19). Toraa B cuity Teopemsl 5 u3 [8, ¢28] Ha ayeMeH-
Te ¥, (X) eV HeoO0X0auMO BBINOJIHEHHE HEPABEHCTBA

<I'(19),z9—19*>20,

npu Bcex e V. Orcrona u u3 (19) caenyer crpaBeminBocTh HepaBeHcTBa (30)
pu Bcex eV . Teopema 4 nokasana.
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QEYRI-LOKAL SORTLI IKITORTIBLI
HIiBERBOLIK TONLiYiN OMSALININ TOYINi HAQQINDA

H.F.QULIYEV, H.T.TAGIYEV
XULASO

Son dovrler geyri-lokal sortli xiisusi téromoli diferensial tonliklor iigiin miixtalif
optimal idarsetmo masalalori intensiv Oyrenilir. Bununla yanasi amsalinda idareedici olan
xlisusi toromoali diferensial tonliklor ii¢lin optimal idarsetmo mosololori mithiim yer tutur.
Baxilan isdo kicik hodd omsalinda idarsedici olan qgeyri-lokal sorhod sortli hiperbolik tonlik
iiclin optimal idaraetmo masolasi Oyronilmisdir.

Acar sozlor: hiperbolik tonliklor, optimal idarsetmo, geyri-lokal sort, xilisusi toromoli
diferensial tonliklor

ON THE DEFINITION OF THE COEFFICIENT OF A SECOND-ORDER
HYPERBOLIC EQUATION WITH NONLOCAL CONDITIONS

H.F.GULIYEV, H.T.TAGIYEV
SUMMARY

Recently, optimal control problems for various partial differential equations with
nonlocal boundary conditions have been intensively studied. Along with this, optimal control
problems with coefficients of partial differential equations occupy a special place among all
optimal control problems. In this paper, we study the optimal control problem for a hyperbolic
equation with a nonlocal boundary condition when the desired control function is present in the

lowest control coefficient.

Keywords: hyperbolic equations, optimal control, nonlocal conditions, partial
differential equations
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B pabome paccmampusaemcs noxynuneapusupyemas 3a0a4da Ha coOCmeeHnvle 3Haue-
HUsA 011 0ObIKHOBEHHLIX OughepeHyuanbHbIX YpasHeHull Yemseepmoco nopaoka. Ilokasano
cywecmeoganue 08yx NOCIe008AMeNbHOCHEL HeOPAHULEHHO 803DACIAIOUUX NPOCHbIX NOTLY-
COOCMBEHHBIX 3HAYEHUN COOMEEMCMEYIowel NOJYIUHEUHOU 3a0a4u Ha cOOCMEeHHble 3HAYe-
HUSL C NONYCOOCMBEHHBIMU QYHKYUAMU, 00AA0AIOUUMU OObIYHBIMU V3I08bIMU CEOUCMEAMU
HImypma. Hzyuena cmpykmypa mouex Ougyprayuu u3 Hylis NOAYIUHEAPUIUPYEMOU 3a0ayu
U OOKA3AHO CYWecmE08aHue 2100ANIbHBIX KOHMUHYYMOE HEMPUSUALbHbIX DEUEHU, OMEeme-
JSHO-WUXCSL U3 MOYeK OUDYpKAyuu TUHUY MPUBUATIEHBIX PEUUEHUT U 001A0AouUx OCYULISYU-
OHHbIMU CEOUCMEAMU NOJYCOOCMEEHHBIX (QYHKYUL NOJYIUHEUHOU 3a0ayu HA COOCMEeHHble
3HAYeHus.

KiaroueBsble ciioBa: monynuHeitHas 3aa4a Ha COOCTBEHHEIE, TTOJYCOOCTBEHHOE 3HAYC-
HUE, TOTYCOOCTBeHHAS (PYHKIHS, TOUKa On(ypKaIuu, TT00aIEHBIA KOHTHHYYM.

BBenenue. PaccMoTpuM crienyronnyro HeJTUHEHHYIO 3a/1a4y Ha COOCT-
BCHHBIC 3HAUYCHUA

() =YY =@)y) =Ady+a )y +B8 Xy +9(% Y, Y,y y" ), xe (0, 1), (1)
y() =y 0=y =y 1)=0, 2)

rne A€ R— crnexrpansnbiii mapametp, Y (X)=max{y(X), 0}, y (X)=(=y)"(x),
q(X) —monoxxutenpHas abcomoTHass HempepbiBHAs ¢ynkuus Ha [0, 1],
o(X), B(X)—unenpepbiBHbIE JaeiicTBUTENbHBIE QyHKIMU Ha [0, 1]. Kpome Toro,
dyuxkmus g e C([0,11xXR”) ymoBneTBopseT ycnoBuio:

0% Y.V, W, ) =0(|u [ +] 5|+ |V [ +[W]) ipu |y | +]s] 4|8+ w0, (3)
paBromepHo 110 X€ [0,1] u A€ A, mis Kaxmaoro orpaHMYEHHOTO TIPOMEKYT-
ka AcCR.

budypkanus pemeHnii HeMUHEHHBIX 3a7a4 Ha COOCTBEHHbBIC 3HAUCHHUS
BO3HUKACT MPH M3YYEHUHU DPA3JIMYHBIX 3a7a4 MEXaHUKH, (U3MKHU, OMOJIOrHH,
SKOHOMUKH U JIPYTUX OTPACIAX €CTeCTBO3HAHUs (CM. Hamp., [1-5]). OTmeTum,
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yTo 3amava (1)-(2) onuceiBaeT M3ruOHbBIC KOJIeOAHHUS OJHOPOJIHON OalKu Mpu
KPUTHUYECKUX HArpy3Kax, B CEUCHHMAX KOTOPOIl JEHCTBYeT MpoJojbHas CUia,
00a KOHIIa KOTOPO# 3aKperieHsl [ 1].

Hccnenoannio Oudypkanuu pemieHuil HeTMHEHHBIX Ha COOCTBEHHBIC
3HauYeHUS JJ1s1 OOBIKHOBEHHBIX U (epeHIInalbHbIX YPaBHEHUN 1 YpaBHEHUI B
YAaCTHBIX MPOM3BOJIHBIX IMOCBSIIEHBI paObOTHl MHOTHX aBTOPOB (CM. Harmp., [6-
13] u ux 6ubimorpaduro). B 3Tux pabotax ¢ MOMOIIBIO OCHHIISITHOHHBIX
CBOWCTB COOTBETCTBYIOIIUX JMHEHHBIX 3a/1a4 JIOKA3bIBACTCS CYIECTBOBAHUE
IJ1I00abHBIX KOHTUHYYMOB PEUICHUM HMCXOISIIMX M3 TOYEK M OTPE3KOB Mps-
MOW TPUBUAIBHBIX PEIICHUI U 00JIaa0MUX OCUMIIISIIMOHHBIMU CBOMCTBAMU
COOCTBEHHBIX (YHKIIMI 3TUX JTUHEHHBIX 3a/1a4.

A. bepectunikuM B [7] uccieaoBaHa Takxke MOJyJIHMHeapU3upyemMas 3a-
naya lltypma-JInyBums, rae ¢ ucnoiab3oBaHueM teopeM cpaBHenus LlTypma
JI0Ka3aHO, YTO IOJIyCOOTBEHHBIE 3HAuU€HUs MoJIyauHeiHoW 3amaun Ultypma-
JInyBuUns SIBISIFOTCS MPOCTHIMHU, @ COOTBETCTBYIOIIME UM IOJIYCOOCTBEHHBIE
¢byHkunu 007a1aI0T OOBIYHBIMHU Y3JIOBBIMHU CBOicTBaMH. Kpome Toro, Obu10
MOKa3aHO CYIIECTBOBAaHWE HEOIPAHUYECHHBIX KOHTHHYYMOB PELICHUIl OTBETB-
JSIOMIMXCST U3 TOYEK MPSMOW TPUBUAIBHBIX PEIICHUH W O0JIaAalonuX y3J10-
BBIMH CBOMCTBaMH MOJYCOOCTBEHHBIX (DYHKIIUH COOTBETCTBYIOIICH MOIYJIH-
HEWHOH 3aJ1a4yu.

OTMeTHM, YTO MOJNYJUHEWHBbIE W TOJIyJMHEApU3UpyeMble 3aJaduu s
OOBIKHOBEHHBIX IU((epeHINaTbHBIX YPAaBHEHUI YETBEPTOro MOpSIKa J0 CHX
MOp HE MCCIEe0BaHbl. JTO CBSA3aHO C TEM, UTO Y3JIOBBIE CBOICTBA COOCTBEHHBIX
(GYHKIMH CHIEKTPAJIbHBIX 3371a4 Uil OOBIKHOBEHHBIX AU QEpPEHIMAIBHBIX ypaB-
HEHUH YeTBEPTOro Mopsiika ObUTM IMOJHOCTHIO N3YUEHBI JIMIIL HEJABHO B paboTe
[11].

Hacrosimast paboTta mocBsiieHa W3y4eHUIO Ti100anbHON Oudypramuu
peuienuid HenuHenHoW 3anaun (1)-(2). Ilonw3ysce pesynbratamu padot [10,
11] MBI yTBEpKJIa€M CYIIECTBOBAHUE JABYX CEMEUCTB INIO0ATBHBIX KOHTHHYY-
MOB PEIIEHUHN UCXOJAIIMX U3 TOYEK MPSMON TPUBUAIBHBIX PELIEHUN U 00Ja-
JAIONINX Y3JIOBBIMH CBOMCTBAMU MOJYJIWHEWHOW 3amauu mosydeHHou u3 (1)-
(2) mpu g =0.

Kmaceot S),ke N,ve {+,-}, u HekoTOpble BCcIOMOrarejibHbIe YTBep:K/Ie-

Husl. PaccMOTpHM clieyolnyro HelIMHEeHHY0 3a71a4y Ha COOCTBEHHBIE 3HAYCHUS
L) =y" =@y =2y+a )y + 5 ()Y, xe O,1), @)
y(0) =y =ym=y1n=0.

3amaua (4) Ha3bIBaeTCs MOJYJIMHEHMHOM 3aqadeil Ha COOCTBEHHBIE 3Haue-

HUS, MOCKOJBKY ypaBHEHUE B (4) MOJIOKUTEIHBHO OJJHOPOIHO U JIMHEHHO B KO-

Hycax Y>0 wu y<0. ['oBopsAT, 4T0 A ABIAETCA MOITYCOOCTBECHHBIM 3HAYECHH-

eM 3aj1aun (4), eci CyIIecTBYeT HeTpUBHalIbHOE pemenue (A,Y,) 3Toii 3aaa-

yn. [Ipu stom {(A,ay,): o >0} Ha3bIBaeTCs MOIYNPSIMOM HETPUBHAIBHBIX
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perenuii 3amaun (4). ITomycoOGCTBEHHOE 3HAUCHHWE A HAa3bIBACTCS MPOCTHIM,
eciu Bee pemenus (4,79 3agaun (4), rae ¢ W Y, UMEIOT OJMH U TOT KE 3HAK B

IIPOKOJIOTOM OKPECTHOCTH TOYKH X = (), HAXOAATCS HA 3TOM nosynpsMon. Mo-
KeT CyIIeCTBOBAaTh Jpyras HomympsiMas pemenuii {(4,a¢,):a >0}, HO Toraa
TOBOPSAT, 4TO A SIBISICTCS MPOCTHIM, €CIIH Y, U ¢), UMEIOT pa3HbIe 3HAKU B IPO-
KOJIOTOM OKpecTHOCTH ToukH X =0, u Bce pemienus (A,7%) 3amaun (4) nexar Ha

ATUX JBYX MOJTYNPSAMBIX [7].
Yepes E o06o3mauum OGamaxoso mpocrpanctso E=C°[0,1]B.C. ¢

3
oGbraroii wopwoi | y =3 Y., rae ||y |l.=max|u(x)|.

ITycTp
S=S,US,,
rie
S, ={ye E:y"(x)#0,Ty(x)#0, xe[0,1]} u
S,={ueE:Ji,€{0,1,2} u x,€(0,1) Ttakue, uro Yy (x,)=0 wim
Ty(X,) =0, 1 ecnu
Y(X,)Y(%,)=0, 0 Y (X)Ty(X)<0 B OKPECTHOCTH TOYKH X,, €CIH
Y'(X,)Ty(x,) =0, T0
y(X) Y'(X)<0 B okpecTHOCTH TOYKH X, }(cm. [11]).
Eciu Y€ S, To 51erko nmpoBepuTh, YTO IKOOMAH MPeoOpa3OBaHUs THIIA
[Tprodepa
{y(x) = p(N)siny(X) cos B(X), Y'(X)= p(X)cosy(X) sinp(X),
Y (X) = p(X)cosy(X) cos @(X), Ty (X) = p(X)siny(X)sin H(x),
He paBeH Hymo ipu Xe€ (0, 1).
Jns xaxnon ¢yakuuu Y€ S omnpenenum HernpepsiBHbie Ha [0, 1] yr-
noBeie Gynkuu  G(U,X), @(U,X) crexyroumm odpazom (cMm. [11]):
0(y,x) =arctg M, o(y,0)= —f, ¢(u,x)=arctg y,’,(x) , ¢(u, 0)=0.
y(X) 2 y (X)

Jlnst kaxmoro Ke N u xaxmoro v uepe3 S, 0003Ha4UM MHOXECTBO

GyHKIM Y € S yIOBICTBOPSIOMIUX CICIYIOLUIMM YCIOBHSIM:

(i) O(y.l)=(2k-1)7/2;

(i1) @(u,l)=(k+1)xr mu6o @(u,l)=Kkr;

(iil) ecnm ¢yHKUMA y QukcupoBana, To pyHKuus 6(U,X) (cooTBeTCT-
BeHHO, ¢(U,X)), mpu Bo3pactanuu X ot 0 mo 1, ctporo Bo3pacrasi, NpUHH-
MaeT 3HadeHHUs1 Mz/2, me Z (COOTBETCTBEHHO ST, SE€ Z), a mpu yOBIBAHUH X
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or 1 go 0, crporo yObIBasi, MpUHUMAET 3HaYeHUs Msz/2, me Z(CoOTBETCT-
BEHHO ST, SE€ Z);

(iv) ¢yHKIUS VU(X) HOJIOKHUTEIIbHA B MPOKOJIOTON OKPECTHOCTH TOYKH
x=0.

3ameTum uToO, nipu Kakaom Ke N muoxkectsa S, S, u S, =S US,,
SIBIISIFOTCSI OTKPBITHIMU MOAMHOKecTBamu B E. Kpome toro, S, Skvf =0 ma
kaxapix (K,v) # (k',v"), aB cuny [11, nemma 3.1], ecmu Y€ dS;, To QyHKumMs
y(X) uMeeT no KpaiiHel Mepe OJIMH YeThIPEXKpaTHbIH Hyib Ha otpeske [0, 1].

Ha ocnoBanuu [11, Teopema 1.2 u 3ameuanue 4.1] umeer mecro cie-
TYIOUIMIA pe3yibTar.

Teopema 1. ITycts r(X)e L, (0,1). Torna coOcTBeHHBIE 3HAUEHMS JIH-
HEWHOM CIEKTPaJIbHOM 3a7a4u

{ﬁ(y) =Ay+r(x)y, xe (0,1),
y(0)=y(0)=y1)=y1H=0,

SBIISIIOTCSL  BEILIECTBEHHBIMHU, MPOCTHIMUA U 00Pa3yIOT HEOTPAHWYECHHO BO3pac-
TAIONIYIO TOCIIEI0BATEILHOCTh

A, <A, <... A <....
Kpome Ttoro, mis kaxmoro ke N mmeer mecto coorHomenue Y, (X)€S,, rae
Y, (X) —coOcTBeHHas (hYHKIIHSI, COOTBETCTBYIOIAsl COOCTBEHHOMY 3HAUCHHIO A, .

Crnenyst paccyXIEHUSM, IPOBEJACHHBIM TIPU JJOKA3aTEIIbCTBE TEOPEMBI
3.3 u3 [10] c yuerom [11, Teopema 1.3], Teopemsl 1 yOexmaeMcs B cripaBeIiin-
BOCTH CJICAYIOLErO YTBEPKACHUS i 3a1auu (4).
Teopema 2. Cywecmsyrom 0e nociedo8amenbHOCMu HeOSPAHUYEHHO
803DACMAIOUUX NPOCIBLX NOTYCOOCMEEHHbIX 3HaUeHul 3a0ayu (4):
+ + + - - - .
A< <..<A<...u A <Ah<..<A<..;
Hns kascooco Ke N nonycobcmeennvie ghynkyuu Yy, (X) u Yy, (X), coomeem-
cmeyiowue norycoocmeennviym snavenuam A, u A, rexcam e S u S_, coom-

gemcmeenHo. Kpome moeo, OmauyHulx om 2mux U MpPUBUATbHBIX PeueHUl,
opyeux peutenuti 3a0a4u (4) ne cywecmeayiom.

I'nodanbHas oudypramus pemenuii 3angauu (1)-(2). B arom nmaparpade
u3ydaercs riodansHas oudypkanms pereHuit HenmuHelHou 3amaau (1)-(2).

B nanpHeiiniem HaM MOHAIO0UTCS CIIeayIOIast JIEMMA.

Jemma 1. Ilyemo (A,¥)€ RXE —pewenue 3aoauu (1)-(2) maxas,

umo (A,y)e dS,, ke N. Tocoa y=0.

JlokazaTenbCTBO ATOM JIeMMbI aHATIOTMYHO J0Ka3aTeabeTBy [11, memma 1.1].
O6o03naunM uepe3 D 3zampikanuio B RXE MHOMXkecTBa HETpUBHAIBHBIX
pewennii 3agauu (1.1), (1.2).
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Ecimu cymectByer mnocnenoBatenbHocTb {(4; .Y, )}, € D Takas, 4ro
y. €S/, neN, u (4.,y,)—>(4,0) mpu N>, 10 (4, 0) Ha3BIBaeTCS
Toukoi Oudypkanuu 3agauu (1), (2) no mHOXKEecTBY RX S, .

Jlemma 2. /[ kasicoozo Ke N u kaccoozo v mHoscecmeo mouek 6u-
Gyprayuu 3a0auu (1), (2) no mnosxcecmey RXS/ ne nycmo. Eciu (A, 0) sens-

emcs mouxou 6ugypkayuu 3aoaqu (1), (2) no mnoscecmey RxS,,mo Ael,

20e
I =[4 -M, 4 +M], M = max|0{(x)|+m%|ﬂ(x)|
Jloka3zaTebCTBO. 3aMETHM, YTO
la(X) [+] B[S M, xe[0, 1]. ®)
ITycTp
f(x,y,8,0,W,A)=a(X)y" +a(X)y", xe[0,1],ye R,se R,Ae R,
rae

y* =max{y, 0}, y =—min{y, 0}.
Torna nenunelnyto 3aaa4qy (1), (2) MOKHO mepenucarh B CASAYIOIICH YKBHBA-
JICHTHOU (hopme
{E(y) =AY+ TG YL YYD+ 9Ly A), e (0, 1),
y(0) =y =ymH=y®H=0

N3 cooTtHomenus (5) cieayer, 4To

| f(XY,S,0wW,A)[<M|y|, xe[0,1],ye R,se R,Ae R.
Torma, B cuny [11, memma 5.3 u cneacrue 5.2], Touku Oudypkanuu 3agadu
(6) mo mHOXKecTBY He mmycTo. Kpome Toro, Ha ocHoBanuu |11, ciencrue 5.3],
eciu (A4, 0) siBasiercst Toukoii Guypkaimu 3agaqu (6) Mo MHOKECTBY RXS),

(6)

10 A€ |,. Jlemma nokasana.

Bo3H#KaeT ecTeCTBEHHBIN BOMPOC: CKOJIBLKO TOUEK OM(ypKamuu 3a1a9u
(1), (2) no mHo)ecTBY RXS, conepxurcs Ha orpeske |, x{0}?

Crnenyromas ieMMa JJaeT OTBET Ha 3TOT BOIIPOC.

Jlemma 3. Ilycmo (/T, 0) sensiemes mouxou ougyprayuu 3a0auu (1),
(2) no mnoocecmey RxS', ke N. Tozoa A =1

MoxazareabeTBo. [lycTh (/T , 0)— Touka oudypkarmm 3agaun (1), (2) no
MHOXecTBY RxS/, ke N. Toraa cymiecTByeT mocienoBarenbHoCTb {(A,,Y, )},
HETPUBHANBHBIX penieHuit 3aaaun (1), (2) Takas, uro (4,,Y,. )€ RxS), ne N,
u (A4, —(1,0) 8 RXE mpu n — .

Bsenem o6o3HaueHue:
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Vv
Vo ynk

kK — )
Tyl

ne N

3amMeTuM, 9TO
2 €S, |0 =1 neN. (7
Taxk xak (4, ,
{ﬁ(y:n) = Ao Vo 70 (Vi) + BYi) + 90 Yies (Vi) s (Vi) (Vi)™ A )s X € (0, 1), ()
y0)=y(0)=y)=y' D=0
Paznenus o6e wactu (8) Ha || Y), ||,, N€ N, momydum

E(ﬂ:n):ﬂv‘;n 19;]+a(19;1)+ +ﬂ(19ll/n)—+ g(x’ykn’(ykn)ﬂ(ykn) 5(ykn) 52’kn)

y, ) ABisiercs peuienueM 3anaqu (1), (2), To umeem

; , x€ (0, 1),
Yoo [l (€))

3, (0)=(&,)(0) =5, ()= (,) 1)=0.
B cuny (3) mssroboro € >0 cymectByer 0, >0 Takoe, 4To [UIst JTHOObIX
xe[0,1], (v,8)e R*, |y|+]s|+[D|+|w|<F,, Ae ACR,
MMEET MECTO COOTHOLICHHE
[9(%.Y,S, W A)| _ (10)
[y [+]s[+[2]+]|w]
Tak xak A, > A, ||y, |l = 0 opu N — oo, TO cymectByer N € N Ta-

KO€, 4TO ISl BCEX N =N, BBIIOIHAIOTCS COOTHOLICHUS
yﬂﬂtn_ﬂ"<§g a ||yll</n||3<5£' (11)
W3 (11) cnexyer, uro mpu Becex N=N_ u Xe [0, 1] cnpaBemmBbl COOTHOIICHHS
el =[A-0.,1+81cA=[1-1,1+1]

| Y OO [ (Ve YOO [+ (Vi) () [+] (1) (0 [ < 8.
Torna, B cuny (10), npu Bcex n=n, u Xe [0, 1] umeem
19X Yin (X0, (Vi) (0, (Vi) (X0 (Y1) (%), &) |
1Y Ol -
|9 (X Yio (), (Y1) (), (Vi)' (X), (Y1) (%), A | <e
[ Yia ) [+ Yo O [+ Yo () [+ Vi (X) |

T.C.

19X Yie (%), (Y1) (), (Vi) (%), (Y1) (%), i) |
Y ) 115
paBHOMepHO o X € [0, 1].
B cuny (5), (7), (11) u (12) umeem

— 0 mpu N — oo, (12)

34



ﬂﬂl: 191/ +a (191/ )+ +ﬂ(191/ )— + g(x’ yl‘:n’(y:n),i(ylrn)”’(y:n),”7/1‘!:n)|
n ~kn kn kn
1 Yia Il5

I <
<A1+ M +2,
Torna u3 (9) nonyyaem, 4ro
@)1l +[1 [l +] 4 [+M +2, xe [0, 1].
CrnenoBaTenbHO, B CHIIYy TeOpembl Apliena-ACKOiIu, U3 IMOCIEI0BATEIbHOCTH
{(4> %)} MOXHO M3BJIEYB MOATIOCHENOBATENBHOCTE {(4,, , ¥, )}, KOTO-
past cXOAUTCs K (Z ,5) B RXE mpu n— . B cuny (12), u3 (9) cienyer, uto
{(A, T )i me CXORHMTCS K (1,8) Tawke u B RxC*[0,1] mpu n — . Torma
Mepexo/s K MpeAeny Npu M — oo B COOTHOLIECHUSIX
906 Vi, s Viny > Vi, ) s Wi, )" A
| Vi, [l

()=, 8,

o, T0 (G, )+ B, )+ , X (0, 1),

&, 0=, VO =3, ()=, )1H=0,

MOJIy4aeM, uTo
{5(5) =Ad+a (D) +B@D), xe (0,1,
3(0)=(@)(0)=d(1)= @) () =0.
Tax kak ¢, €S, u ||, |,=1 npu Bcex me N, TO e S_k”=Sk"UBSkV u
||z§||3= 1. CiienoBaTenbHO, HA OCHOBAHUHU JIEMMBI |, IMEET MECTO COOTHOLLIEHUE

de S,. Torna, B cuiny TeopeMsl 2, IOIy4aeM, 4TO A= A, . JleMma oKa3aHa.
3ameuanne 1. Jlemma 3 nmokaseiBaer, uto uis kKaxaoro Ke N orpesok
I, x{0} comepxutr Tonbko aBe Touku Oudypkamuu (A;,0) u (4 ,0) 3agaun
(1), (2) no muoxkectBaM RX S u RXS, cOOTBETCTBEHHO.
s kaxaoro Ke N u kaxkmoro v o6o3naunM uepe3 D, KommoHEHTY
cBsi3HOCTH MHOKecTBa D orBerBisitontyrocst 3 Touku oudypkauuu (A4, ,0) 1o
MHOXkecTBY RX S,

B cuny nemmsl 3 u 3ameuanust 1 u3 [11, Teopema 3.1] crnenyer cre-
JTYFOIIMH T7100abHBIN pe3yabTat 1yt 3anadu (1), (2).
Teopema 3.1. {ns xaxnoro Ke N u kaxmoro v mHoxectBo D, co-

aepxurca B RX S u HeorpanudeHo B R X E.
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BiR YARIXOTTILOSON MOXSUSI QiYMOT MOSOLOSININ
QLOBAL BiFURKASIiYASI

Z.S.OLIYEV, M.M.MOMMODOVA
XULASO

Mogqalods dordiincii tortib adi diferensial tonliklor ticlin yarixottilogson moxsusi qiymot
masalosine baxilir. Uygun yarixotti moxsusi qiymat masolasinin iki sonsuz artan sado yarimox-
susi odadlor ardicilliginin varlig1 vo onlara uygun yarimoxsusi funksiyalarin Sturmun adi osill-
yasiya xassalorino malik olmasi gostorilmisdir. Yarixottilogon mosolonin bifurkasiya ndqtslori-
nin strukturu dyronilmis, hallorinin uygun yarixatti moxsusi qiymat masalasinin yarimoxsusi
funksiyalarinin osillyasiya xassalorine malik va trivial haller ayrisinin bifurkasiya ndqtalorin-
don budaqlanan geyri-mohdud kontinuumlarinin varligi isbat edilmisdir.

Acar sozlor: yarixotti moxsusi qiymot mosolosi, yarimoxsusi odod, yarimoxsusi
funksiya, bifurkasiya ndqtesi, qlobal kontinuum.
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ON THE GLOBAL BIFURCATION
OF ONE HALF-LINEARIZABLE EIGENVALUE PROBLEM

Z.S.ALIYEV, MM.MAMEDOVA
SUMMARY

The paper considers a half-linearizable eigenvalue problem for ordinary differential
equations of the fourth order. The existence of two sequences of unboundedly increasing simple
half-eigenvalues of the corresponding half-linear eigenvalue problem with the half-eigenfunctions
possessing the usual nodal Sturm properties is shown. The structure of bifurcation points from zero
of the half-linearizable eigenvalue problem is studied, and the existence of global continua of
nontrivial solutions emanating from bifurcation points of the line of trivial solutions and possessing
oscillatory properties of half-eigenfunctions of the half-linear eigenvalue problem is proved.

Key words: half-linear eigenvalue problem, half-eigenvalue, half-eigenfunction,
bifurcation point, global continuum.
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QAZ-KONDENSAT QUYULARININ QUYUDIBi ZONASININ MAYE
KARBOHIDROGEN VO QAZLA BIRGO ISLONILMOSININ
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Quyuatrafi zonada retrograd kondensatin toplanmasi quyularin mahsuldarliginin asagi
diigmasinin asas sababidir. Ona gora quyularin mahsuldarligint artirmaq iigiin onlarin quyu-
dibi zonasindan ¢6kmiis retrograd kondensatin iizaqlasdirilmasi va buxarlandirilmasi tisul-
larimin tadqiqi miihiim ahamiyyat kasb edir.

Acar sozlor: neft, lay,qaz-kondensat, quyudibi zona, tozyiq

Quyuotrafi zonada retroqrad kondensatin toplanmasi qaza goro faza kegi-
riciliyini azaldir vo naticodo gaz-kondensat quyularinin hom gaza, hom do kon-
densata goro mohsuldarligi azalir. Ona goro do tobiidir ki, quyularin mohsuldar-
ligin1 artirmaq ti¢lin quyudibi zonadan retroqrad kondensatin iizaqlasdirilmasi
vo buxarlandirilmasi iisullarindan istifads edilir. Retrograd kondensata miixtolif
qazlarla tosir fiziki lay modellorinds aragdirilmigdir [1,2 vo s.].

Bu tocriibalor fazalararasi kiitlo miibadilosinin asas xiisusiyystlorinin vo qaz
fazasinda maye komponentlorin buxarlanmasi somaroliyinin todqiqi lizro apa-
rilmigdir. Homin islorin naticalori qaz-kondensat quyularinin quyudibi zona-
siin iglonilmasi vo quyudibi zonadan retroqrad kondensatin buxarlandirilaraq
qaz fazasina keg¢mosi hesabina uzaqlasdirilmasi imkanlariin tosdiq olunmasi
ndqteyi-nozarindon maraqlidir. Lakin aparilan tacriibalor retroqrad qaz-konden-
satin vo vurulan qazin quyudibi zonasi soraitinds qarsiliglt tasirlorini tam sokil-
do aydinlagsdirmaga imkan vermir. Bunun osas sababi quyudibi zonada qaz-
kondensat qarisiginin parametrlorinin, o ciimlodon komponent torkibinin vo
retroqrad mayenin, vurulan gazin vo homginin termobarik soraitin hocm iizra
kaskin doyismaosidir.
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Retrograd kondensatin quyustrafi zonadan uzaqlasdirilmasi ti¢lin torki-
binda 90-95% metan vo ya torkibindo miixtalif nisbatlords azot vo karbon qaz
olan quru gazdan istifado edilmosi [1,2,7] islorinds todqiq edilmisdir. Qeyd
olunmugdur ki, qaz-kondensat quyularin quyudibi zonasmin karbohidrogen
qazlarla islonilmasinin somaraliliyinin qiymatlondirilmasina tasir gdstoran asas
amillordon biri-lay tozyiqidir.

Oksor qaz-kondensat yataqlarinin lay qarisigr tigiin, lay tozyiqinin asagi
diismaesi halinda (diferensial kondensasiya), onun qiymati maksimal kondensa-
siya tozyiqindon yuxari oldugda gazdan olavo ayrilan karbohidrogenlorin mig-
darinin mayeys ¢evrilmasi, kondensatla doymanin qiymatinin artmas: vo kon-
densat qaz amilinin azalmasi 6zilinii gostorir. Tozyiqin qiymoti maksimal kon-
densasiya giymotindon asagi oldugda iso mayedon karbohidrogenlorin buxar-
lanma yolu ilo qaz fazasina kegmosi prosesi bas verir. Bu iso kondensatla doy-
manin qiymatinin azalmasinda vo kondensat qaz amilinin artmasinda 6zlini
gostorir. Tobii ki, qaz-kondensat garisiginin diferensial kondensasiya prosesi-
nin geyd olunan naticalari quyularin quyudibi zonasinda gedon proseslori tam
xarakterizo edo bilmir.

Quyudibi zonada qaz-kondensat sisteminin torkibi lay qarisiginin cari
torkibi ilo miigayisodo ¢cox kaskin doyisir. Ona goro do quyularin quyuotrafi zo-
nasinda qaz vo maye fazalar1 arasindaki kiitlo miibadilasi prosesi imuman lay-
da bas veron proseslordon koskin sokildo forqlonir. Odur ki, lay tozyiqi maksi-
mal kondensasiya tozyiqinden yuxari oldugda layin quyudan uzaq hissalorin-
don (bir godar yiiksok tozyiq) quyudibi zonaya (bir qodor asagi tozyiq) zongin-
losmis qaz fazasi daxil olur. Lay tozyiqi maksimal kondensasiya tozyiqinden
asag1 oldugda quyulara kifayot qodor gqaz-kondensat qarisig siiziiliir. Lay toz-
yiqinin maksimal kondensasiya tozyiqindon asagi qiymotlorinds maksimal kon-
densasiya tozyiqinin yuxari qiymatlori ilo miiqayisoado quyularin karbohidrogen
qazlarla islonilmasinin somorali proses olmasi [4] isindo osaslandirilmisdir.
Qaz-kondensat quyularin quyudibi zonasinin lay tozyiqinin maksimal konden-
sasiya tozyiqindon asagi qiymotlorindo miixtalif torkibli qazlarla o, climlodon
quru qaz, quru qazin torkibindo miioyyon miqdar karbon gazi, homginin azot
qazi, propan-butan fraksiyali torkibo quru qazla tesir edilmoklo iglonilmonin
somaraliyinin miiqayisali olaraq qiymatlondirilmasi ¢ox vacib vo miihiim oha-
miyyat kosb edon masalalordondir.

Tiikonmokds olan gaz-kondensat laylarinin quyularinin quyudibi zona-
sinin miixtolif torkibli qazlarla - quru qaz, quru qazin torkibins miioyyan miq-
dar karbon qazi, homg¢inin azot qazi, propan-butan fraksiyali torkibs quru qazla
tasir edilmoklo islonilmonin somaraliyinin miiqayisali olaraq qiymaotlondiril-
mosi sliziilmonin ikifazali coxkomponentli hidrogazdinamik modeli nazori baza
secilmokls todqiq edilmisdir.

Hesablamalar Bulla-deniz qaz-kondensat yataginin V blok VII horizon-
tunun quyular timsalinda aparilmisdir [5]. Istismar miiddoti orzinde horizontun
isloyan quyularinin debiti baglangicla miiqayisade qaza gore toxminan 80% vo
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kondensata gors iso 95%-dan cox asag1 diismiisdiir. Masalon, 46 sayli quyunun

kondensata goro debiti 12 t, gaza goro iso 210 min m’ - godor azalmisdir.
Toxminan eyni gostaricilor diger quyularda da miisahids olunmusdur. Quyula-
rin istismar1 miiddati arzindo quyudibi tozyigi 12.9 MPa -a qodar diismiisdiir.

Horizontun lay qarisig: ii¢iin diferensial kondensasiya prosesi modellos-
dirilmis vo bunun asasinda karbohidrogen sistemin tozyiqden asili olaraq kon-
densat xarakteristikalar1 toyin edilmisdir. Qaz-kondensat qarisiginin maksimal
kondensasiya tozyiginin 22-23 MPa va maye karbohidrogen fazanin 0.31 qiy-
motindon sonra onun harokotdo olmasi miioyyonlosdirilmisdir.

Fazalarin fiziki xassalori vo hor bir fazada komponentlorin miqdar: cari
tozyiq vo temperaturda qarisigin komponent torkibino goro hal tonliyi [1] va-
sitosilo toyin edilmisdir (sokil 1).
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Sok.1. Qazin, kondensatin sixliq vo 6zliliiklorinin tozyiqden asililiqlar:

Qaza vo kondensata goro nozori faza kegiriciliklori yatagin islonilmo-
sinin tarixi verilonlorina gore ikifazali ¢oxkomponentli hidrogazdinamik mo-
delinin yataga sazlanmasi1 (adaptasiyasi) noticosindo tapilmisdir .

Horizontun iglonilmasi prosesinds onun isloyon quyularinin quyuatrafi
zonasinda maye kondensatin paylanma dinamikas1 gostorir ki, homin zonada
maye ilo yliksok doyumlu zona formalagir vo onun radiusu toqribon 15-20 m
toskil edir (sokil 2). Retroqrad kondensatin quyustrafi zonadan uzaqglasdirilmasi
vo buxarlandirilmast {igiin quru qaz, onun torkibindo miioyyon miqdar azot,
karbon gazi, propan-butan fraksiyali torkiblorlo islonilmasi prosesi yerino yeti-

rilmisdir. Bu zaman 46 sayli quyu iigiin 450 min M’ uygun olaraq quru qaz,
hacm saxlanilmaqla quru qazin torkibinds 22% azot vo 30% karbon qazi vo

homg¢inin 200min m? propan-butan fraksiyali (CsHs-40%, C4H;( -60%) torkibo
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250 min M’ quru gaz olave olunmagla islonilmo aparilmisdir. Quyudibi
zonaya is¢i agentlorin vurulmasi 13-14 MPa tozyiq intervalinda aparilmigdir.
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Sok. 2.Quyudibi zonanin miixtalif qazlarla vo propan-butan fraksiyali maye karbohidrogenlorlo
islonilmosindon sonra kollektorun kondensatladoymasinin doyigmaosi

Quyunun is¢i agentloarlos islonilmasindon avval vo sonra kollektorun ma-
ye ilo doymasi gokil 2-do gostorilmisdir. Quru qazin torkibine 22% azot slava
edilmoklo islonilma quru gazla islonilms ilo miigayisaodo maye kondensatin bu-
xarlanmas1 vo onun quyustrafi zonadan uzaqlasdirilmasi baximindan az somo-
rolilidir. Quru gazin torkibins 30% karbon gazi slava edilmakls islonilma digor
iki halla miiqayisodo daha somoralidir. Belo ki, quru qaz vo quru qaza azot
olava edilmokls islonilmado kondensatladoymanin qiymatinin toxminon 30-40
m, quru qaza karbon qazi olavo edilmokls islonilmads iso 40-45 m-o godor in-
tervalda azalmasi miisahido edilir. Quyunun propan vo butan fraksiyali torkiblo
islonilmasindon sonra 10 m radiuslu quyustrafi zonada kondensatladoymanin
qiymati sifra yaxinlasir. 10-40 m-9 qador zonada kondensatladoymanin qiymati
lay tizra orta qiymotina qoader artir. Quyunun islonilmasi soraitinde quyudibi
zonada amolo golon maye karbohidrogenlor araqati qaz-kondensatda hall ol-
magqla onu sixigdirir. Propan vo butan fraksiyali maye karbohidrogenlor ardinca
vurulan quru qaz 6z ndvbasindo mayenin ¢oxkontaktli qarsiliqli hollolma ha-
linda karbohidrogen komponentlorin mayedon qaza intensiv buxarlanmasi
soraitindo sixigdirir. Quyustrafi zonanin miisyyon sorhodindo kondensatladoy-
manin orta qiymatindon asagr maye karbohidrogenlorin yigilma zonasi for-
malasir. Bu zonada lay sistemi ils tarazligda olmayan maye olur.
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Sok. 3. Quyunun istismara buraxilmasindan 5 ay sonra kollektorun
kondensatladoymasinin doyigmasi

Quru gaz, quru qazin torkibindo azot vo karbon gazi ilo islonilmoadon
sonra quyu istismara buraxdigda quyuotrafi zonada maye fazanin tokrar tod-
ricon yi1gilmasi bas verir vo maye faza quyuya torof yerini doyismoyo baslayir.
Bir miiddotdon sonra maye fazanin horokoti quyuya c¢atmadan dayanir vo za-
man etibart ilo quyudibi zonada karbohidrogenlorin retroqrad kondensasiyasi
hesabina maye fazanin miqdari artir. Propan-butan fraksiyali torkibo islonil-
madon sonra qaz hasilati zaman1 quyudibi zonada retroqrad kondensatin top-
lanmas1 prosesi digor is¢i agentlora islonilmo variantlar ilo miiqayisado zoif
stiratlo bas verir (sokil 3).

Quyunun mohsuldarliginin artimi1 vurulan hocm agentin torkibindon ¢ox

asilidir. 450 min M’ quru gaz, hecm saxlanilmaqla quru gazin terkibindo
miioyyan miqdar azot vo karbon qazi vo hamginin propan-butan fraksiyali tor-
kiba quru gaz slave olunmagla islonilmodon sonra quyunun kondensata gora
mohsuldarliginin doyismo dinamikasi sokil 4-do verilmisdir. On az mohsuldar-
liq quyunun quru qaza miioyyan nisbat azot slave olunmagqla iglonilmasi zama-
n1 alinir. Quyunun kondensata géro mohsuldarligi istismarin ilk anlarinda 1.66
dofo artir. Kondensata goro on yiliksok mohsuldarliq propan-butan fraksiyali tor-
kiba quru qaz slava etmaklo quyunun islonilmosinds alinir vo quyunun kon-
densata géro mohsuldarligi istismarin ilk anlarinda 2.7 dofs artir. Quyunun
quru gaza miioyyon miqdar karbon qazi olave etmokls islonilmosinin naticasi
maye karbohidrogenlorls islonimo varianti miistosna olmagqla digor baxilan va-
riantlarla islonilmao ilo miiqayisods daha sorfalidir.
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Sok.4. Quyunun is¢i agentlorlo iglonilmasindon sonra onun kondensata gora debitinin doyigsmo
dinamikasinin naticalorinin miiqayisosi

Natica:

Hesablama modelinin noticoalorine gora hocm saxlanilmaqla quru qaz, qu-
ru gazin torkibindo miioyyon miqdar azot vo karbon qazi vo homginin propan-
butan fraksiyali torkiblo quru qazla tosir edilmoklo gaz-kondensat quyusunun
islonilmo somorsliliyinin artim sirast -quru qaz+ azot, quru qaz, quru qaz-+
karbon qazi, propan-butan fraksiyali maye qarisigt +quru qaz - ardicillig
mioyyan edilmigdir. Qaz-kondensat quyularinin mohsuldarliginin artirilmasi
iiclin propan-butan fraksiyalt maye garisiga quru qazla tosir edilmoklo islonil-
manin aparilmasi daha somaralidir ve praktiki tatbiq ligiin istifads edils bilar.
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OHEHKA DOPEKTUBHOCTHU PABPABOTKHU 'A3OKOHAEHCATHBIX
CKBAKHWH NPU3ABOMHOM 30HE COYETAHUEM C KUJIKUM
YIJIEBOAOPOM U I'A3OM

M.C.XAJINJIOB
PE3IOME
Haxomuienne peTporpajiHoro KOHAEHcaTa B pallOHE CKBAXXUHBI SIBJIAETCS OCHOBHOM
MIPUYHHON CHIDKEHHSI TPOTYyKTHBHOCTH CKBaXWHBI. [lo3TOMYy Ui yBelIW4YeHHS MPOTyKTHB-
HOCTHU CKB2)XHH Ba)KHO M3YYHTh CIIOCOOBI yJAJICHUsI M UCIIAPCHUST PETPOrPATHOTO KOHICH CATa

U3 pU3a00WHON 30HBI.

KuroueBble coBa: He(Th, IJIACT, FA30BbI KOHICHCAT, MPU3a00iHAsI 30Ha CKBAYKHUHBI,
aBJICHUE.

ESTIMATION OF THE EFFICIENCY OF DEVELOPMENT OF GAS-CONDENSATE
WELLS IN THE BOTTOM AREA COMBINED
WITH LIQUID HYDROCARBON AND GAS
M.S.KHALILOV
SUMMARY
The accumulation of retrograde condensate in the area of the well is the main reason for
the decline in well productivity. Therefore, in order to increase the productivity of wells, it is
important to study methods for removing and evaporating retrograde condensate from the

bottomhole zone.

Key words: oil, reservoir, gas-condensate, bottomhole zone of the well, pressure.
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MUXTOLIF FRAKSIYALI POLIETILENQLIKOLLARIN SUDA
MOHLULLARININ VISKOZIMETRIYA, DENSITOMETRIYA
VO iQ-SPEKTROSKOPiYA METODLARI iLO TODQIQI
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Isda miixtalif fraksiyali (1000, 1500, 3000, 4000 va 6000 g/mol) PEQ-lorin suda mah-
lullarimin 293.15 - 323.15 K temperatur va 0 - 0,001 molyar hissa konsentrasiya intervalinda
dinamik ézliiliiyii va sixhigi 6lgiilmiisdiir, 1Q oblastda udma spekrlori ¢okilmisdir va su
molekullarinin OH valent ragslorinin tezliyi miiayyan edilmisdir. Tocriibi naticalordan istifada
edarak tadqiq olunan mahlullarin baxilan temperaturlarda vo konsentrasiyalarda ozIli axininin
aktiviasma parametrlori, mahlulda PEQ-nin parsial molyar hacmiari, PEQ makromolekulunun
hidratlasma adodi, su molekullar: arasindaki hidrogen rabitasinin enerjisi vo uzunlugu
hesablanmigdwr. Miiayyan olunmusdur ki, PEQ, ham molekul kiitlasinin, ham do konsentra-
siyasinin artmasi ilo SUya strukturlagdirict tasir gostorir.

PACS: 61.20.Ne, 66.20.+d, 82.60.Lf, 61.25.Hq.
Acar sozlor: sulu mohlul, PEQ, 6zIlii aximin aktivlosmo parametrlori, parsial molyar
hacm, hidratlagma ododi, hidrogen rabitasinin enerjisi.

Polietilenqglikol (PEQ) bir ¢cox sonaye saholorinds (yeyinti sonayesindo,
farmakologiyada, kosmetalogiyada, biotexnologiyada vo s.) genis istifado olu-
nan sintetik, xotti polimerdir [1, 2]. PEQ-nin orta molekul kiitlosinin 200 (atom
kiitlo vahidlorindo) ilo on minlor arasinda doyison miixtolif fraksiyalart mov-
cuddur. Otaq temperaturunda, molekul kiitlosi 600-don kigik olan PEQ-lor
rongsiz 0zlii maye halinda olur, molekul kiitlosi 800-don boylik olan PEQ-lor
is9 ag rongli mum halinda olur. PEQ-nin biitiin molekul kiitlali fraksiyalar1 su-
da yaxs1 holl olur [1]. Maye halinda olan PEQ-Ior suda biitiin nisbatds hall olur,
bark halda olan, masalon, molekul kiitlasi 2000 olan PEQ 20°C temperaturda
suda toxminon 60% hall olur. Kigcik molekul kiitloli PEQ-lor ucucu deyil vo
hom 6zlori, ham do sulu mohlullar1 yaxs1 healledici kimi istifado edilo biler.
PEQ-nin miixtolif fraksiyalar ziilallarin ¢okdiiriilmosindo, nuklein tursularinin
vo polinukleotidlorin konformasiya dayismalarinds, ikifazali su-polimer
sistemlorinin yaranmasinda vo s. istifado olunurlar [3, 4, 5]. PEQ baglayic,
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qatilasdirici, stabillosdirici kimi xiisusiyyotloro malikdir. Odur ki, momulatin
matrisi kimi, hidrofob molekullarla kovalent alage yaratmaqla geyri - ion sathi
aktiv maddolorin alinmasinda, bozi yeyinti mohsullarinin hazirlanmasinda,
asilgan hissociklorinin koaqulyasiyas: iigiin, inyeksiya zamani hidrodinamik
miiqavimotin azaldilmas1 moqsadilo, aqroximikatlarin suda hall oluna bilon
ortiiklo ortiilmosi tigiin, boya vo latekslordo baglayici vo qatilagdirict kimi do
sonayenin bir ¢ox saholorindo istifads olunurlar [1, 6].

PEQ-nin sulu mohlullarmin struktur vo termodinamik xarakteristikalari
uzun illordir intensiv todqiq olunur [6-15]. Bu PEQ-nin genis praktiki totbiq sa-
halorinin olmasi ilo alagadordir. Homginin PEQ-nin sulu mohlullarinin fiziki-
kimyovi xassolorinin dyronilmasi suda hollolan polimerlorin fundamental nozo-
riyyalorinin verilmosi iigiin ¢ox bdyiikk ohomiyyoto malikdir. PEQ-yo olan
maraq eyni zamanda onun biologiya, molekulyar biologiya vo biokimyada
genis istifado olunmasi ilo baglidir. Bir sira hallarda PEQ canli orqanizmlords
gedon prosesloro tosir gdstorir vo bu tosirin molekulyar mexanizminin Oyro-
nilmasi PEQ-nin fiziki-kimyavi xassalarinin daha da genis dyranilmasina tokan
verir. Son illordo aparilmis elmi-todqiqat islorindo miixtolif molekul kiitloli
PEQ-lorin kimya, biotexnologiya, tibb sonayesindo vo s. totbiglori haqqinda
genis molumatlar verilmisdir [1, 14, 15]. Qeyd edok ki, PEQ-nin oksor funk-
sional foaliyyoti su miihiti ilo baghdir. Odur ki, PEQ-nin sulu mohlullarinda
yaranan struktur xiisusiyyatlorinin miixtolif metodlarla miiqayisali 6yronilmasi
olduqgca zoruridir. PEQ-nin genis totbiq sahasinin olmasina baxmayaraq onun
mixtolif molekul kiitlali fraksiyalariin sulu mohlullarinin 6zli axini, hocmi vo
spektroskopik xassolori az arasdirilmigdir.

PEQ-nin suyun strukturuna tasirini aragdirmaq ti¢lin miixtolif fraksiyali
PEQ-larin sulu mohlullar1 viskozimetriya, densitometriya va 1Q-spektroskopiya
metodlar1 ilo todqiq olunmusdur. isdo PEQ-nin orta molekul kiitlolori 1000,
1500, 3000, 4000 vo 6000 olan fraksiyalar1 gotiiriilmiisdiir. Todqiq olunan sulu
mohlullarin 293.15-323.15 K temperatur vo 0-0.001 molyar hisso konsentra-
siyast intervalinda dinamik 6zliliyii vo sixligr dl¢lilmiisdiir, homg¢inin molekul
kiitlalori 1000, 4000 vo 6000 olan PEQ-lorin sulu mohlullarinin miixtalif
konsentrasiyalarda 1Q-spektrlori ¢okilmisdir. Tocriibi naticolordon istifado
edorok todqiq olunan sistemlorin 6zlii axminin aktivlosmo Gibbs enerjisinin

(AG; ), OzIi axinmin aktivlosmo entalpiyasinin (AH; ), OzIi aximinin aktiv-

losmo entropiyasinin (AS,’; ), mohlulda PEQ-nin parsial molyar hocminin (),

mohlulda su molekullar1 arasindaki hidrogen rabitosinin enerjisinin (Ey) vo
uzunlugunun (Ryg) PEQ-nin konsentrasiyasindan asililiglar: tahlil olunmusdur.
Homginin baxilan PEQ-lorin miixtolif temperaturlarda mohlulda hidratlagsma
odadlori (Ny,) toyin edilmisdir.
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NOZORI HiSSO

Miixtolif alimlor torofindon verilmis vo yanagsma torzino goro bir-
birindon farglonon, mayelorin bir ne¢o 6zlii axin nozoriyyslori mévcuddur. Bu
nazariyyalorden 6zIi axin1 daha aydin vo asaslandirilmis sokildo tosvir edoni vo
elmi odobiyyatda daha ¢ox istinad olunani Frenkel vo Eyrinq nozariyyosloridir.
Frenkelo gora, aktivlosmo enerjisi hissaciklorin yerdoyismasi {i¢iin lazim olan
enerji olmayib, bu hissociklorin diisdiiklori desiklori - mikrooblastlar1 yaratmaq
iclin sorf olunan xarici enerjidir. Molekullarin yerdoyismasi iiclin konardan
enerji sorf olunmur, bu yerdoyismolor daxili enerji hesabina (molekullarin tog-
qusmast va s.) bas verir. Mayenin sorbost hocmi kicik olduqda desiyin yaran-
mas1 li¢lin daha ¢ox enerji tolob olunur [16, 17]. Eyringo goro, 6zIii mayelordo
axinin bas vermoasi li¢iin molekullarin bir-birino nazaran nisbi harakati zamani
onlar qonsu vaziyyatlor arasinda mdévcud olan enerji baryerini kegmolidirlor.
Demali, Eyringa goro, molekullarin 6z tarazliq vaziyyatinden qonsu voziyyato
sigrayisla kegmosino onun potensial enerji baryerini asmasi prosesi kimi bax-
magq olar [16].

Bu proseslora olagadar Eyrinqg yanasmasma daha yaxin olan bizim
yvanasmamiz asagidaki kimidir: Hor hanst bir halda olan molekul ohato olun-
dugu molekullarla qarsiliglt tesirdo olur vo tutaq ki, onun bu bagli halda
enerjisi (qarsiliql tasir enerjisi ilo kigik rogslorinin enerjilorinin comi) U, -dir.
Molekulun ke¢diyi yeni halda iso enerjisi U,-dir. Onda molekulun bir haldan
digor hala kegmosi {igiin U, - U; = AU gadar enerji tolob olunur. Qeyd edok ki,
mayeyo xarici qiivvo tosir etmodikdo molekul bu izafi (olavo) enerjini digor
molekullarla toqqusmasit zamani oldo edir. Molekul bir haldan diger hala
kegmosi ti¢iin o iki morhaloni keg¢molidir. Birinci morholodos molekulun alda
etdiyi alava enerjinin bir hissosi molekulun otrafdaki bagli oldugu molekul-
lardan ayrilaraq (qoparaq) azad olmasina sorf olunur (AH;). ©gor molekulun
aldig1 enerji bu enerjidon bdyiik olarsa (AH), onun yerds galan hissasi (sorbast
hissosi) molekulun horokotino (kinetik enerjiyo ¢evrilorok) sorf olunur
AH = AH, + AG. Sorbaest enerji (AG) molekulun harokoti zamani goriilon igo

sorf olunur (horokat edon molekulun rastlagdigi manelors qarsi) vo AG=0 olana
godor molekulun horokati davam edir. Molekulun horokotinin dayanmasi onun
rast goldiyi desiyo diismosi demokdir, yoni basqa ohatoyo diismosi demokdir.
Qeyd edok ki, molekul digor hala ke¢dikdo ovval uddugu qodor (AH) enerji
ayrilir vo bu enerji mayenin orta kinetik enerjisinin — temperaturun artmasina
sorf olunur. Bu zaman xariclo heg bir garsiligh tosirdo olmadigi {i¢ilin enerjinin
(temperaturun) saxlanmasi tomin olunur. Bu proses mayeys he¢ bir xarici
quivva tosir etmadikdo biitiin istigamatlordo eyni hiiquqla bas verir vo naticodo
mayeds "macburi diffuziya" vo ya "istiqgamotlonmis diffuziya" bas vermir.
Lakin mayeyo stliriismo gorginliyi soklindo qlivve tosir edarso, bu qiivvo isti-
qamotindo molekullarin sigrayislarinin sayr artir vo axma prosesi yaranir.
Xarici qiivvonin tasiri ilo digor molekullarin ohatosindo baglanmis molekul
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ohatodon aralanmaga calisir vo verilmis makrohala uygun mikrohallarin sayzi,
yoani mayenin entropiyast artir. Entropiyanin bu artimi sabit temperaturda
mayenin daxili enerjisini TdS gadar artirir (dH = TdS + Vdp, p = const olduqda
dH =TdS olur). Bu artimmn miioyyon qiymatindo molekul ohatosindon azad
olur vo artiq qalan sorbast enerji (AG) molekulun horokot etmasi {i¢iin goriilon
iso sorf olunur. Yuxaridaki miilahizolordon hesab etmok olar ki, molekullarin
xarici tasirlor naticasinde aldig1 alave AH enerjisi molum AH = AG +TAS ifa-
dosing [16, 38] uygun olaraq mayelorin axma prosesini tomin edir. Digor torof-
don maye ona tasir edon xarici qiivvonin - agirliq qiivvesinin tosiri ilo axdiqda
ona gostorilon miigavimot qiivvosi Ozliiliiklo xarakterizo olundugundan 6zlii-
liylin temperaturdan asililigim ifado edon Frenkel - Eyrinq diisturuna mohz
sarbast enerji daxil olur. Belolikla, 1 mol molekul aktiv hala kecdikdo - olave

enerji 6zIii axinin aktivlogmo entalpiyasi (AH,), otrafdan qopmasina sorf olunan
enerji 6zIii axin aktivlosmo entropiyasmin miitloq temperatura hasili (TAS;"),

harakata sorf olunan enrji iso 6zlii axinin aktivlosmo Gibbs enerjisidir (AG; ).

Mohlullarda struktur doyismolorini vo mévcud garsiligl tosirlori dyron-
mok lcilin olverisli tisullardan biri do mohlullarin 6zlii axininin aktivlosmo

parametrlorinin (AG;, AH”, AS) todqiqidir [16, 18]. Mayelorin 6zlii axim-
nin Frenkel vo Eyring nozariyyslorino [16] gora 6zlii axininin aktivlosmo Gibbs
enerjisi (AG; )
AG; =RTIn-L (1)
un
ifadosilo toyin olunur. Eyrinq noezeriyyesine gora 7, =N,hp/M olur [16].
Burada R-universal qaz sabiti, Na-Avogadro ododi, h-Plank sabitidir. M-
N
mohlulun molyar kiitlasi olub, M = inMi ifadasilo toyin olunur [16]. Xj vo
i=1
Mi uygun olaraq i-ci komponentin molyar hissasi vo molyar kiitlosidir. T

miitlog temperaturunda mayenin dinamik ozliiliyii () vo sixligt (p) tocriibado
toyin olunur.

Ozlii axinin aktivlosmo entalpiyasini (AH ; )
AH? =R 07/ 11,) @)
o(1/T)

ifadosilo toyin edo bilorik [16]. (1) ifadesindon AG; va (2) ifadesindon AH ;
tayin edildikdon sonra

AG; =AH -TAS; 3)
ifadosine [16] osason Ozlii axiin aktivlosmo entropiyasini ( AS; ) toyin edo
bilarik.
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Coxkomponentli sistemlordo hocmi xassolorin (sixliq, parsial molyar
hacm, istidon geniglonma amsali va s.) tadqiqi miixtslif proseslorin tosviri {ligiin
oldugca shomiyyatlidir [19, 22, 23]. Bu xassolor mohlullarin molekulyar quru-
lusunu vo makroskopik xiisusiyyatlorini miioyyonlogdirmak ii¢lin miixtolif mo-
dellorin verilmosindo do miihim rol oynayir. Mohlulun omolo golmasi zamani
molekullararast qarsiligl tosirlor doyisir vo hor komponentin molekullarinin
yerlosmosindo 0zlino moxsus forqlor yaranir. Tomiz suda molekullar arasinda
hidrogen rabitalori vasitesilo yaranmis foza toru oldugundan, sulu mohlullarin
fiziki-kimyoavi xassolori xtlisusi doyisir. Mohlullarin hocmi xassolorinin, xiisu-
son do komponentlorin parsial molyar hacmlarinin dyranilmasi mohlulda mo-
lekullar arasindaki molekulyar qarsiligh tasirlorin mahiyyatini aydinlagdirmaga
imkan verir. Mahlullarin bu xassasinin tadqiqi, ham¢inin mohlullarda yaranan
struktur xarakteritikalarinin tosvirindo do ¢ox vacibdir [24, 25]. Mohlulda
hollolan maddonin parsial molyar hacmi (7)

\7:Vm+(1—x{av"‘) “4)
X ),
diisturu ilo toyin olunur [16]. Burada Vp - mohlulun molyar hocmi olub,
Vo= M_ li XM, disturu ilo hesablanir.

P Pia

Mohlullarda hoalledici vo hoallolan maddo molekullar1 arasinda yaranan
qarsiligh tesirlor naticosindo miixtalif proseslor bas verir. Belo proseslordon biri
do solvatlasma vo ya hidratlasma (holledici su oldugda) prosesidir [20, 26, 27].
Hidratlasma prosesindo hollolan maddonin hissaciklori (ionlar1, atomlari,
molekullart) ilo su molekullar1 dayaniqli vo ya dayanigsiz birlogsmolor (hidrat-
lar) omals goatirirlor. Bu prosesds su molekullart dissosiasiyaya ugramir, yani
hidrogen ionu (H") vo hidroksil ionu (OH") emolo golmir. Hidratlasma prosesi
maddolorin suda hallolmasinda, ¢oxkompanentli, coxfazali sistemlordo maddo-
lorin paylanmasinda, kristal hidratlarin omalo golmosindo vo s. vacib rol oy-
nayir. Bozi maddolorin hissaciklori su molekullarini méhkom, bozilori iso zoif
saxlayir. Hidratlasma prosesi iimumi halda mohlulda bas veron biitiin energetik
va struktur doyismolorini xarakterizo edir [28, 29]. Odur ki, hidrat tobagosinin
Olciisiiniin, hidratlasma adodinin toyini oldugca miithtimdiir.

Polimerlorin suda mohlullarinin struktur xarakteristikalar1 asason poli-
mer makromolekulunun konformasiyasi, olgtilori, hidratlasmasi vo s. ilo tosvir
olunur. Biitiin bioloji proseslor suda getdiyindon, bioloji shamiyyatli polimer-
lorin makromolekullarinin hidratlasmasinin Gyronilmosi maraqli vo vacib
masalalardandir [20, 30]. Miasir tasavviirlora gors duru polimer mohlullarinda
xotti Olcllii miitohorrik makromolekul yumaq formasina kegir. Forz edok ki,
hacmi Vg, olan suda m; kiitlsli polimer holl oldugda alinan moahlulun hocmi Vi,
olmusdur. Suda hor bir yumagmn hocmini Vy, onun daxilindo qalan suyun
hacmini (hidrat su) Vj, ilo isars edok. Suda olan yumaglarin sayinin N oldugunu
gobul etsok yaza bilorik:
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Vo + NV, =V, =NV, = Vi =Vo =N, =V,) (5)
(5) ifadesine daxil olan Vg, Vi, N, Vy, Vi kemiyyatlorini

v =M My M M LM, SN,
P P P p M,
m M m.  N,m N,M
Vy:_y: 2 , Vh:_h: h"osu — ~“h'"'1 (6)
P Nup, PP AV

ifadalorilo ovoz edo bilorik. Burada m; - suyun, m, - polimerin, m - mohlulun
kiitlosidir; M; - suyun, M, - polimerin, M - mohlulun molyar kiitlesidir; v; -
suyun, v, - polimerin, v - mahlulun madds miqdaridir; p; - suyun, p - mohlulun
sixligidir; my, - hidrat suyun kiitlosi, Mg, - su molekulunun kiitlosi, N — yuma-
gin daxilindo qalan su molekullarinin sayidir (hidratlasma odadi); Na — Ava-
gadro ododidir. Qeyd edok ki, yumaqlar holledicido iizdiiyiindon onlarin orta
sixligmi holledicinin sixligma barabor gotiira bilorik. indi hidratlasma adodini
giymatlondirmok {i¢iin ifadoni miioyyanlosdirak. (6) ifadslorini (5)-do nozora
alsaq vo alman tonlikdo X =%, X, = %, M =xM, +x,M, olmaqla sa-
dolosmo aparsaq alariq:

X, M P
N =| 2Ly 2 |1 f 7
h (X2+MlI p] (7

Burada X; - suyun, X, - polimerin molyar hissasidir. (7) ifadesinde
X, =1=X, X, =X oldugunu nozars alsaq alariq:

I-x M P
h {X+M11 p) ®)

Uckompanentli sistemlords, yoni su-polimer-A sistemindo X — poli-
merin molyar hissasi, M, - holledicinin (su-A) molyar kiitlosi, M, — polimerin
molyar kiitlosi, p; - hoalledicinin (su-A) sixligi, p - mohlulun sixlig1 olacaq.
Burada A iigiincii kompanent olub duz, golovi, spirt vo s. ola bilor. Hesabla-
malar gostarir ki, hidratlagsma adadi polimerin konsentrasiyasindan, demok olar
ki, asil1 olmur. Giiman edirik ki, alinmis bu natico duru mohlullar halinda goabul
edilondir. Odur ki, duru mohlullarda Nj - 1 konsentrasiyadan asili olmadigini
gobul edo bilorik. Dissertasiya isindoki todqiqatlarda hidratlasma ododi (8)
ifadosing osason toyin olunmusdur vo verilmis temperatura uygun miixtalif
konsentrasiyalarda qiymatlori hesablanaraq orta qiymatlori gotiirtilmiisdiir.

Sulu mohlullarda struktur xiisusiyyatlorini 6yronon metodlardan biri do
1Q-spektroskopiya metodudur [31-35]. Mahlullarin IQ oblastda udma spektrlo-
rinin todqiqi hidrogen rabitolorini komiyyotco xarakterizo etmok ii¢lin olduqgca
boylik ohomiyyoto malikdir. Qeyd edok ki, sulu mohlullarda OH qruplarinin
valent rogslorinin tezliyinin osas tezliklor oblastinda todqiqi, maye suda IQ-
stialarn giiclii udulmasi iiziindan ¢atinlosir. Buna goroe do sulu mohlullarin iQ-
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spektrlori asason oberton oblastinda (7300-5000 sm™) tadqiq edilir [33-35].
Maddonin IQ oblastda udma spektrindo OH valent rabitosinin rogs tezliyinin
stiriigmoasi ilo hidrogen rabitosinin enerjisi (En) vo uzunlugu (Ry) arasindaki
olago fogansen [31] tarafindon asagidaki kimi toklif olunmusdur:

18AvV
_p —_ oAV 9
720+ AY ©)
R, =2.44-(-E, )™ (10)

Burada Av =v, —v olub, v - bagli OH valent rabitosinin rogs tezliyi, vo

- 1s0 sarbast OH valent rabitosinin rags tezliyidir. ©dobiyyat monbalorine [19,
22] istinad edorok gdstarmak olar ki, su iigiin v, = 7062 sm™". Qeyd edok ki,

(9) vo (10) ifadolori ilo toyin olunan hidrogen rabitosinin enerjisi vo uzunlu-
gunun vahidi miivafiq olaraq kkal/mol vo A-o uygundur.

TOCRUBI HiSSO

Tadgigat obyektlori vo metodlari. Todqiqat obyektlori olaraq miixtolif
fraksiyali PEQ-lorin sulu mohlullar1 gotiiriilmiisdiir. PEQ-nin 1000, 1500,
3000, 4000 va 6000 g/mol orta molekulyar kiitlali fraksiyalarina baxilmisdir.
Todgiqat zamani istifade edilmis PEQ-lor kimyoavi safdir vo Ispaniyanin "Pan-
reac" firmasinin istehsalidir. Olgiilor normal atmosfer tozyiqinde aparilmisdir.
Mohlullar qravimetrik {sulla hazirlanmigdir. Mohlullarin  hazirlanmasinda
bidistillo edilmis sudan istifado olunmusdur. Niimunolarin hazirlanmasi1 zamani
"KERN 770" firmasinin istehsal etdiyi analitik toraziden istifads olunmusdur
vo dlgmolor 0,0001 q doqiqlikle ¢okilmisdir. Isdo 6zliilik 0,56 mm diametrli
SMV-2 kapilyar viskozimetrilo dl¢iilmiisdiir. Viskozimetrdo mayenin axma
miiddoti £0.01 san doqiqliklo toyin edilmisdir. Biitiin 6lgmolor ii¢ dofo apa-
rilmigdir vo eksperimentin naticosi olaraq onlarin orta qiymotlori gotiirilmiis-
diir. Mayelorin sixlig1 hacmi 15 sm® olan nazik uzun bogazli (bogazi deraco-
lonmig) siiso piknometrlo hocmin doyismosino asason toyin edilmigdir. Hom
Ozliliiylin, hom do sixligin qiymotlori etalon mayeyos nisboton miioyyon
olunmugdur. Etalon maye olaraq bidistillo olunmus sudan istifade olunmusdur,
suyun Ozliliylinin vo sixliginin qiymsotlori [16] isindon gotiirilmiisdiir.
Mbohlullarin 6zliliiylini vo sixligint miixtalif temperaturlarda (293.15, 298.15,
303.15, 308.15, 313.15, 318.15 va 323.15 K) toyin etmok iigiin viskozimetr vo
piknometr termostatda yerlosdirilmisdir. Temperatur +0.05 K doqiqliklo
Olcililmiisdiir. Togriibonin maksimal nisbi xotas1 sixligin toyini zamani 0,30 %,
ozliiliiylin toyini zamant iso 1,0 % olmusdur.

Miixtolif konsentrasiyali sulu mohlullarin 1Q-spektrlori "Perkin Elmer
2000" (ABS) firmasinin istehsal etdiyi "Spectrum One" spektrometrindo ¢okil-
migdir. "Spectrum One" cihazi CDRH, BS EN 60825-1/IEC 60825-1 birinci
doracaya uygun golir. "Spectrum One" spektrometrilo 7800-don 370 sm™ udma
zolaglarinda 0.5 sm™ dagiqlikle 6l¢ii aparmaq olur. Cihazi miivafiq programla
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tochiz olunmus kompiiterlo birlogsdirmoklo idars etmok olur. Bu program osa-
sinda kompiiters "omr" vermoklo spektri miioyyon sayda ¢okmok olur vo kom-
piiterin yaddasinda on optimal variant saxlanilir. Qeyd edok ki, bu program
ticlin nozords tutulmus on optimal say 16-dir. Buna gors do isdo kompiiters hor
bir spektri 16 dofo gokmok omri verilmisdir. Homginin bu proqram ilo ¢okilmis
spektrin sahasini, hiindiirliiylinii, o ciimladen maksimal udulmaya uygun galon
tezliyin gqiymatini toyin etmok olur. Spektrlor suda holl olmayan KRS kiivetin-
da ¢okilmisdr vo alinan naticalori miigayise etmak ti¢lin qalinligin eyni saxla-
nilmasi tomin edilmisdir.

ALINMIS NOTICOLORIN TOHLILI
Hesablamalar gostorir ki, AG;, AH”, AS” va V parametrlorinin veril-

mis temperaturda konsentrasiyadan asililiglar1 eyni qanunauygunluqla doyisir.
Odur ki, yalmz 293,15°K temperatura uygun noticolorlo kifayotlonacayik.
Miixtolif molekul kiitloli PEQ-lorin sulu mohlullarinin 293,15°K temperaturda

0zIli axinmin aktivlosmo parametrlorinin (AG,, AH, AS”) PEQ-nin konsen-

trasiyasindan (X) asililiglar1 1-3 sayli sokillordo gostorilmisdir.

18000 - C

8000 : : : —X 15000 . . . —X
0 0,0002 0,0004 0,0006 0,0008 0,001 0  0,0002 0,0004 0,0006 0,0008 0,001
Sok. 1. Su-PEQ sistemindo 6z1ii axinin Sok. 2. Su-PEQ sisteminds 6zIii axinin
aktivlosmo Gibbs enerjisinin aktivlosmo entalpiyasinin konsentrasiyadan
konsentrasiyadan asililig1 (T=293.15 K). asililig (T=293.15 K).

1-PEQ (1000), 2-PEQ (1500), 3-PEQ (3000), 4-PEQ (4000), 5-PEQ (6000)
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0 0,0002 0,0004 0,0006 0,0008 0,001

Sak. 3. Su-PEQ sistemindos 6zIii axinin aktivlosmo
entropiyasinin konsentrasiyadan asililigi (T=293.15 K).
1-PEQ (1000), 2-PEQ (1500), 3-PEQ (3000), 4-PEQ (4000), 5-PEQ (6000)

Sokil 1-3-don goriiniir ki, AG], AHS vo AS] parametrlori verilmis

temperaturda PEQ-nin konsentrasiyasinin artmasi ilo, verilmis temperatur vo
konsentrasiyada iso PEQ-nin molekul kiitlosinin artmasi ilo artir. Ozl axin

prosesini xarakterizo edon aktivlosmo parametrlorindon AG; - 1 mol maye

molekullarinin aktiv hala ke¢dikdon sonra horokoti zamanmi gordiiklori isdir,
AH; - mohlulda yaranan doyismolori enerji baximindan, AS; - iso struktur

baximindan xarakterizo edir [16]. Belo ki, konsentrasiyanin artmasi ilo AG; -
nin artmasi aktiv hala kegmis molekullarin daha ¢ox is gdérmosini, AH; -n

artmasi sistemin daha mohkom struktura malik olmasini, AS; -in artmasi iso

sistemin daha strukturlasmis hala kegmosini gdstorir [16]. Ozlii aximin
aktivlosma parametrlorinin konsentrasiyadan asililiqlarina asason deys bilorik
ki, mohlulda PEQ-nin hom molekul kiitlosi, hom do konsentrasiyasi artdiqca
mohlul daha méhkom struktura malik olur vo daha da strukturlagsmis hala kegir.
Qeyd edok ki, algaqtezlikli dielektrik spektroskopiya metodu ilo do anoloji
naticoya golinmisdir [36].

Su-PEQ sistemi molekullararasi garsiligh tosiri yronmok ti¢lin oan sado
modellordon hesab edilir. Umumiyyatls, binar mohlullarin yaranmasi bir sira
proseslorlo miisayiot olunur. Bu proseslor hom su molekullarinin 6z aralarinda,
hom PEQ makromolekullarinin 6z aralarinda, hom do PEQ makromolekullar
ilo su molekullar1 arasinda bas veron qarsiliqh tosirlorlo olagodardir. Belo
molekulyar qarsiliqlt tesirlor hidrogen vo diger ndv rabitolorin yaranmast
hesabina ilk ndvbado mohlulun hocmi xassoloring tasir edir. Mohlulun hocmi
xassolori komponentlorin parsial molyar hocmlori ilo do xarakterizo olunur.
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Elmi odobiyyatda polimerlorin sulu mohlullarinda polimerin parsial molyar
hacmlorinin temperaturdan, polimerin molekul kiitlosindon vo konsentrasiya-
sindan asili olaraq doyismesinin todqiqi ilo bagh isloro rast golinir [24, 37].
Parsial molyar hocm, holledici ilo hall olan maddo molekullar1 arasindaki
qarsiliglt tosirlori, sistemdo bas veran struktur doyismolorini miioyyonlogdirmok
ticlin mithim termodinamik parametrlordon biridir. ©lavs olaraq qeyd edak ki,
mohlulda komponentlorin parsial molar hocmlorinin tohlili, digor todqiqat
metodlarinin (IQ spektroskopiya, ultrasentrifuqasiya, isigin sopilmosi, rentge-
nografiya, neytronoqrafiya vo s.) totbiqi ti¢iin do ¢ox faydalidir [37].

3 - ~
6000 -\7, sm 45 ! sm?
mol 0 | ol
5000 ¢ F—— % s or
4000 40 7
q 4
L“H\‘M—‘ .
3000 1
e S
2000 A 35
1 :Ml—l 2
0003 o o o o . .1
0 ; ; ; —X 30 ; ; ; . X,
0  0,0002 0,0004 0,0006 0,0008 0,001 0  0,0002 0,0004 0,0006 0,0008 0,001
Sak. 4. Su-PEQ sistemindo PEQ-nin parsial Sak. 5. Su-PEQ sistemindo PEQ-nin bir
molyar hocminin konsentrasiyadan asililig1 monomero diison parsial molyar hacminin
(T=293.15 K). orta qiymotinin konsentrasiyadan asililig1
(T=293.15 K).

1-PEQ (1000), 2-PEQ (1500), 3-PEQ (3000), 4-PEQ (4000), 5-PEQ (6000)

Miixtolif molekul kiitloli PEQ-lorin sulu mohlullarinda 293.15 K tempe-
raturda PEQ-nin parsial molyar hocminin (7) konsentrasiyadan (x) asililig1
sokil 4-do gostorilmigdir. Sokil 4-don goriiniir ki, mohlulda PEQ-nin parsial
molyar hocmi verilmis temperaturda konsentrasiyanin artmasi ilo azalir,
verilmis temperatur vo konsentrasiyada isa molyar kiitlonin artmasi ilo artir.
Hesablamalar gostorir ki, verilmis temperatur vo konsentrasiyada PEQ-nin bir
monomers diison parsial molyar hacmi (¥ / n),; PEQ-nin molyar kiitlosindon,
demok olar ki, asili deyil. Sokil 5-do todqiq olunan miixtolif molyar kiitloli
PEQ-lorin 293.15 K temperaturda bir monomers diison parsial molyar

hocminin orta qiymeotinin konsentrasiyadan asililig1 géstorilmisdir. Bu asililigi
Vv

[FJ =1906007,0x* —5854,9x + 39,6

ifadasilo tosvir edo bilorik. Moalumdur ki, i-ci komponentin parsial molyar
hacmi verilmis torkibli sistemo homin komponentdon 1 mol slavo etdikdo
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hocmin doyismosina barabordir [38]. Deya bilorik ki, boyiik 6l¢iilii assosiatlarin
fozadaki hocm payi, boliindiikds onun ayri-ayri hissalorinin fozadaki hacm
paylart comindon kicik olur vo oksino. Suyun struktur modellorino (iki
strukturlu modellor, bosluglart doldurulmus modellor, klaster modellor) goro
su, hidrogen rabitasilo birlogsmis miixtolif 6l¢iilii klasterlordon vo klasterlor arasi
sorbast su molekullarindan ibaratdir [39]. Parsial molyar hocmin konsentra-
siyadan asililigina osason ehtimal etmok olar ki, PEQ molekullar1 ilk ndvbado
sorbast su molekullar ilo hidrogen rabitasi vasitasilo birlosirlor. Bu iso konsen-
trasiyanin artmasi ilo mohlulda PEQ-nin parsial molyar hocminin azalmasina
sobab olur. Bu iso PEQ-nin konsentrasiyasinin artmasi ilo mahlulun daha da
strukturlagmasini gostorir.

Hollolan madds ilo holledici arasindaki qarsiligh tesirlori xarakterizo
etmok {igiin hidratlagsma anlayislarindan istifado olunur. Bozi miislliflorin fik-
ring gora hidratlasma prosesi miixtolif maddelorin suyun strukturuna tasirinin
imumi fiziki monzorasini aydinlagdirmaga imkan verir [39, 40]. Hidratlasma
prosesinda bazi polimer makromolekullart 6z strafinda su molekullarint nisbe-
ton mohkom, bozilori iso nisboton zoif saxlayirlar. Polimer mohlullarinda hid-
ratlagsma prosesi imumi olaraq bas veron energetik vo struktur doyismolorini
xarakterizo edir [41]. Baxilan molekul kiitloli PEQ-lorin todqiq olunan tem-
peratur vo konsentrasiya intervalinda hidratlasma adadlori (Ny,) toyin edilmis-
dir. Hesablamalar gostorir ki, hidratlasma ododi PEQ-nin konsentrasiyasindan
demok olar ki, asili olmur. Giiman edirik ki, alinmig bu notico duru mohlullar
halinda gobul edilondir. Odur ki, duru mohlullarda Ny-1n konsentrasiyadan asili
olmadigin1 gobul eds bilarik. Isdo verilmis temperaturlarda hidratlasma odod-
lori baxilan konsentrasiyalara uygun orta qiymotlori gotiiriilmiisdiir. Su-PEQ
sistemi liglin Ny-1n qiymatlori codval 1-ds verilmisdir:

Cadval 1

Su-PEQ sistemlarindd PEQ-nin hidratlasma adadinin temperaturdan asiiligi

T, K PEQ (1000) | PEQ (1500) | PEQ (3000) | PEQ (4000) | PEQ (6000)
293.15 8.6 11.6 14.9 20.7 56.7
298.15 8.3 11.2 14.4 20.1 56.3
303.15 7.9 10.8 14.1 19.6 56.0
308.15 7.4 10.3 13.6 19.2 55.8
313.15 7.0 9.8 13.2 18.7 55.4
318.15 6.7 9.5 12.6 18.2 54.9
323.15 6.2 9.2 12.4 18.0 54.8

Codval 1-don goriindiiyii kimi, makromolekulun hidratlasma odadi
PEQ-nin molekul kiitlosinin (M) artmasi ils artir, temperaturun (T) artmasi ilo
159 azalir. Ny, -in M-don vo T-don asilili olaraq doyismosini agsagidaki kimi izah
etmok olar. Molekul kiitlosinin artmasi ilo PEQ makromolekulunun hacmi bo-
yiylr vo molekulyar yumagin daxilindoki bosluglar artir, homg¢inin PEQ mo-
nomerindo olan vo su molekullar: ilo hidrogen rabitosi amalo gatiron oksigen
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atomlarinin say1 da artir vo noticodo Ny artir. Temperaturun artmasi ilo mo-
lekullarin istilik horokotinin orta kinetik enerjisi artdig: iiclin hidrogen rabitasi
su molekullarini hidratlasmis makromolekulyar yumaqda saxlaya bilmir vo no-
ticodo Ny, azalir, sorbast su molekullarinin say1 iso artir. Qeyd edok ki, hidrat-
lagma prosesi zamani su molekullar1 sadoco polimer makromolekullari ilo bir-
logmirlor, homginin su molekullarinin 6z aralarinda polimer makromolekullari
ilo hidrogen rabitolori yaratmasi ugrunda roqabot yaranir [42]. Bu proses po-
limer makromolekullarinin hidratlagsma enerjisinin maksimum olmasi ilo xa-
rakterizo olunur ki, bu da yaranan konformasiyani1 yarana bilocok digor kon-
formasiyalarla miiqayisodo daha ehtimalli edir [43].

Mohlullarin fiziki-kimyovi xassolori onun strukturu vo termodinamik
hal1 ilo olagodardir. Bunlar iso 6z ndvbasindo mohlulu toskil edon hissaciklorin
Olciilori, formalar1 vo aralarindaki ¢oxsayl qarsiligl tosirlorlo miioyyan olunur.
Polimerlorin sulu mohlullarinin IQ oblastda todqiqgi polimer makromolekullari
ilo su molekullar1 arasinda, hom¢inin su molekullarinin 6z aralarinda yaranan
qarsiligh tesirlorin dyronilmasinds olduqca shomiyyaetlidir [44]. Sulu mohlul-
larm 1Q oblastda udma spektrlorini todqiq etmoklo su molekullar1 arasindaki
hidrogen rabitolorini komiyyatca xarakterizo etmok olur [31]. Molekul kiitlalori
1000, 4000 vo 6000 olan PEQ-lorin sulu mohlullarmm IQ oblastda udma
spektrlori sokil 6-8-do gostorilmisdir. Sokillordon goriindiiyli kimi, PEQ-nin
hom molekul kiitlosinin, hom do konsentrasiyasinin artmasi ilo mohlullarin iQ
oblastda udma spektrlorinin formasi, intensivliyi va tezliyi doyisir. Bu su-PEQ
sistemlorindo yaranan molekullararas1 qarsiliqh tosirlor noticasindo mohlulda
struktur doyismolorinin oldugunu gostorir. Mohlullarin 1Q-spektrinda su mole-
kullarinin OH gruplarmin valent rogslorinin tezliyino osason miixtolif konsen-
trasiyalarda su molekullar1 arasindaki hidrogen rabitosinin enerjisi vo uzunlugu
hesablanmisdir (cadval 2).
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Sok. 6. Miixtalif konsentrasiyalarda PEQ-nin
suda mohlulunun IQ oblastda udma spektri (Mpgo=1000).
6862.00-su, 6856.33-10%, 6842.62-20%, 6837.87-30%
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Sok. 7. Miixtalif konsentrasiyalarda PEQ-nin
suda mohlulunun IQ oblastda udma spektri (Mprq=4000).
6862.00-su, 6854.25-10%, 6848.48-20%, 6835.37-30%
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Sok. 8. Miixtalif konsentrasiyalarda PEQ-nin
suda mohlulunun IQ oblastda udma spektri (Mprq=6000).
6862.00-su, 6855.17-10%, 6846.48-20%, 6823.05-30%, 6806.12-40%

Su-PEQ sistemlarinds miixtslif konsentrasiyalarda su molekullari
arasindaki hidrogen rabitasinin enerjisi (Ey) vo uzunlugu (Ry)

Cadval 2

p, % | X | v, sm’ | Ey, kC/mol Ry, A
Su-PEQ (1000)

0 0 6862.00 16.4 1.86

10 0.00200 6856.33 16.8 1.85

20 0.00448 6842.62 17.6 1.83

30 0.00766 6837.87 17.9 1.82
Su-PEQ (4000)

10 0.00050 6854.25 16.9 1.85

20 0.00112 6848.48 17.3 1.84

30 0.00192 6835.37 18.1 1.82
Su-PEQ (6000)

10 0.00033 6855.17 16.8 1.85

20 0.00075 6846.48 17.4 1.84

30 0.00128 6823.05 18.8 1.81

40 0.00200 6806.12 19.8 1.79
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Sak. 9. Su-PEQ sistemlarinds su molekullar1 arasindaki
hidrogen rabitasinin enerjisinin konsentrasiyadan asililig1.
1-PEQ (1000), 2-PEQ (4000), 3-PEQ (6000)

Cadval 2-don goriindiiyli kimi, PEQ-nin hom molekul kiitlosinin, hom
do konsentrasiyasinin artmasi ilo mohluldaki su molekullar1 arasindaki hidro-
gen rabitosinin enerjisi artir, uzunlugu iso azalir. Giiman edirik ki, PEQ-nin
hom molekul kiitlosinin, hom do konsentrasiyasinin artmasi ilo mohlulun IQ
oblastda udma spektrlorinin nisboton kigik tezliklors torof siirlismosi, su mo-
lekullar1 arasindaki hidrogen rabitosinin enerjisinin artmasi vo uzunlugunun
azalmas1 PEQ-nin suya strukturlasdirici tosirilo alagadardir. Sokil 9-da molekul
kiitlalori 1000, 4000 vo 6000 olan PEQ-lorin sulu mohlullarinda su molekullar1
arasindaki hidrogen rabitasinin enerjisinin PEQ-nin konsentrasiyasindan asili-
liglar1 verilmisdir. Goriindiiyii kimi, verilmis konsentrasiyada Ey(PEQ (1000))
< Eg(PEQ (4000)) < Ex(PEQ (6000)) olur. Hesab edirik ki, konsentrasiyanin

artmasi ilo Eyx-1n artmasi AH; -nin artmasina, Ry-1n azalmasi iso V-nin azal-

masina miioyyan qadar 6z payini verir.

PEQ makromolekulunda (HO—(—CH,—CH,—O—-),—H) hom hidrofob
(CH,), hom do hidrofil (OH) gruplari var [16]. PEQ-nin OH qrupu, —O— vo —H
atomlar1 su molekulu ilo hidrogen rabitosi yarada bilirlor, CH, qruplar iso
hidrofob effekti yaradirlar. Gézlomoak olar ki, PEQ-do hidrofob effektinin
varligit PEQ-nin hidrofil qruplar ilo su molekullar1 arasinda hidrogen rabi-
tosinin yaranmasini gliclondirir. Beloliklo, su-PEQ sistemlorinin todqiq olunan
temperatur vo konsentrasiya intervalinda 6zlii axmn vo hocmi xassolorinin,
homginin IQ oblastda udma spektrlorinin tohlili onu demoyo imkan verir ki,
todqiq olunan biitiin molekul kiitloli PEQ-lor suya strukturlasdirici tosir gos-
torir. Homg¢inin mohlulda PEQ-nin konsentrasiyasi artdiqca, suya strukturlas-
diric1 tosiri do artir vo nisboton daha bdyiik molekul kiitloli PEQ suya daha ¢ox
strukturlagdirict tosir edir. Ehtimal etmok olar ki, todqiq olunan sistemlordo
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PEQ molekullarinin otrafinda hidrogen rabitasi vasitasilo su molekullarinin (ilk
ndvbada sarbast su molekullart) toplanmasi naticasinds miioyyan dl¢iilii aqre-
qatlar omolo golir. Bu oyani olaraq codval 2-don do aydin goriiniir. PEQ-nin
konsentrasiyasinin artmasi ilo belo aqreqatlarin say1 artir, molekul kiitlosinin
artmasi ilo Ol¢iilori boyiiyiir, noticodo mohlul daha strukturlasmis hala kegir.
Homginin geyd edok ki, PEQ makromolekulu boyiik hidrofobluga vo kicik
polyarliga malikdir [3, 45] vo molekul kiitlosinin artmasi ilo PEQ makromole-
kulunun polyarligt artir [30]. Su molekulu da polyar oldugundan hesab edirik
ki, bu halin 6zii do hom molekul kiitlosindon, hom do konsentrasiyadan asili
olaraq PEQ-nin suya strukturlagdirici tasirini miioyyan qadaer artirir.
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HUCCIIEJOBAHUE BOAHBIX PACTBOPOB PA3J/INYHBIX ®PAKIIUHN
HOJIMATUJEHIJIUKOJENA METOJIAMU BUCKO3UMETPUH,
JEHCUTOMETPUUU, UK-CIIEKTPOCKOIINHN

3.A.MACUMOB, B.I'. ITAITAEB
PE3IOME

B paGore m3MepeHbl AMHaMU4YecKas BSI3KOCTb, IUIOTHOCTH BOJHBIX PacTBOPOB
2T pasmmusbix ¢pakouit (1000, 1500, 3000, 4000 u 6000 r/mom) B uWHTEpBase
koHneHTparuu (0 - 0.001 mompHBIe momum) u Temmepatyp (293.15 - 323.15K), B UK
obnactu ompenenena yacrora OH BaJieHTHBIX KoJeOaHMM MOJEKyN Boabsl. Ha ocHOBaHMH
MOJYYSHHBIX OIBITHBIX JIAHHBIX OBUIM BBIYKMCIICHBI MapaMeTpbl aKTHBALMH BSI3KOT'O
TeueHHe, NaplalbHble MOJIbHBIE O0BEMbI, YHMCNa THApaTHLUH Makpomosekyna [100 B
pacTBope, dHEprus W JUIMHA BOJOPOJHOW CBSI3M B HCCIIEIOBaHHBIX pacTBopax. bbuio
nmokazaHo uto [IDI okaspiBaeT CTPYKTypUpYpyIOIlee AeHCcTBHE Ha BOAY, NPUYEM C
YBEJIMYCHUEM MOJICKYJISIPHON Macchl U koHueHTpauuu [101 atot s ekt yBenndanpaercs.

KiroueBble cjioBa: BoIHBIN pacTBop, [1O1, mapaMeTpr! akTHBAIH BI3KOTO TEUCHUS,

MapIHATEHBINA MOJIPHBIN 00bEM, YUCIIO THAPATAIINH, SHEPTH BOJAOPOJTHON CBA3H.
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STUDY OF AQUEOUS SOLUTIONS OF VARIOUS POLYETHYLENE GLYCOL
FRACTIONS BY VISCOSIMETRY, DENSITOMETRY, IR SPECTROSCOPY

E.A.MASIMOYV, B.G.PASHAYEV
SUMMARY

In this work, the dynamic viscosity, the density of aqueous solutions of PEG of
various fractions (1000, 1500, 3000, 4000 and 6000 g/mol) were measured in the concentration
range (0 - 0.001 molar fractions) and temperatures (293.15 - 323.15 K), the frequency was
determined in the IR region OH stretching vibrations of water molecules. Based on the
experimental data obtained, the parameters of activation of a viscous flow, partial molar
volumes, hydration numbers of PEG macromolecules in solution, energy and length of
hydrogen bonds in the investigated solutions were calculated. It was shown that PEG has a
structuring effect on water, and this effect increases with an increase in the molecular weight
and concentration of PEG.

Key words: aqueous solutions, PEG, activation parameters of viscous flow, partial
molar volumes, hydration number, energy hydrogen bonding.
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Hacmoawas cmamvs noceswena paccmompenuio ynpy2020 paccesnus npomoHo8 HA
A0paAx Npu BbICOKUX IHEPIUAX U NPU OOTbUUX NEPEOAHHbIX UMNYIbCAX C NOMOUbIO K8A3UNO-
meHyuana, sasucaujeli om sHepeuu. JlamHoe paccesHue ONUCHIBACTNCA C HOMOWBIO OUHO2O
obvexma — 6axyymnozo Pedowce nontoca. B pabome ucnonb3yemcs anamumuyeckoe ceocmso
AMAAUMYObL YRPY2UX NPOYECCO8 KAK (DYHKYUU YeT08bIX NEPEMEHHBIX U 803MONCHOCHU PACULU-
DeHUsL COOm8emcmayiowux obracmeti AHATUMUYHOCU NPU Ydeme VCI08Us YHUMAPHOCHU.
Tokaszano, umo npu 8bICOKUX dIHEPSUAX CeyeHUe COXPAHAem SKCHOHEHYUATbHYIO 3a8UCUMOCHb
om nepedanno2o umnyivca. Hsz-3a omcymcemeuu KyIOHOBCKOU unmepghepenyuu, creoyem
Re F(0) << ImF(0). Kpome mozo, ceuenue paccesanus iuub He3HAYUMENbHO NPE6bIULAen 6elu-

YuHy K6adpama MHUMOU yacmu. Ima pasHuya He mModxcem O0blmb NPUNUCAHA OeliCIEUMENbHO
vacmu F(0). Obcyacoeno eosmoocnoe danvuetiwmee pazeumue meopemuueckux ucciedo6a-

Hul.

KuioueBble ciaoBa: DiikoHanb, Pemke momtoc, yrnpyroe paccesHue, CeYeHUe, YHUTap-
HOCTh, aHAJIUTHYHOCTD, TU(PPAKITUS.

1. BBenenue

[To kBaHTOMEXaHHUYECKOMY CMBICITY BEIMYMHBI OPOUTATHHOIO MOMEHTA
IMOFYT HpI/IHI/IMaTL JINIIb TEJIBIC ITOJIOKUTCIBbHBIC 3HAYCHMHA. OI[HaKO JUJIA
Cllydasi pacCesHUsl YacTHUIIbl Ha KaKOM-JTHOO chepruecku CUMMETPUYHOM IIO-
TCHIIUAJIC HapIII/IaJ'II)HLIe aMHJ'II/ITYI[LI MOXHO (1)OpMaJ'II>HO HpOI[OJ'DKI/ITB B 06-
JIaCTh KOMIUICKCHBIX 3Ha4eHui |. 3HaYeHHe KOMILJIEKCHOTO YIJIOBOTO MOMECH-
Ta, IPU KOTOPOM MAaTpHUIlA PACCESTHUS 00JaJaeT IMOJIOCOM, HA3bIBAETCS TIO-
mocoM Pemxe. Tlomoxxenue momoca Pemke 3aBUCUT OT SHEPTHM PacCEesHUS,
TaK 4YTO HpI/I N3MCHCHUUN 3H€pFI/II/I IIOJIFOC «ABHUIKECTCs» ITIO IINIOCKOCTHU KOM-

IJIEKCHOTO OPOMTAIBHOTO MOMEHTA.
Cpenu pa3IuyHBIX MPOIECCOB YIPYrOoro paccesiHus MPOTOH - sIEPHOE
paccesiHHE 3aHUMaeT 0co00e MOJIOKEHHE, MOCKOJbKY HaIHuue MEePBUYHBIX
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IIPOTOHHBIX ITyYKOB B YCKOPHUTENAX MMO3BOJISIET U3y4aTh B3aUMOACHCTBUE TIPO-
TOHOB NPH HaUOONBIINX JOCTYIHBIX 3HAUEHHSIX SHEPTUH.

B pamkax nudpakinoHHON TEOPUH MOTYYHIIN yIOBJIETBOPUTEIHLHOE 00b-
SICHEHUE MHOT'OUYUCIICHHBIE YKCIIEPUMEHTHI, B KOTOPBIX U3Y4aJIOCh B3aUMOJEH-
CTBHE ITPU BBICOKUX 3HEPIUAX HE TOJIBKO HYKIOHOB, HO U T-ME30HOB.

B nannoit pabore B pamkax pemke-3HKOHAJIBHOTO MOJIX0Aa MCCIEeTyeTCs
YOpyroe MpoToOH - sAJIepHOE paccessHue. IIpenmymecTBo 3MKOHaIBHOTO IMOA-
X0Ja Iepel MPOCThIM PEIKEBCKUM IOAXOJO0M 3aKJII04aeTCs B TOM, YTO OH B
SBHOM BHJI€ IPUBOJUT K COOIIOIEHUIO YHUTAPHOCTH B S- KaHasle. Kpome Toro,
HCIIOJIb30BAHUE B KAa4eCTBE OCHOBHOI'O YPABHEHHUs YCIOBUS JBYX4YaCTUYHOU
YHUTapHOCTH, aHAJIUTUYECKH NPOJOJDKEHHOIO B 00JAacTh BBICOKUX JHEpPIHi,
JaeT BO3MOXKHOCTb 3(P(PEKTUBHOTO ydeTa CTPYKTYpPbl CHHTYJISIPHOCTEH aMILIH-
TyIIbl pPacCesHUs B IUIOCKOCTH YIJIOBOI'O MOMEHTA M NPUBOJAMT K IIPEICTaBIe-
HUAM JUIS aMIUIMTYZBI, COAEpKAIUUM B MAJIOM CTEIIEHU MOJEIbHBIE IIPEAIO-
noxenus [1].

2. Penske-2)KOHAJLHBINA MOAXO0/

BricokoaHepreTuueckoe Wi SHKOHAIBHOE MPUONMKEHUE HIMPOKO U yC-
MEIIHO MPUMEHSEeTCs sl OMMCAaHUS PacCesHUs YacTUIl B CIIOXKHBIX JIpax Kak
paccestHie B HEKOTOPOI ONTUYECKOM CIUIONIHOM cpene. B aToM npubinxeHuu
BMECTO 3aKOHA COXPAHEHHs SHEPrMH MMEET MECTO 3aKOH COXpPAHEHHUs MpPOeK-
MU UMIYJbca Ha HarpasieHue k: pk = const. DTo 03Ha4aeT, YTO MOTHOCTHIO
npeHedperaeTcs JBUKEHHEM B IMOINEPEYHbIX HampasieHusax. Kpome toro, B
3TOM TPUOJIMKCHUU HE HAKJIAJBIBACTCS HUKAKUX OTPAHWYCHUH HAa Macchl U
KOOpAMHATBl YacTUL], IIPU TOM W KOHEUHBIH paauyc, U OTJadya CUUTAIOTCS
ToyHO. [103TOMY BBICOKOZHEPreTHYECKOE MPHOIMKEHHE MOKHO UCIIOIb30BaTh

JUUISL BBIYMCIICHUS YTJIOBBIX PACIpeIeICHUN pacCesHHBIX YacTuil [2].
B monenn Pemke mudpakiroHHOE paccessHUE OMUCHIBACTCS OOMEHOM Ba-
KYYMHBIM JBIKYIIMMCS ITOJIFOCOM C TPAaCKTOpHE a(E) B KOMIUIEKCHOM IIJIOC-

KOCTHU YIJIOBOTO MOMEHTA, KOTOPOE MOJIY4MIIO Ha3BaHUE MOMEpPOH. J[lng 00b-
SCHEHHUSI SMKOHAIBHOE paccessHUE aJpoHOB Oosee aJeKBaTHA S- KaHAJIbHBIN
00OMEH IOMEpPOHaMHU.

PaccesiHue gacTuIl BRICOKMX DHEPrHil HMMEET CBOM OCOOCHHOCTH, CBSI3aH-
HBIE, MPEXKIE BCEro ¢ HEYNPYIrMMHU IIPOLIECCAMM, BHYTPEHHEH CTPYKTYpOH M
OOJIBIIMMH MHOXECTBEHHOCTSIMH, XapaKTEPHBIMH IUISi CHIBHOTO B3aUMOJIEH-
CTBHS. Teopm[ MHOT'OKPAaTHOT'O paCCCAHUSA U ABJIICHUC DKPAHUPOBKU TCCHO CBSI-
3aHHAas C S- KaHAIBHBIM YCJIOBHUEM YHHTAPHOCTH, SBISIETCS OJHUM W3 BayKHEMH-
LIMX MUHCTPYMEHTOB MpU HM3YYEHUU NU(PPaKLUUU — KaK B PacCEesHUHU sep, al-
POHOB, TaK ¥ B TITyOOKOHEYIIPYTOM aIpOHOM PacCesTHUU.

HccnenoBanne IBYXYacTUYHOTO YCJIOBHS YHHTapHOCTH B t-KaHaie moka-
3bIBaeT, 4TO aMIUIUTyAbl F (1) JOMKHBI MMETh MOJIOCHI, TIONOKEHHE KOTOPBIX
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3aBUCHUT OT mepeMeHHoM t. BOnm3u nosmtoca napuuanbHas aMIUIMTYAa HMeEeT
BUJ

F (s, ~t*®) (1)
rlie o -TiepBasi CHHTYJISIPHOCTS B | utockocTy.

BaxxupIM crenctBueM Teopuu Pemke sBisieTcs CBA3b MEXKIY dHEpreTHde-
CKOIl 3aBUCHUMOCTBIO AMIUIUTYAbl PACCESHUS U CYUIECTBOBAHMEM IIOJIIOCOB
Pemxe:

s=4(k> +m*)=4E’, t=—(p-k)°, )
rge S u t— MaHACIbCTaAMOBCKHUC MHBAPUAHTHI: S - KBaapaT S5HCPrunu CTOJIKHO-
BEHUS B CHCTEMe IIEHTpa Macc, t — kBajpar nepefaHHoro 4-ummyibsca. Yactu-
11a C BBICOKOM dHEPrHei, MPOXoast uepes3 sIpo, paccerBaeTcsi He 6osee 0aHOTro
pasa, T.e. CTAJIKUBAETCS TOJBKO C OJTHUM U3 HYKJIOHOB s7Ipa.

ITockosbKy HEBO3MOKHO yKa3aTh, ¢ KAKMM M3 HYKJIOHOB sIpa IPOU30LLIO
CTOJIKHOBEHHE, TO AaMIUIMTY/a YIOPYroro paccesHusl Ha spe B 3TOM Cilydae
Oy/leT KOTepeHTHOW CyMMe€ aMIUIUTYJ] PACCESTHHS Ha KaXXJIO0M H3 HYKIOHOB.
Ecmm HUTHOPUPOBATHL CIIMH AJpa, PA3JIOKCHUC aMIUIMTYAbl 1O MMapluaJIbHbIM
BOJIHAM MMEET BU/]

F(s.t) =X+ D) (9) exp[2i6(9)]-1)/ 2ik*R(cos 0).  (3)
3neck cos(f)=1+2t/s- xocuHyc yrima paccesHus, 4,(S) -(a3oBblil CHBUT,

7, (S) -mornomenue B | kanane siapa.

DOHKOHAT ¢ BBICOKOM CTENEHbIO TOYHOCTH MPONOPLUOHATIEH PPEKTUB-
HOMY KBa3MIIOTCHLIMAIY B3aUMOJACUCTBUIO aApoHOB. Ha mpakTuke s Haxox-
nenus V(r) oOBIYHO MPUMEHSIOT CIEAYIONIYIO poueaypy. Mcrnons3ys naHHbe

10 PACCESTHUIO MTPU MAJIbIX SHEPIHsIX, ONPEAEISAIOT CABUIU (a3 3, A MajbIX
3HaueHu# |. §, XapakTepusyeT paccesHUE YacTULbl C PAa3IUYHBIMU 3Haue-

HUSMH OpOUTATFHOTO MOMEHTA M 3aBUCHT OT SHEPTHH YaCTHUIIbI M BHJIA TIOTCH-
nuana. Casuru ¢az §, st OonpIIMX 3HAYeHUH | BBOJAT Tak, YTOOBI alIpoOK-

CUMUPOBATL CCUCHUC IIPU BBICOKUX SHCPIUsX. CJIGI[YIOH_IaH 3aga4da COCTOUT B
BbBISICHCHHMU BO3MOXXHOCTH OIPCACIICHUS IMOTCHIMAIA 110 JaHHBIM O 6| . Ho na-

JI0 OTMETUTh, YTO OJHO3HAYHOE OIPE/IEICHUE MOTEHIMAIa 110 JaHHBIM O, He-
BO3MOHO.  OcymectBisis B (3)  BBICOKO?HEPIeTUUECKUE  3aMEHBI:
P (cos @) =J 0(b\/—_t ) U Iepexons 0T CYMMHPOBAHUSA K MHTETPUPOBAHUIO, ITOIY-
YUM aMIUTUTY/y PaccesiHusl B IPEACTaBICHUH MPULEIbHOTO apaMerpa [3]:
F(s.t) =i [ bdb(1—expliz(s,))J, (bv/t). )
rae  y(s,b)-3lKoHaN. DTOT AMKOHAN COAEPKUT MOTEHIMAT B3aWMOAECUCTBUS

IIPOTOHA C SPOM.
OO6paTtHoe mpeobpa3oBaHue OMpeAeseT SUKOHAT Yepe3 MapameTpsl mome-
poHa:
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2(s,0) = % j dtF (s,t)JO(bJ—_t ) (5)

Tpaekropust nmomtoca Pemke ompenenser aCUMITOTHYECKOE ITOBEICHUE
aMIUIUTYIbI, Koraa cos(f) —co. OTcroma cieayer, 4yTo Impu s —oo,t <0 am-
IUTUTY/AQ paccestHusl BeleT cedsl Kak

S a;(t)
FED X —| 7@, (6)
i \So
rze ai(t) onpexnenser NonoxeHue NoaocoB Pemke, COOTBETCTBYIONUX CBS3aH-
HBIM COCTOSIHMSIM M PE30HAHCaM, a So —HEKOTOPBIM MapaMeTp, UMEIOIINN pa3-
MEpPHOCTb KBaJlpaTa MaccChl.

[IpakTnueckas monb3a pemKe-3MKOHAIBHOTO MOJIXO0/a 3aKJIFOUYE€HAa B BO3-
MOKHOCTH yYMEHbBILIEHUsSI (YHKIMOHATIBHOTO MPOU3BOJIA IIyTEM CBEICHHS He-
M3BECTHOU (PYHKIIMM JABYX MEPEMEHHBIX F(S,t) K HECKOJIBKUM (YHKIHSAM OJ-
HOU IIEpEMEHHOM, KaKOBBIMU SIBJIAIOTCS TpaeKTopuu Pemke u penkeBcKue BbI-
YETHI.

B Teopun moTeHUMAIBHOrO paccesHUsl HAKJIOH Tpaektopuu Pemke a(t)
CBsI3aH C KBaJpaToM 3(p(EeKTUBHOIO paanyca B3aUMOAECHCTBUS, MOPOXKIAI0-
1IEr0 9Ty TPAeKTOPHIO, TIPUOIIKEHHBIM COOTHOMIEHHEM R’ oc a(t)(2a(t)+l).
CraencTBueM 3TOrO BBIPKEHHS SIBIIsICTCS (pyHIAMEHTanbHAs HEIWHEHHOCTD
TpaekTopuili Pemxke, XoTs camo mo ceGe 3TO COOTHOIIEHUE HE HAKJIaIbIBACT
HUKaKUX OTpaHUYEHUI Ha (QYHKIMOHAIBbHYIO (opMy TpaekTopuil Pemxe mpu
JOCTAaTOYHO MaJIbIX t.

Sanumem npu Manbix t, a(t) = 1+ &t , rorma

o =3 F(0) g@(0-1 (7)

[Ipu moctaTouHO MasnbIX 3HAYEHUSAX . HUKaKHe OrpaHUYEHUS HE HAKJIaJbl-
BalOTCS Ha (YHKIMOHANBbHYIO (hopmy Tpaektopuii Pemxe. EamHcTBeHHBIMU
TBEP/O YCTAHOBJICHHBIMU OTPAaHUYCHUSAMU Ha (PyHKIMOHANBbHYIO QOopMy Tpa-
exTopuii Pemke B 001acTi OTpHULIATEIbHBIX 3HAUEHUH apryMeHTa SIBISIOTCS UX
BEILLIECTBEHHOCTh Y PEHOMHHHPOBAHHOCTb.

JuddepeHnmranbabie ceUeHUs] OMHAPHBIX IMPOIIECCOB COTIACHO (GopMmyrie
(7), cocpenoTo4YeHbI B Y3KOU 00JIaCTH MEepelaHHbIX UMITYJILCOB |t|, MIupUHA KO-
TOPOH JIOTapU(PMUICCKU YOBIBACT C POCTOM dHEPTHH [4]. DTO SIBICHHUE B YIIPY-
TUX Mpoleccax OOBIYHO HA3BIBAIOT COKpAIlEHHEM NU(PAKIMOHHOTO KOHYCA.
CoxkpamieHne KOHyca YIJIOBOTO paclpelesieHus] HaOII0anoch KCIIEPHUMEH-
TaJIbHO BO BCEX OMHAPHBIX PEAKITHIX.

Jlns Gonpuioro yMcna ynpyrux npoueccoB Kak | Juist ynpyroro pN pac-
CEesTHUS ¢ MaJIOi, HO Hewrcue3awllel nepeaaueit UMITylIbca, 3aBUCUMOCTh U ]-
(bepeHanTbHOTO ceueHust OT t omuchIBaeTcst GopMyIIoi
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dt dt
[Ipu maneix t ¢opmyna (7) coBnagaet ¢ hopmynoi (8). Pazmuume cocrout
B TOM, uTO Teopusi Pemke mpeackaspiBaeT JorapupMUUECKUil pOCT KOHCTAHThI
a Tpyu YBCJIMYCHUH DHEPIHUHU.
B Teopun moTeHUMANBbHOTO paccesiHUs HAKJIOH TpaekTopuu ai(t) cBsi3aH
KkBazpaToM 3(G(EKTUBHOIO paauyca B3aUMOJEHCTBUS, MOPOKAAIOIIETO 3Ty
TPAaeKTOPHIO NPUOIHKEHHBIM COOTHOLIEHHeM R*~a(t)(2a(t)+1) [5]. Tloatomy

do _(d_ff) explat + 12 ). ®)

npu t—-c0  TpaekTopust a(t)=CONSt meHCTBUTEIBHO COOTBETCTBYET MaJIbIM

paccTosiHueM U Tpeeny CBOOOJHBIX IMOJIEH MPU aCUMMTOTHYECKH OOJBIINX
3HAQUEHMSIX MEPEJaHHOTO UMITYJIbCA.

3. 3akr0ueHne

Takum 00pa3oM, METOA pAacUIMPEHHON YHUTAPHOCTH JAaeT MPOCTYH BO3-
MO>KHOCTb Y4Y€Ta aHAJIUTUUECKUX CBOMCTB aMILIUTYAbI PACCEIHUS B IIJIOCKOCTU
YIJI0BOIO MOMEHTa HpsIMOrO KaHana. I'71aBHOe mpenMyinecTtBo Teopuu Pen-
&Ke — pe3K0oe YMEHbBILIEHHE YUCIIa CTeTeHel CBOOO b, HEOOXOAUMBIX IS pac-
CMOTpPEHMS TPOLECCa KBAHTOBOMEXAaHMYECKOIO paccesHus. Mozeib MoJII0COB
Pemxe normyckaer onpeaeneHHbI TPOU3BOI B BEIOOpE BAKYyMHOW CHHTYIISIP-
HOCTU M TeM Oojiee B BbIOOpe (OPMBI TPACKTOPUM U BbIYETA. DKCIEPUMEH-
TaJbHbIC TAHHBIE YKa3bIBAIOT HA YMEPEHHBIM POCT CeYeHU ¢ sHepruei. IIpo-
M3BOJI MOKET OBITh YCTPAHEH C y4eTOM ! — KaHaJIbHOM YHHUTapHOCTHU U C yde-
TOM CIIHHOBBIX 3(h(heKTOB.

JloKaJIbHBIN NOTEHIMA UTPAET CYHIECTBEHHYIO POJIb IIPU MAJIOW Iepeaaye
uMIyabca. UieH aMIUIMTYZbl paccesHUs HMMEET IoJloca IIpH yriax pacces-

2
HUs cos @ = ill+(,u/ 2k) J, rJe —/ Macca IPOTOHA, a K — UMITYJIbC ]ipa B
CUCTeMe LIeHTpa Macc. Toraa paccessHue B OKPECTHOCTH TOJIIOCOB OIpeiesieT-

csl paccesHHEM B Ioirocax. Pasmep oOiacTé B3aMMOAEHCTBUSI OLIEHHBACTCS
Kak i/ uc. CnenoBaTenbHO, HAMOONBIINK pannuyc NEHCTBHS CHUJI MOJTydYaeTcs

IIpH yIiax paccesHust cosf = J_rll + (,u/ 2k)ZJ. Toraa paccesHue B OKPECTHOCTH
MIOJIIOCOB ONPEACISIeTCS paccesHueM B Moiocax. Bee (aspl CTaHOBATCS KOM-
IUIEKCHBIMU U siiepHast aMIuintyaa PN- paccestHus Brepel MOUYTH MOJHOCThIO
MHHUMa. DTO MOXHO BHIETH T10 ITOJTHOMY OTCYTCTBHUIO KYJIOHOBCKOH HHTEep(e-
pennuu, otkyaa cienyet, uto Re F(0) <<ImF(0). Kpome Toro, ceuenue pac-
CeSTHUS JIUIIb He3HAYUTEIIBHO TPEBBIIIAET BEJIMUMNHY KBaJIpaTa MHUMON 4acTH.
Ota pa3HuIla HEe MOKET ObITh NpunucaHa JencTBuTenbHOM yactu F(0).

JIOCTOMHCTBOM Pa3BHBAEMOTO 3/€Ch MOJIXOA SIBISETCS TO, YTO OH TIO3BOJIS-
€T eIMHbIM 00pa30M MCCIeI0BaTh MPOLECCHl paccesHus (YacTUlla Ha YacTHUle,
YJacTUIla Ha S/Ipe) Ha Majible M OOJIBIIME YIIIbI, UMEIOMNEe AU(PAKIUOHHBIN
Xapakrep.
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YUKSOK ENERJILORDO pN-ELASTIKi SOPILMOSINDO
RECCE-EYKONAL METODU

S.Q.9BDULVAHABOVA, T.0.BAYRAMOVA
XULASO

Isdo yiiksok enerjilorda va étiiriilon impulsun bdyiik giymetlorinds protonun niivalorden
sapilmasini enerjidon asili olan kvazipotensialda todqiq edilmigdir. Sopilma Reccenin vakuum
qiitblari metodu ils aparilmisdir. Tadqiqatda bucaqdan asili olan elastiki sapilms amplitudunun
analitik xassosi vo unitarliq sorti nazors alinaraq analitiklik oblastinin geniglonmasindan
istifado edilmisdir. Yiiksok enerjilordo effektiv kosik enerjidon eksponensial asili olur. Kulon

interferensiyasinin nozoro alinmamasindan Re F(0) <<ImF(0) alinir. Bundan basqa, ef-
fektiv kosiyin qiymoti amplitudun xoyali hissesinin kvadratindan ¢ox az boyiikdiir. Bu forq
F(0) amplitudunun hagiqi hissasinin hesabina ola bilmoz. Galocokds bu istigamotda aparilan
todqiqatlar da miizakiro edlir.

Acar sozlar: eykonal, Recce qiitbii, eclastiki toqqusma, kosik, unitarliq, analitiklik,
difraksiya

REGGE- EIKONAL METHOD FOR HIGH - ENERGY pp- ELASTIC SCATTERING
S.Q.ABDULVAHABOVA, T.O.BAYRAMOVA
SUMMARY

This article is devoted to the consideration of elastic scattering of protons on nuclei at
high energies at large transmitted pulses using a quasi-potential that depends on the energy.
This scattering is described using a single object-the vacuum Regge pole. The paper uses the
analytical property of the amplitude of elastic processes as a function of angular variables and
the possibility of expanding the corresponding areas of analyticity when taking into account the
condition of unitarity. It is shown that at high energies, the cross-section retains an exponential
dependence on the transmitted pulse. Due to the absence of Coulomb interference, it follows
that Re F(0) << ImF(0). In addition, the scattering cross-section is only slightly larger than

the square of the imaginary part F(0Q). This difference cannot be attributed to the actual part.
Possible further development of theoretical research is discussed.

Key words: Eikonal, Regge pole, eclastic scattering, section, unitarity, analyticity,
diffraction.
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SFERIK KVANT NOQTOSINDO
OPTIK KECIDLOR VO LAZER EFFEKTI

T.H.iSMAYILOV, A.F. ASLANLI
Baki Doviat Universiteti
ms.fq@bk.ru, tariyel.i@gmail.com

Bu isdo parabolik dispersiya qanunlu yarimkecirici asasl kvant néqtasinda effektiv
kiitlo yaxinlasmasinda elektronlarin (desiklorin) enerji spektri tapimus, zonadaxili va zona-
lararasi kegid ehtimallart hesablanmus, lazer effekti arasdiriimisdir.

Acar sozlar: kvant ndqtoe, kvant dl¢ti, enerji diskretliyi, lazer

Hazirda kristal nanostrukturlarin elektron xassoalorinin todqiqi genis viisot
almisdir. Bu, ¢coxsayl totbiq imkanlarina bagl olmagla yanasi, eyni zamanda
fundamental todqiqatlar noqteyi-nozorindon boyiik ohomiyyot kosb edir. Belo
strukturlara misal kvant noqtoloridir. Son on il arzindo kvant néqto osash la-
zerlors digqqot xeyli artmisdir. Bunun sabobi onlardak: yilikdasiyicilarin horoko-
tinin ii¢ istigamotdo mohdudlagmasinin naticosindo enerji spektrinin tam dis-
kretliyi ilo baglidir. Enerjinin diskretliyi hal sixliginin da diskretliyino gotirir.
Kvant ndqto osasli lazerlorin osas {istunliiklori onlarin astana enerjisinin kigik
olmasi [1, 2], temperatur hossasliginin ciizi olmasi [3, 4], genis spektral modul-
yasiya zolagina malik olmasi vo hocmlorinin ki¢ik olmasidir. Son zamanlar
belo lazerlor spektroskopiyada, telerabitods, optik koherent tomoqrafiyada,
tibdo lazer bigaglar1 kimi istifado olunur.

Forz edok ki, elektron ry radiuslu kvant quyusunun daxilindo sorbost

horakot edir, xaricindo iso potensial enerji Kulon ganununa tabedir:
_VO ) T < T‘O )

V) = {__ - M
Burada ¢ -kvant noqtosinin yerlosdiyi miihitin dielektrik niifuzlugu, e-elektro-
nun yiikii, Vo —quyunun darinliyidir.
Quyu daxilindo elektronun (desiyin) dalga funksiyasimnin radial hissosi
kosr indeksli ], 1(p) Bessel funksiyast il ifads olunur. Quyunun xaricinds iso
2
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radial hisso iimumilogmis Lager polinomlar1 vasitosilo (L) ifado oluna bilor.
Izolo olunmus kvant noqtesi halinda Kulon sahasinin uzaq tosirli olmasi iiziin-
don elektronlarin enerji spektri dalga funksiyasinin quyu xaricindoki davranisi
ilo toyin olunur vo hidrogen atomunun miivafiq effektiv kiitloli vo dielektrik

niifuzluqlu spektrino bonzordir:
me*
E,=— preweyerl i =1,2,3... (2)
Elektronlarin enerji soviyyalori malum oldugu ii¢iin quyunun sorhadinds dalga
funksiyasinin 6ziiniin vo téromosinin

ORxqr, (1) ORdqx, (1)
Ryari(r =19) = Rgaxi(r =10) , % |r=r0 = % |r=r0 (3)

kasilmazliyi sortlorindon quyunun 6l¢iilorine mohdudiyyot yaranir.
Vo = 0.1eV,m = 0.067 - 9.1 - 107%8q, & = 12 olsa, n=1, 1=0 hali ii¢iin kvant
quyusunun agagidaki miimkiin ol¢iilor toplusunu almis olariq:

15=0.205 ag, 15=1.269 ag 1,=2.168 ag, ry=2.972 ap, ro=3.515a9;  (4)

I=0 vo n;=2 olsa,
15=0.205 ag, 15=1.299 ay, 1,=2.780 ag, 1,=3.645 ay, r,=4.478 ag , (5)

burada a9=9.067-10"sm
Eyni ilo n>2 - lor {i¢iin do uygun ifadslori almaq olar.

Ferminin qizil qaydasinin komoyi ilo miixtolif hallar arasindaki optik ke-
cidlor hesablanmigdir:

W(w) = =53 p[(flepli)|® 8(sp — & — hw) (6)

Burada (f'|e,.p|i) matris elementldlr, i, f, uygun olaraq, baslangic vo son hal-

lar1 igars edir, €;, & baslangic va son hallarin enerjisi, w, e, diison igigin tezliyi
vo polyarizasiyasi, p elektronun impuls operatorudur vo

(flepli) = [¥ ep¥aV, (7)

E,,—E . e e ge
W, = % En n-ci halin enerjisidir. (8)

211' 2n'he

Hesablamalar gostorir ki, baxilan miihito yerlosdirilmis atom tigiin bu ke-
¢idlorin ehtimali P~ 2-10™ — a borabordir.Yarimkegirici kvant noqtalorindo
belo kegidlarin ehtimali ¢ox-¢ox boyiik alinir. Masalan, n=2, 1=1(r,=0.205 ay)
halindan n=1, 1=0 (1,=0.167 ao) halina kegcidin ehtimali P=1.9 -10™- o
barabardir.
n=2, I=1(r,=1.269 ap) halindan n=1, I=0 (r,=1.531 ap) halina kegid ehtimali
P=7.6-10" - dur.
n=2, I=1(r,=3.514 ap) halindan n=1, I=0 (r,=4.062 ap) halina ke¢id ehtimali
P=2.3.10%-yo borabordir .
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Oks kecidlorin ehtimali xeyli ki¢ik alinir. Bu, kvant néqtalorinds inversiya hali-
nin yaradilmasini miimkiin edir. Bu da, 6z ndvbesinds, miixtalif yarimkegirici
osasli kvant noqgtolorindo miixtalif tezlik intervallarinda isloyon lazerlorin yara-
dilmasini tomin edir.
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OIITUYECKHUE MEPEXO/Ibl B COEPUYECKON KBAHTOBOM TOUKE.
JIABEPHBIA DO®EKT

T.IT.MCMANJIOB, A.®.ACJIAHJIBI
PE3IOME
PaccmoTpeHa 3aiada 00 ONTHYECKNX IEPeXo/aXx B KBAHTOBOW TOYKE OCHOBE ITOJYIIPO-
BOJIHUKOB B CPaBHEHUU C II€PEXOJAMH B aTOMHBIX ClIeKTpax. [IokazaHO, YTOBKBAHTOBOM TOUKE
Ha OCHOBE IOJIYIPOBOJIHMKA BEPOSTHOCTh TAKMX IEPEXOI0BHA HECKOJIBKO MOPSIKOB OOJIBIIE,

4eM 3TO B aToMax. PaccMoTpeH naszepHbiid 2 heKT.

KutioueBble cj10Ba: KBAHTOBAsi TOUKA, pa3MepHOe-KBaHTOBaHHE, TUCKPETHOCTh
9HEpTHUH, Ja3ep.

OPTICAL TRANSITIONS IN A SPHERICAL QUANTUM POINT. LASER EFFECT
T.H.ISMAYILOV, A.F.ASLANLI
SUMMARY
The problem of optical transitions in a quantum dot based on semiconductors is con-
sidered in comparison with transitions in atomic spectra. It is shown that in a semiconductor-
based quantum dot the probability of such transitions is several orders of magnitude higher

than in atoms. The laser effect is considered.

Keywords: quantum dot, size quantization, energy discreteness, laser.
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LASER PULSE MANIPULATION IN OPTICAL FIBER
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An analysis is made of the influence of the inhomogeneity of the refractive index in an
optical fiber on the generation of the second harmonic in the constant intensity approximation.
The influence of the regular inhomogeneity of the medium on the character of the nonlinear
process is revealed at different values of the pump intensity and losses in the medium. It is con-
sidered how the inhomogeneity of the medium affects the duration of the harmonic pulse in the
case of a Gaussian pulse of pump wave. The possibility of controlling the duration of the out-
put pulse of the harmonic in a regular inhomogeneous medium is shown. The results obtained
are compared with the results in the constant field approximation and numerical calculation,
as well as with the case of a homogeneous nonlinear medium.

Keywords: regular refractive index inhomogeneity, optical fiber, pulse duration, con-
stant intensity approximation.
Pacs: 42.62-b, 42.65-Ky, 42.70 Hj, 42.81-1

1. Introduction

In laser physics, the analysis of the interaction of optical waves in spa-
tially inhomogeneous nonlinear media does not lose its relevance. This is due
to the fact that the main element in frequency converters is nonlinear crystals,
which are subject to high requirements for the homogeneity of the nonlinear
material. This technological problem seriously limits the efficiency of the fre-
quency converter. When growing and processing nonlinear materials, optical
inhomogeneity occurs due to inhomogeneous composition, the presence of im-
purities, defects, etc. This results in an inconsistent refractive index along the
entire length of the material. In the case of optical fiber, the sample is fabricat-
ed with a refractive index gradient where the core size and refractive index pro-
file must be kept strictly constant. Note that dispersion in an optical fiber plays
the main role in the propagation of short laser pulses.

A distinction is made between static inhomogeneity, when either the di-
rection of the optical axis changes randomly, and regular inhomogeneity, when
the change in the refractive index can be described analytically [1-2]. Both
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types of inhomogeneity can be inherent in the nonlinear medium itself or arise
as a result of parametric interaction under the action of laser radiation on a pa-
rameter of the medium. The degree of inhomogeneity directly affects the effi-
ciency of the transducers as well as the parametric gain threshold.

Scientific research of the world's leading laboratories over the past dec-
ades has confirmed the promising nature of using optical fiber for information
transmission. In particular, optical solitons are used for this purpose, i.e. laser
pulses propagating practically without changing the pulse shape due to com-
pensation arising from two opposite effects: dispersive broadening and narrow-
ing of the spectrum of laser radiation during propagation in a nonlinear medi-
um. In addition, using solitons, it is possible to control the parameters of
ultrashort optical pulses [3-4].

In an optical fiber, in contrast to a bulk medium, the transverse dimen-
sion of the laser radiation is retained along the entire propagation length along
the optical fiber. Therefore, due to minimal losses and high field concentration,
a significant increase in conversion efficiency is observed. These two facts also
lead to large values of the interaction length. Therefore, fiber-optic sensors,
devoid of the disadvantages of traditional electrical sensors, are quite success-
fully used to monitor oil wells [5-6].

In optical fibers, the squeezed states of light, the harmonic generation,
and the propagation of optical solitons were studied in the approximation of
undepleted pumping, i.e. in the constant field approximation (CFA) or numeri-
cally [3-4]. However, an analytical approach to solving coupled wave equa-
tions is preferable, since it is possible to understand the qualitative picture of
the nonlinear interaction of waves. Analysis of nonlinear processes shows that
phase relations between interacting waves play an essential role [7-10], which
is not taken into account in the CFA. In this work, we used the constant intensi-
ty approximation (CIA) [11], which takes into account the depletion of the
pump wave and changes in the phases of all interacting waves. In this approx-
imation, we have already analyzed nonlinear processes at SHG and CARS in
an optical fiber, the effects of the self — phase and cross — phase modulations
[12-13].

In the present work, a non-stationary SHG in a spatially inhomogeneous
optical fiber is investigated in CIA. The influence of the regular inhomogeneity
of the medium on the character of the nonlinear process is revealed at different
values of the pump intensity. It is considered how the inhomogeneity of the
medium affects the duration of the second harmonic pulse. A comparison is
made with the case of a homogeneous nonlinear medium.

2. Theory
Let us consider a non-stationary SHG process in an optical fiber with an
optical inhomogeneity. The study will be carried out in the first approximation
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of the theory of dispersion, i.e. disregarding the effect of dispersive spreading
of pulses as the waves propagate. In this case, the truncated equations describ-
ing the generation of the second harmonic with account for losses have the
form [3, 12]:

oA, 1 0A . o . .
a—Z‘+u—a—t‘+ SA = —iy(A +2A[ A I8 A A, explidgz +ip(2)],
1
: (1
o 10 . . . .
a—A;+u—a—A;2+ 0,A, = —|;/(|A2|2 + 2|A1|2)A2 — i, A} exp[-iAyz —iw(2)].
2

Here A, are the complex amplitudes of the pump wave (@) and second har-
monic (@, =2, ),u,, are the group velocities of the corresponding waves,

8., are the linear losses of the interacting waves, ? is an average value of

nonlinear coupling coefficient of the interacting waves where the contribution
is imported by the self — phase and cross — phase modulation processes,

* 2
Bi=Vsu /2 Br=Vsn» Veu =30 0y fnzlm‘Ep‘ |ESH

lectric constant of vacuum, ¢, is a constant, depending on the microscopic

£, 1s a die-

b

process, f,;, is an integral of the overlapping, defining through mode distribu-
tion for optical fields and average on transverse coordinates X and y [14],

E, is a field of pumping at frequency @, , Eg, is a field of a weak seed se-

cond harmonic at frequency 2w,. A, =k, —2k; —A(z),, where A, and A(2)
denote the constant and variable parts of the wave parts of the phase detuning

between the interacting waves, respectively, and w(z) = ?A(z')dz'. For further
0

simplification the above overlap integrals fy = f;;, =1/ Ay (i, j,k=1,2,3) (
A 1s the effective area of a fiber core) are taken identical, that is valid for single-

mode waveguides [3].
In the case when only a pump wave is present at the input to the left of
the fiber, the boundary conditions are written in the form

A(z=0)= A1), A(z=0)=0 (2

The analysis is carried out in a quasistatic approximation U, =U, =U. In

this case, in (1), it is expedient to pass from variables z and t to new variables
z and 7=t —z/u. Then, rewriting (1) for new variables, we obtain
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D S = -1 A A explid 2 +ip ()]

aaAz ()
+ 05 A, =—iB, A exp[—iA,z —iw(2)],
where
, - 2 2 , - 2 2
51:§1+|7(|A1| +2|A2| ) 52:§2+|7(|A2| +2|A1| )
From (3) for A,(z), one can obtain the following second-order differen-
tial equation

2
ddz/;z +[5;+ 25/ +i, +|A(z) +[2r2 12818, +i8A, +iSA@)A, =0, (4)

|75H |

where I'? = |ﬂ| |ﬁ2|l (z,n)= I, (z,m), 1, =A-A". Here 1,(z,n) is a

function of two variables. This makes it difficult to obtain a rigorous analytical
solution for A,(Z). Assuming that 1,(Z,77) is only a function of one variable 7

,ie. 1,(z,n)=1,(n), equation (4) can be solved. This approach is consistent
with CIA, since no restrictions are imposed on the change in the pump wave
phase.

After replacing A, =V exp[—1y(z)] from (4) we obtain a differential
equation for V(2):

dav dA(z)

+[§’ +257 +iA, |A(z)]+[2l"2 +28/8, + AgA(2) +i85A, —120/A(2) i
(5)

In this case, the boundary conditions (2) for V(z) are written in the form
V(z=0)=0, —(z =0) = —i3, A’ (). Further consideration will be car-

ried out for a regular linearly inhomogeneous medium, i.e. A(z)~-z. Let's de-
fine A(z) =« -z, where & is a constant value. As a result, from (5) we obtain
(49=0)

dzv

+[5 + 251’—i0(z](?j—\2/+ [2F2 +20/08; — ia—izaé'l’z]\/ =0 (6)

To solve the resulting second-order differential equation we make the

change V(2) = f(£)-exp(=28,2), where & =+Ja(z+i-2 % ~25 1) For the func-
tion f (&), we obtain the Weber equation [15]:

d?f df

——¢—-1If = (7)

dz2 " dé

75



2
where | =(14+12—). The solution to this equation is:
(04

B I 1+2) .4 I+1 .5 (+D(A+3) .5
f(é)_cl[l-i_?!é: +T§ J+c,[&+ 3 &+ | ¢l (8)
Hence, the complex amplitude of the harmonic has the form
A (2) =V -exp(-iy(2)) = T(&)-exp|-28z—iw(z)]. After substituting the val-

ues of the variables taking into account the boundary conditions in the final
version for the complex amplitude of the second harmonic, as a function Z, we

obtain:
2 2 2
A0 =-ify -2 1 -T2 AAZTCEI0 gl otz iya).

As a result, the relative 1nten51ty of conversion to the second harmonic in a
regular inhomogeneous medium is

L(2)/ 1o =(Ba]2)* 1o (m) [1—1a22+1(20(224—1“424)]2+[1—1azz]21"4z4 -exp(—45z)-(9)
2 10 2 10 3 30 3 10 1

In the absence of non-linear medium inhomogeneity, i.e. A(z)=0
(a=0), for a homogeneous medium we obtain

4
15%(2) = ‘ |2 (m)2? exp(—4§z){]+(rz) (I;Z()) 1. In the CFA, when S =0

2
(I'=0) and 6,=0, from (9) we obtain |§FA(Z) = ‘ﬁz‘ |120 (77)22 , and in the sta-

tionary case |, CFA(2) = ‘ﬂz‘ 15, 2% [16].

Let us analyze expression (9), obtained in the CIA, for the cases of a
weak and strong inhomogeneous medium with a pulsed character of the pump
wave. Let us assume that the pump wave at the left entrance to the optical fiber

has the form of a Gaussian beam A, (77) = A exp(—17° /27}). In this case, the

relation for Iz in CIA has the form
rz= I8 B0z =B |B:]le - zexp(-17 1223) = T(0)z, where T(0)=[8] B/l .
I10 = AIO'AI*O'

In the case of a weak inhomogeneous medium |0:|z2 <1 and small inter-
action lengths I'z <1, from (9) we obtain

L@ =B |1emef -(1 L ) exp(-25,2). (10)

hence for CFA 1,(2)/1,, = ﬂﬁz ‘Ilo(n)z]z. Taking into account the pulsed na-

ture of pumping, we rewrite (10) in the form
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1,(2)/1,, = exp[(_ﬂz /712).(1_%1“‘(0)24 J:| It can be seen that an increase in
5

the input pulse duration is determined by the following relation

4
Tyinnom = 71 /Jl—Er(O)“z4 . In the CFA, this effect of changing the pulse

duration is not detected 7,;,, =7, since I'=0.

In a strong inhomogeneous medium |0(|Z2 >1 and small interaction

lengths T'z <1, from (9) we obtain
- 2121022 + o2t — 2 1oP 26 — a2t ) exp(e 11
I,(2) uﬂz‘lm(n)z] (1 3\042 +45\a\ z 45\04 z 45\042 rz )exp( 26,z) (11)

Hence, in the CFA, we obtain

1,(z) = uﬁz‘ho(’?)z]z -(1—?0:22 +%a2z4 _4250(326) In a homogeneous medi-

um |,(z) = uﬁz‘lm(n)z]z -exp(—26,2).

From (11), to analyze the duration of the second harmonic pulse, we ob-
tain 1,(2)/1,, zexp[(—nz/rﬁ)-(1—%|a|z2r(0)4z4)]. Whence the duration

of the output pulse of harmonic radiation in a strong inhomogeneous medium is

2
equal to Ty pom =71/ \/I_EM I'(0)*z*, and in a homogeneous medium

Trrom = 71 - This effect is absent in the CFA (I'=0).

Let us estimate the change in the pulse duration for different inhomoge-
neous media. Suppose I'(0)z =0.9 then in a weak inhomogeneous medium,

assuming |0{|Z2 =0.3, Tyippom = 1.0305-7,. In a strong inhomogeneous medi-

um, O:IZ2 =3, letus get 7, ., =1.1644-7,. As expected, with an increase in

the degree of inhomogeneity of the optical system, the Q-factor of the system,
by analogy with the Q-factor of an optical resonator, decreases, which leads to
broadening of the second harmonic pulse excited in the given system.

In the case of neglecting the effects of self — phase and cross — phase
modulations and losses (9, =26, =0), Eq. (6) is investigated in [17].

3.Results and Discussion
Let us carry out a numerical analysis of Eq. (9) obtained in the CIA. In
Fig. 1 shows the time dependences of the relative intensity of the second har-
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monic |, /1, for different values of the problem parameters. With an increase

in the degree of inhomogeneity of the nonlinear medium (curves 3, 2, and 1),
the efficiency of conversion of the pump wave energy into a harmonic wave

decreases. At large values of oz’ a flattening of the curve is observed, i.e. sat-
uration takes place (curve 1). Along with this process, the ratio also decreases
due to a change in the pump wave phase, which is taken into account in the
CIA. The calculation of the dependence in the CFA (curve 5) is also given
here. Comparison of curves 4 and 5, calculated with the same parameters of the
problem, shows a lower efficiency of the process in the CIA than in the CFA.

This is explained by the nonzero parameter [, in the CIA, which takes into

account the reverse action of the excited wave on the pump wave. Indeed, in
contrast to the CFA, where the pump wave amplitude is unchanged, the CIA
takes into account the change in the pump wave, which leads to a decrease
I,/1,, InFig. 2 shows how an increase in the pump intensity (curves 1 and 2)

and a decrease in losses (curves 2 and 3) lead to an increase in the conversion
efficiency.

As the degree of inhomogeneity of the medium increases, as expected,
the pulse duration increases. Figure 3 shows how the pulse duration changes
depending on the parameters of the problem, according to the analysis of equa-
tions (10) and (11). Indeed, according to the results obtained in CIA in the case
of a strong inhomogeneity, the degree of regular inhomogeneity through an ex-
ponential dependence affects the pulse duration, increasing it (compare the sol-
id and marked curves). Through the parameter I", the change in the pump in-
tensity directly affects the duration of the second harmonic output pulse. This
result cannot be obtained in the CFA, since in this approximation there is no
exponential dependence, due to the condition I'=0 (dashed curve).

As a result of the nonlinear interaction of optical waves, simultaneously
with the saturation process, the broadening of the second harmonic pulse oc-
curs in a regular inhomogeneous medium as compared with the case of a ho-
mogeneous medium. This makes it possible to manipulate the duration of the
output harmonic pulse in a regular inhomogeneous medium by changing the
pump intensity at the input.

Thus, the possibility of controlling the parameter of the output pulse of
the harmonic by a nonlinear optical method is shown. In a regular inhomoge-
neous medium, by controlling the input pump intensity, one can manipulate the
parameter of the output harmonic radiation.
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Conclusion

Thus, in the constant intensity approximation, we have studied SHG in an
optical fiber with a linear regular inhomogeneity of the refractive index. An
analytical expression is obtained for the intensity of the second harmonic wave
taking into account the effects of self-phase and cross-phase modulations of
pump and harmonic waves. The analytical and numerical results are compared
with the results in the CFA. Two effects are found that cannot be obtained and
studied in the CFA: the broadening of the second harmonic pulse in a regular
inhomogeneous medium as compared to the case of a homogeneous medium
and the effect of saturation of the second harmonic intensity in the process of
frequency conversion. The possibility of manipulating the duration of the out-
put harmonic pulse in a regular inhomogeneous medium by changing the pump
intensity at the input is shown.

The case of a nonlinear regular inhomogeneity of the refractive index
will be the subject of the next article.

L/,
1+
_ - - T .- - < 5
- ~ ~
. = 0.8 T ~
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— ———
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Fig. 1. Time dependence of the relative intensity of the second harmonic |, / l,,at I'z=

0.98 for ;2 =0,2=0.3 (curves 1-3) and 0 (curves 4-5), @]z = 0 (curve 3), 0.5 (curve 2)

and 3.5 (curves 4-5). Calculations were carried out in the CIA (curves 1-4) and in the CFA
(dashed curve 5).
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Fig. 2. Dependence of the relative intensity of the second harmonic 1, /1, on time t/7; at

|0(|Z2 =4for 1Z =07 (curve 1), 0.98 (curves 2-3), 512 = 522 =0.1 (curves 1 and 3) and 0.2

(curve 2). Calculations were carried out in the CIA.
L/,
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Fig. 3. Dependence of the relative intensity of the second harmonic 1, /1, on time t/7; at

|0!|Z2 = 6 for the case of a strong inhomogeneity of the medium, I'Z= 0 (for the CFA), 0.9 (for

the CIA with a weak and strong inhomogeneous medium).
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OPTIK LIFLORDO LAZER iMPULSLARI iLO iDARO OLUNMA
R.C.QASIMOVA, Z.H.TAGIYEV, S.S.OMiROV

XULASO

Optik liflorde sindirma omsalinin geyri-bircinsliliyinin ikinci harmonikanin generasi-
yasina tosiri sabit intensivlik yaxinlasmasinda tohlil edilmisdir. Miihitin miintozom geyri-bir-
cinsliliyinin qeyri-xatti prosesin xarakterine tosiri giliclii dalga intensivliyinin vo miihitdoki itgi-
lorin miixtolif qiymotlorindo askar olunmusdur. Giiclii dalganin Qauss formali impulsu {igiin
miihitin geyri-bircinsliliyinin harmonik impulsun davametms miiddatinin tesirine baxilmisdir.
Miintazom qeyri-bircinsliliyo malik miihitin ¢ixisinda harmonik impulsun davametms miid-
datinin idars olunmasinin miimkiinliiyli gostorilmisdir. Alinmis naticalor sabit amplitud ya-
xinlagmasi vo daqiq hall ilo, hamginin bircins qeyri-xatti miihit ti¢iin alinmis naticalarle miiqga-
yisa edilmisdir.

Acar sozlor: sindirma omsalinin miintozom qeyri-bircinsliliyi, optik lif, impulsun da-
vametmo miiddati, sabit intensivlik yaxinlagmasi.
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MAHMUITYJIANUA JIASEPHBIM UMITYJIbCOM B OIITUYECKOM BOJIOKHE
P.Jx. KACYMOBA, 3.A.TATUEB, III.III.AMHUPOB
PE3IOME

IIpoBeneH aHamu3 BIMAHUSA HEOAHOPOIHOCTH MOKA3aTENs IPEIOMIIEHHUS B ONTOBOJIOKHE
Ha reHeparuio BI' B nmpuOmmkeHun 3alaHHONH MHTCHCUBHOCTU. BBIABICHO BIHSHHUE PETYISp-
HOW HEOJHOPOJHOCTH CPEJbl HA XapaKTep HEIMHEHHOI0 Mpoliecca NpU Pa3IudHbIX BEIMYNHAX
MHTEHCUBHOCTH HAKAauKW U MOTEpb B cpefe. PaccMOTpeHO Kak HEOOHOPOJHOCTH CPeAbl Jeii-
CTBYET Ha JUIMTEIBbHOCTh uMIyJsibca BI' mpu rayccoBoii hopme nmiyinbca BoJHbI Hakauku. [lo-
KaszaHa BO3MOXHOCTL YNPpaBJICHUA NJIUTCIbHOCTBIO BBIXOJHOI'O0 MMITYJIbCA TAPMOHUKH B PEry-
JIApHON HeoAHOpOoAHOM cpere. IIpoBeneHo cpaBHEHHE MOJYYEHHBIX PE3YJIbTAaTOB C pe3yibTa-
TaMH B HpI/I6J'II/I)KeHI/II/I 3aJaHHOTO MOJId U YHUCIICHHBIM CUCTOM, a TaKXKE CO ClIyda€M OAHOPO/I-
HOM HEJIMHENWHOM Cpepbl.

KaroueBble ciioBa: peryisipHasts HCOAHOPOAHOCTL ITOKA3aTelisA MNPCJIOMIICHUS, OITO-
BOJIOKHO, JJIMTCJIbHOCTb UMITYJIbCA, l'IpI/I6J'II/DKeHI/IC SaZ[aHHOﬁ HMHTCHCHUBHOCTH.
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HELIUM PLAZMASININ SORBOSTCATMA REJIMINDON
AMBIPOLYAR DIiFFUZiYA REJIMINO KECIiDIN IMPEDANSI
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Isda spektroskopiya itisulu ilo helium plazmasimin sarbastcatma rejimindan ambipolyar
diffuziya rejimina kegidinin impedansi tadgiq edilmisdir. Malum olmusdur ki, bosalma caro-
yanmin modullagma tezliyinin 10 kHs-dan boyiik qiymatinda impedansin ol¢iilmiis vo hesab-
lanmis spektrlorinin gedisi praktiki olaraq eyni xarakterlidir. CoYoyamin modullasmasinin
dorinlik amsali kifayat qodor kigik oldugda hom tacriibi, ham da nazari ayrilorda maksimum
miisahida olunur, yani impedansin modulu artir. Bosalma caroyamimin modullagma darinliyi
artdigda rezonans hadisasi giiclonir. Rezonansin bu qaydada dayismasinin sabablarindan biri
kimi carayanin modullagma darinliyinin artmas: ilo impedansin spektrinds Qeyri-xatti
effektlorin tasirinin artmasini géstarmok olar.

Acar sozlor: qaz bosalmasi plazmasi, sorbast¢atma rejimi, ambipolyar rejim, impedans
spektroskopiyasi, qodoqraf, elektronun yasama miiddati.

Miiasir dovdo plazmadan miixtolif saholordo genis istifado edilir. Bu
saholordon biri do tesirsiz qazlarin olave edilmasi ilo plazma dastalorinin
yaradilmasidir. Belo dostolorin komoyi ilo miixtolif metal sothlorinin islonmasi
prosesi hoyata kecirilir. Plazma dastosing tasirsiz qaz olavo etdikdo onun metal
sothlorino tosirinin effektivliyl yiiksolir. Bu mogsad {i¢iin helium tosirsiz
qazindan istifads etdikdo plazma dostosinin giicii vo intensivliyi bir qadar do
yiiksalir. Helium tasirsiz qaz bosalmasi plazmasinin spektroskopik vo dinamik
todgiqatlar1 bu sahado 6z tohvosini vers bilor [1]. Odur ki, plazma dostosindo
heliumun spektral xottlorinin intensivliyini artirmagq li¢iin plazmanin praktikada
miimkiin olan miixtalif mévcudluq hallarindan daha effektiv rejimin se¢ilmasi
vacib sortlordon biridir. Toqdim etdiyimiz bu is do homin problemo hosr
edilmisdir. Helium plazmasinin sorbastcatma rejimindon ambipolyar diffuziya
rejimino kecid soraitindo impedans spektroskopiya iisulu ilo helium plazmasi
Oyronilmis vo molum olmusdur ki, bosalma coroyaninin modullagsma dorinlik
omsali kifayot godor kicik olduqda, asagi tezliklor oblastinda eksperimental
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oyrilordo maksimum miisahido olunur vo noticodo, impedansin modulu artir.

Bosalma coroyaninin kicik qiymatlorinde, asagi tozyiqli tosirsiz qaz
bosalmasi plazmasinda yiiklii zorraciklorin yaranmasinin baslica mexanizmini
osas saviyyadon elektron zorbesi ilo atomlarin ionlagmasi prosesi oynayir.
Yiiklii zorraciklorin yox olmasinda iso onlarin plazmani hiidudlandiran gabin
divarlarina sorbast diismasi vo burada rekombinasiyasi asas rol oynayir. Yiikli
zarraciklorin bir godor yiiksok sixliglarinda bosalmada ambipolyar diffuziya
rejimi formalagir. Sorbast zarraciklorin radial istigamatdoki horokati yavasiyir,
bosalmada elektronlarin orta yasama miiddsti bdyiiylir yiiksolir. Bu iso
sorbastcatma rejimindon ambipolyar diffuziya rejimino kecido uygun golir vo
bosalmanin voltamper xarakteristikast (VAX) diison xarakterli olur. Bizim
fikrimizco, bosalmada VAX-in monfi (enmo) faktorunun yaranmasina sobaob,
plazma daxilindo miisbot foza yiiklorinin miqdarinin artmasi vo borunun
divarlarinda monfi yiiklorin y1gilmasidir. ©ks isarali yiiklorin ayrilmasi radial
elektrik sahasi yaradaraq, elektronlarin divar istiqgamatindoki horakatini longidir
vo plazmanin kegiriciliyini artirir. Ona goro do sorbost¢atma rejimindon
ambipolyar diffuziya rejimino kecidin dyronilmosi vo bu soraitdo plazmanin
dinamik xassalarinin tadqiqi boyiik maraq kasb edir [2-5].

Biz problemi hall etmak {igilin yiiklii zorraciklorin sorbostcatma rejimindon
ambipolyar diffuziya rejimino kegidi halinda bosalmanin miisbat siitununun
vahid uzunluguna diison kompleks dinamik miigavimati hesablayib vo alinan
qiymatlori kompleks dinamik miigavimatin tocriibi noticolorinin qiymatlori ilo
miiqayise etmisik. Bu miiqayiso zamani har iki naticolorin uygun golmasino
gora deyo bilorik ki, sorbastcatma rejimindon ambipolyar diffuziya rejimine
kecid tigiin toklif etdiyimiz izahat dogrudur.

Sorbastgatma rejimindon ambipolyar diffuziya rejimins kegide uygun olan
qaz bosalmasi plazmasinin parametrlorini elektronlarin balans tonliklor
sistemindan tapmagq olar:

G = Noan, 2, ()

J = gneeb,E. )

Burada ne, be — elektronlarin konsentrasiyast vo yuriikliyii, No — neytral
atomlarin konsentrasiyasi, a — birbasa ionlagsma reaksiyasinin siirotini
xarakterizo edon omsal, 7, — elektronlarin ambipolyar diffuziya yasama
middati, j — bosalma coroyanin sixligi, E — aksial elektrik sahosinin

intensivliyi, g — yiiklii zarraciklorin radial paylanmasini nazars alan faktordur.
Adoton bosalmada elektronun ambipolyar diffuziya rejimindo yasama
miiddatinin T, — sabit oldugu hesab edilir vo o, asagidaki ifads ils toyin olunur:

- 3)

Tqg — .
a U%Dg
kTe

e

2,405

Burada u =

%) ~ b; % ifadasi il toyin edilir. Bosalma corayaninin qiymati artdiqca, ke-

, D, — ambipolyar diffuziya omsali olub, D, = bi(

To

84



¢id oblastinda radial elektrik sahosi, elektronlarin yasama miiddoati vo konsen-
trasiyasi artir, elektronlarin temperaturu yiiksolir, diffuziya omsali iso kigilir.
Ona gora do elektronun orta yagsama miiddotini:

= —o— 4
' 1+yknlee ( )
ifadosi ilo toyin etmok olar. Burada y = :/1 — elektrik sabitidir.

(1 — 2) tonliklor sistemindo (3) ifadosini nozors alsaq, dinamik volt-amper
xarakteristikanin asagidaki sokildoki ifadosini alariq:
1d7  1duU 1+ﬁuj—2

sa " uar — Noan ———. (5)

bg A
Burada f = 8= o
orta istilikotlirtilme omsalidir.
(5) diferensial tonliyini xgttilgsdirsak alariq:
i% —_ j_l - 1 du _ 6)
Jo dt A uo dt B’ (

A — elektronlarin sarbost qagis yolunun uzunlugu, & —

(6) ifadosindo:

1 _ poBUg 1 — Holi _ HoBUG (4 + Ui ) _ beg
A 2 B gl 7o 0™ pz¢

[saralomalorini nozars alsaq, onda bosalmanin harmonik hoyacanlanmasi halin-
da, miisbot siitunun vahid uzunluguna diison impedansi tigiin alariq:

z7=U-R4jx )
Burada
w? 1 ( 1 + 1 )
R= MR y - YAt Rt ®
2tz 2tz
uf ’UO ui ruo

Helium qazi bosalmasi iigiin impedans spektrinin hesablanmis naticolori
sokil 1-do gostarilmisdir. Burada impedansin ayrilarinds kiloherslorlo harmonik
hoyacanlanma tezliyinin qiymatlori verilmisdir. Sokildon goriiniir ki, asag tez-
liklor oblastinda impedansin haqiqi hissesi monfi qiymete malikdir, yani bo-
salma neqatron xassalidir.

Helium gazimin p = 1 Tor tozyiqinds bosalmanin olgiilmiis statik VAX-1
sokil 2-do gostorilmisdir. Sokildon goriindiiyii kimi, corayan artdiqca, bosalma-
da gorginlik diisgiisii azalir. Bosalma coroayaninin 30 mA-dan boylik qiymatlo-
rindo xarakteristikanin diismo siiroti yavasiyir. Bu natico ambipolyar sahonin
formalagmasini vo normal soyriyon bosalmaya kecidin bas verdiyini gostorir.

Impedans xarakteristikalarimi 6lgmok magsadi ilo statik VAX-da bosalma
coroyaninin J, = 20 mA giymatine uygun isci ndqto segmisik. Impedans spektri
[2]-da tosvir edilon qurguda Sl¢lilmiisdiir. Bu qurguda harmonik rogsler genera-
torundan elektrik dovrasine daxil olan modullagsmis signal boliisdiiriicii kon-
densatorlardan ke¢moklo, bosalma ddvrasinds yerlosdirilmis vo qiymati 50 Om

85



olan miiqavimato verilir. Bosalma coroyaninin modullagsma dorinliyi 5-10%
tortibindo gotiiriilmiis, modullasma tezliyinin yuxart hoddi 100 kHs olmus,
bosalma coroyaninin effektiv modullasmasi iso praktiki olarag, tezliyin 2-10% +
3-10* Hs qiymatlorindo miisahido edilmisdir. Helium qaz bosalmasi plazmasi
impedansinin tocriibi yolla Ol¢lilmiis giymotlori gorginliyin vo coroyanin
doyison toplananlarinin nisbatindon, onlar arasindaki fazalar forqini nozoro
almagqla, toyin etmisik.

ImZ/R, 4
I
08
06 [ 1,2:10*
04 104
. 1510
8-10 \
02 \2-10“
/ 3.10° \
0 02 04 06 08 1 ReZ/R,

Sok. 1. Helium qazi bosalmasi iiclin hesablanmig impedans oyrisi. ©yrinin Ustiindoki
tezliklor kHs-lo verilmisdir.

um 4
2000 |

1500 |-
1000 _¥
500

0 10 20 0 40 T(mA)

Sak. 2. Bosalmanin statik 'volt-amper xarakteristikasi. He, P =1 Tor.

Bosalmanin impedansinin tocriibi 6l¢iilmalorindon alinmis naticalori sokil
3-da tesvir olunmusdur. Miiayyan edilmisdir ki, modullagsma tezliyinin 10 xkHs
qiymotindon nisbaton boylik tezliklorde Olciilmiis vo hesablanmis impedans
spektrlori praktiki olaraq eyni xarakterlidir (sokil 1 vo 3). Bosalma coroyaninin
modullagsma dorinliyi kifayot qodor kicik olduqda, asagi tezliklor oblastinda
eksperimental ayrilords maksimum miisahids olunur vo noaticads, impedansin
modulu artir. Helium qaz bosalmasinda bosalma coroyaninin modullagsma do-
rinlik omsal1 artdiqda iso rezonans hadisasi daha da yiiksalir. Qaz bosalmasinda
rezonans hadisosinin bu ciir doyismasinin sobablorindon biri impedans spek-
trindo geyri-xatti effektlorin tosirinin artmasidir.

Impedans spektrlorinin hesablanmis naticolorini 8l¢iilmiis impedans oy-
rilori ilo (qodograflarla) miiqayise etdikds, onlarin keyfiyyatco bir-biri ilo
uygun goldiyini goriiriik.
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Dinamik miigavimatin tocriibi 6lgmalori codval 1-do verilmis bosalma so-
raitindo aparilmisdir. Tocriibo spektral tomiz helium gazi bosalmasinda aparil-
migdir. Bosalma borusunun daxili diametri d = 3 sm vo uzunlugu L = 60 sm
gotliriilmiisdiir. Slindrik boruda siini yolla kozardilon volfram katod, nikel anod
vo plazma parametrlorini 6lgmok ii¢lin zondlar yerlosdirilmisdir. Strat rogs-
lorini konarlagdirmaq moqsadilo bosalma coroyani vo gazin tozyiqi strat roqs-
larinin movcudluq sorhodindon konar oblastlarda se¢ilmisdir.

Im (kOm) 4
1 L

0,8

06 I 1,3-10*

04 .
. (1610
4107 O(\* /10° \ 2.110°

0 10 20 30 40 Re (kOm)

Sok. 3. Helium gaz1 bosalmasinda 6l¢iilmils impedans oyrisi. P = 1 Tor,
J, = 20. mA. Oyrinin istiindoki tezliklor kHs-Is verilmisdir.

Cadval 1
Birbasa ionlasma rejiminds helium qazi bosalmasinin sartlori
p, Jb’ ROs EO, j R nez}
Tor mA Om-sm B/sm A/s(;nz sm
! 20 3,6-107 2,5 704107 | 2,1-10°
N, n.0LiNo, N.0lmiNp, T -1 No, -
-3 -3 — -3 —1 a >’ -3
sm sm “san sm " san 1 sm
san
1,45-10° 3,73-10™ 6,46-10" 1,95:10° 1,85-10" -

Cadval 1-don goriindiiyii kimi, birbasa ionlasmalar (3,73-10"*) pillsli ion-
lasmalardan (6,46-10"%) toqribon iki tortib boyiikdiir. Pillali ionlasmalarin say
digor iki triplet metastabil kvant saviyyslorden ionlagsmalarin saymin 20%-ni
toskil edir. Bu rejimdo Olgiilmiis impedans oyrisi sokil 3-do gostorilmisdir.
Diagramda modullagsma tezliyinin qiymatlori Hs-lorls verilib. Sokildon goriin-
diiyli kimi oyri monfi qiymoatdon baslanir. Tezlik artdigca, impedansin aktiv vo
reaktiv toplananlari artir, homginin reaktiv toplanan biitiin tezlik qiymetlorinda
induktiv xarakter dasiyir. Impedansin reaktiv toplanani tezliyin 10* kHs qiy-
matinds ordinat oxunu kasir, yeniden artaraq maksimuma catir vo sonra azalir.
Nisboton boyiik tezliklordo impedansin reaktiv toplanani tezlik artdiqca, azalir
vo impedans ayrisi sabit bogalma carayanli miisbat siitunun miigavimatina ba-
rabar olan hoqiqi qiymatini alir.
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UMIIEJAHC NEPEXOJIA IIVIA3BMBI I'EJINSA U3 PEXKUMA
CBOBOJHOI'O IMAAEHHUSA B PEXKUM AMBUITIOJISAPHOU TN®DY3UN

T.X.I'YCEWMHOB, I I.TAPUEOB, BI.CA®APOB, 2.A.PACYJIOB

PE3IOME

B paboTre CHeKTpOCKONMYECKHM METOAOM HCCIEA0BAaH HMIIEJAHC Tepexoja IIa3Mbl
rejius U3 pexruMa cBOOOJHOTO MaJIeHusi B PeXKUM aMOuIossipHoit nuddysun. BeiseieHo, 4ro
HpU YacTOTe MOIYJISIMU pa3psaHoro Toka Beimie 10 k'l X0 M3MEPEHHOTO U BBIYHCICHHOTO
CIIEKTPOB HMMIIEJJaHCA MMEET INPAKTUYECKU OIAMHAKOBBIA Xapakrep. IIpm nmocTtaToyHO Masbix
3HaYEHHAX KOod(pHIMeHTa IITyOHHBI MOAYJISIIIMK TOKA, KaK Ha DKCIIEPUMEHTAJBbHOW, TaK U Ha
TEOpEeTHYecKOil KpuBOIl HaOMIOmaeTcs MaKCHMyM, T.e. MOAYTb HMIemaHca pacrteT. llpu
YBEIMYCHUH TIIyOMHBI MOAYJSIMK Pa3psiTHOTO TOKa PE30HAHC ycWiIMBaeTcs. B kadecTse
OJHOM U3 MNPUYMH TaKOrO0 M3MEHEHMs PE30HAHCAa MOXKHO YKa3aTh YCUJIEHUE BIIUSHUS
HEITMHEHHBIX 9 (PEKTOB B CIIEKTPE UMIIETAaHCa C POCTOM IIyOHHBI MOAYJISIIMN TOKA.

KaioueBble ci1oBa: miasMa ra3oBoro paspsiia, pekKHM CBOOOJHOTO MajeHHs, aMOWIO-
JISIPHBIN PEXKHUM, UMITEAAHC CIEKTPOCKOMHS, rojorpad, Bpemst )KU3HH JICKTPOHA.

TRANSITION IMPEDANCE OF HELIUM PLASMA FROM
THE FREE FALL REGIME TO THE AMBIPOLAR DIFFUSION REGIME

T.Kh.GUSEINOV, G.I.GARIBOYV, V.G.SAFAROV, E.A.RASULOV
SUMMARY

In this work, the transition impedance of helium plasma from the free fall regime to the
ambipolar diffusion regime was investigated by the spectroscopic method. It was found that at
a discharge current modulation frequency above 10 kHz, the behavior of the measured and
calculated impedance spectra is practically the same. At sufficiently small values of the current
modulation depth coefficient, a maximum is observed both on the experimental and theoretical
curves, that is, the impedance modulus increases. As the depth of modulation of the discharge
current increases, the resonance increases. As one of the reasons for such a change in the
resonance, one can indicate the enhancement of the influence of nonlinear effects in the
impedance spectrum with an increase in the depth of current modulation.

Keywords: gas discharge plasma, free fall regime, ambipolar regime, impedance
spectroscopy, hodograph, electron lifetime.
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ANTIHIPERTENZIiV DiPEPTIDIN
KONFORMASIYA VO ELEKTRON PARAMETRLORI
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Togdim olunmus isdo antihipertenziv Val-Trp dipeptidin kompiiter modellagdirilmasi
yering yetirilmigdir. Molekulun faza qurulusu nazari konformasiya analizi tisulu ilo tadqiq
olunmusg, elektron qurulusu Kvant-kimyavi hesablamalar asasinda arasdirilmisdir. Dipeptidin
optimal konformasiyalarimin handasi, enerji vo elektron parametrlori hesablanmisdir. Miioy-
Yon olunmugdur ki, bu ardicilligin foza qurulusu 2sas zoncirin agiq va biikiilii formasinda olan
konformasiyalar ilo tasvir oluna bilar. Bu molekulun iki xarakterik optimal konformasiyala-
rimin faza Vo elektron quruluslarinda oxsar va forqli xiisusiyyatlor miiayyanlosdirilmisdir.

Acgar sozlor: antihipertenziv dipeptid; foza qurulusu; konformasiya; elektron para-
metrlori

Giris

Son illords, bir sira xastaliklorin qarsisinin alinmasi vo miialicosinda
qida maddalarinin torkibina daxil olan bioloji aktiv peptidlorden genis istifado
olunur. Belo ki, torkibinds triptofan olan dipeptidlor hipertoniya, xroniki boy-
rok xostoliyi vo iirok ¢atismazligi kimi miixtolif xastoliklorin miialicesi ti¢lin
istifado olunur. Bu siradan bioloji aktiv olave olan Val-Trp (L-valyl-L-trypto-
phan) dipeptidi asason angiotenzin ¢evirici fermentin (ACF) inhibitoru kimi
taninir [1-2]. Organizmds bioloji aktiv molekullarin fizioloji tosirlori bilavasito
onlarin konformasiya vo elektron xassolori ilo baghdir. Togdim olunmus isds
geyd olunan dipeptidin konformasiya profillori vo elektron qurulusu todqiq
olunmusdur.

Hesablama iisullan

Val-Trp dipeptidin foza qurulusu mexaniki model ¢or¢ivosinds todqiq
olunmugdur. Molekulyar mexanika metodu Born-Oppenheymer yaxinlagsmasi-
na asaslanir. Bu yaxinlagsmaya asason molekulun enerjisi niivalorin koordinatla-
rindan asili potensial funksiya kimi gotiiriiliir. Molekulun potensial enerjisini
tosvir edon bu funksiya vasitasilo onun foza qurulusunu miioyyon etmok olur.
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Molekulyar mexanika metodunda molekuldaxili qarsiligli tosir enerjisi bir-
birilo birbasa kimyavi rabitads istirak etmoyan atomlarin geyri-valent qarsiligh
tosir enerjisinin (Eqy.), hidrogen rabitosi enerjisinin (Ey ), birqat kimyovi ra-
bitolor otrafinda bas veron daxili firlanma enerjisinin (Eis.) Vo atomlarin par-
sial yiiklori arasindaki elektrostatik qarsiliqli tosir enerjisinin (FEeist) additiv
comi kimi gotiiriiliir. Todqgiqatda istifado edilmis potensial funksiyalarin
parametrlori [3] islordo otrafli tosvir olunub. Naticolorin toqdimi vo tohlili
zamani peptid quruluglarinin konformasiyalara, osas zoncirin formalarina vo
peptid skeletinin seyplorino asaslanan klassifikasiyadan istifade olunmusdur.
Bu klassifikasiya “agac” prinsipino goro qurulmusdur: konformasiya variantlari
ovval peptid skeletinin seyplorine boliiniir vo her bir seypa osas zoncirin
mioyyon formalart daxildir, hor forma iso bir sira konformasiyalarla tomsil
olunur. Belo oldugda, n sayda amin tursusundan ibarat ardicilliga aid olan

seyplorin say1 {imumi halda 2" ' olur. Hor seypdo peptid zoncirinin forma-
larinin say1 qaliqlarin R, B, L vo P formalarmin kombinasiyas: ils, hor bir
qaligin formalarinin say1 iso qaliglarin sarbastlik doracolorinin say1 ilo miioy-
yonlosir. Amin tursularinin osas zencirinin formasi R(e,y=-180°-0"), B(¢= -
180°-0°, y=0°-180°), L (¢,y=0"-180°), P(p= 0°-180, y=-180"-0") simvollari ilo
isaro olunur. Bu isarolomolori osas gotiirmoklo miioyyon identifikatorlar
sistemindon istifado olunmagla hor bir qaligin konformasiya voziyyati Xj; ilo
tosvir olunur. Burada X osas zoncirin R, B, L vo ya P formalarini, ij=
11...,12...,13...,21...,22,...23,... yan zoncirin birqat kimyavi rabitolori otrafin-
daki firlanmalara uygun golon yi, y%2,.... 1kigat bucaqglarin qiymatlorini ifads
edir: «1» indeksi x bucaginin 0° ilo 120°, «2» indeksi 120° ilo -120° vo «3» in-
deksi -120° ilo 0% aralarinda olan giymatlorini gostorir. Miloyyen ardicilliqdaki
amin tursu qaliqlar1 formalarinin kombinasiyas1 fraqgmentin osas zencirin
formasini miioyyonlosdirir. Belo ki, iki amin tursusundan ibarat olan fragment
liciin asas zancirin iki ndv formasi miimkiindiir: biikiik vo a¢iq. Onlar, miivafiq
olaraq, f vo e-seyplari vasitasilo tasvir olunur. f-seypina asas zoncirin RR, RB,
LL, LP, PR, PB, BL va BP, e-seypins iso BB, BR, RL, RP, PL, PP, LB vo LR
formalar1 daxildir. Ikiqat firlanma bucaqlarinin giymotlori TUPAC-IUB
nomenklaturasina [4] uygundur. Hesablamalar konformasiya enerjisinin lokal
minimumlarmin tapilmasi ticiin FORTRAN alqoritmik dilds yazilmis universal
programdan [5-6] istifads edorok personal kompiiterlordo aparilmisdir.

Biopolimerlorin elektron quruluslarinin hesablamalari {i¢iin hazirlan-
mis CNDO kvant-kimyavi metodun kémayi ilo HyperChem 8.03 proqramlar
paketindon [7] (http://www.hyper.com) istifads olunmusdur.

Naticalorin tohlili

Birinci marhalads Val-Trp dipeptidinin konformasiya profillori molekul-
yar mexanika tisulu ilo arasdirilmisdir. Molekulun atomlarinin némroalonmasi
(a) vo kimyavi isaralonmasi (b) ilo tosvir olunmus hesablama modeli sokil 1-do
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togdim olunub. Molekulu togkil edon amin tursu qaliglarinin asas zoncirlori Ra-
macandran xaritolorino uygun olaraq R, B vo L formalarda ola bilor. Trip-
tofanin y bucagi molekulun C-ucundaki yalniz iki oksigen atomunun fozada
yerlogsmasini tayin etdiyindon bu qaligin B vo R formalar1 eyni oldugu qabul
edilo bilor. Bu sobobdon dipeptidin asas zonciri agiq olan konformasiyalar BB,
LB vo RL, asas zonciri biikiilii olanlar konformasiyalar iss RR, BL vo LL
formalarda baxilmisdir. Amintursu qaliglarinin ¥ bucaqlarina yan zancirlorinin
dayaniglt voziyyatlorino uygun golon qiymotlor verilmisdir. Belo ki, hor iki
qaligin yan zoncirilorinin y; bucaglar iigiin 60°,180°, -60° torsion minimumlar
nazers alinmisdir. Valinin y, v y3 bucaglarina 180, Trp y» bucagina iso 90° vo
-90° giymotlor verilmisdir ki, molekulun ¢, v, ®, 1, %.... torsion bucaqlarina
firlanma sorbastliyi verorok 108 sayda konformasiyalar iiciin molekuldaxili
potensial enerjisi minimizasiya edilmisdir.

14

(a) (b)
Sok. 1. Val-Trp dipeptid atomlarinin némralonmasi (a)
vo kimyavi isaralonmasi (b) ilo tosvir olunmus hesablama modeli

Molekulu toskil edon galiglarin bdyiik hocmli olmasi sobabindon onla-
rin yan zancirlorinin qarsiligl tosirlori asas stabillosdirici faktordur. Molekulun
N- va C-uclarinda yerlogson oks yiik dasiyan atom qruplarinin arasinda elek-
trostatik qarsiligli tosirlor do miioyyon doracado stabilllosdirici effekt gostorir.
Miiayyon olunmusdur ki, seyplar arasinda enerjiya gora diferensiasiya ¢ox cii-
zidir (cadval 1). Hesablanmis konformasiyalarin yalniz 11 %-i 0-3 kkal/mol
nisbi enerji intervalinda reallasirlar. Diferensiasiyanin belo zaif olmasi miim-
kiin olan iki seypin reallasmaq sansinin praktik olaraq eyni olmasindan xobor
verir. Bununla barabor asas zoncirin formalar1 vo konformasiyalar1 arasinda
koskin enerji diferensiasiyasinin bas verdiyi miioyyonlosdirilmisdir. Bu onu
gostorir ki, dipeptidin enerjisi amin tursularinin hom osas zoncirlori, hom do
yan zoncirlorinin voziyyatlorino ¢ox hossasdirlar. Asagienerjili konformasiya-
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lardak1 qaliglararasi tosir enerjilori, homginin qeyri-valent, elektrostatik, tor-
sion qarsiliql tasir enerjilorinin verdiklori paylar va nisbi enerjilori Cadval 2-
do oks olunmusdur.

Cadval 1
Val-Trp dipeptidi iiciin hesablanmis konformasiyalarin
enerjiys gora paylanmasi

Enerji intervali (kkal/mol)
Seyp 0-1 1-2 2-3 3-4 4-5 >5
e - 1 3 7 14 29
f 1 4 3 7 8 31
Cadval 2

Val-Trp dipeptidinin 0-3 kkal/mol enerji intervalindaki
konformasiyalarinin enerji parametrlori (kkal/mol)

Val -Trp Enerji paylari
Seyp Konformasiya Enis. qarsiligh

tosir enerjisi Eqv Eq Eiors

Ry»R33 0.0 -13.59 -7.93 -1.29 -0.90

Bislas 1.13 -11.97 -7.70 -1.01 1.53

RyoR3y 1.35 -12.28 -6.73 -1.12 0.89

Ry»Ryy 1.41 -12.24 -6.29 -1.56 0.95

f Bisls 1.66 -11.38 -7.39 -0.89 1.62
BixnLls; 2.90 -10.86 -5.87 -1.01 1.46

Bixolas 2.98 -10.89 -6.39 -0.96 2.00

RyoRy; 2.99 -11.84 -5.04 -1.82 1.53

B12,B33 1.79 -9.74 -7.98 0.37 1.07

B1:,B33 2.28 -9.82 -7.51 0.48 1.00

¢ BB 2.67 -8.41 -7.12 0.39 1.08
B;32,Bs;3 2.97 -9.47 -6.96 0.35 1.27

Yalniz asas zoncirin f seypinin LL formasinda vo e seypinin LB vo RL
formalarinda olan konformasiyalarin yiiksok enerjisi oldugu siibut edilmisdir;
bu formalarin on yaxsi1 nlimayondoslorinin nisbi enerjilori miivafiq olaraq 4.38,
3.29 vo 4.57 kkal/mol qiymatlorina sahibdirlor. Molekulun f seypinin Ry;R33
konformasiyasi bu dipeptidin on dayaniqli qurulusudur, bu konformasiyada
dispersiya, elektrostatik vo torsion qarsiligh tosirlori on yaxsi balanslasdiril-
migdir. € seypinin enerji cohotdon on stabil Bj;Bs3 konformasiyasinin nisbi
enerjisi 1.79 kkal/mol-dur, bu konformasiyada elektrostatik (1.66 kkal/mol) vo
torsion qarsiligl tosirlori (1.97 kkal/mol) global qurulusa nisbaton sabitlosdirici
tasir gostorir. Bu dipeptidin e seypine aid olan konformasiyalar monopeptid
enerjilor baximindan daha alverisli olsalar da, f seypinin konformasiyalarinda
yan zoncirlor fozada bir-birino daha ¢ox yaxindir vo effektiv olagolar yaradir.
Qeyd edok ki, dipeptidin f seypinin optimal konformasiyasinda valin vo
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triptofan amin tursusu qaliglarinin yan zoncirlori bir-birino nozoron koplanar
voziyyatdo yerlosirlor vo bu sobobdon e seypinin optimal qurulusu ilo miiga-
yisado 3.85 kkal/mol enerji qodor daha effektiv garsiligh tosirlordo istirak
edirlor. Yan zoncirlorin fozada belo yerlosmosi molekulu daha kompaktlasdirir
vo eyni zamanda yan zoncirlorin atomlar1 ilo molekulun uclarindaki atom
gruplariin yaximlhigint tomin edir. Optimal biikiilii qurulusun son uclu amin
kationu vo valinin asas zoncirindoki karbonil qrupunun oksigen atomu arasinda,
optimal agiq qurulusun iso triptofanin asas zoncirinin amid qrupunun nitrogen
atomu vo molekulun C-uclu karboksil qrupunun oksigen atomlar1 arasinda
hidrogen rabitolori ilo stabillogsmasi askar olunmusdur. Osas zoncirin biikiilii vo
ac1q formada olan optimal konformasiyalar1 gokil 2-do gostorilmisdir. Cadvel
3-do iso bu quruluslarin ikiqat bucaqlart gostorilmigdir.

(a) (b)
Sok. 2. Val-Trp dipeptidinin asas zanciri biikiilii (a)
va agiq (b) formada olan optimal quruluslari

Cadval 3
Val-Trp dipeptidinin 3sas zanciri biikiilii vo aciq formada olan optimal
quruluslarinin handasi parametrlori (daracalarls)

Amin Torsion Konformasiyalar
tursulari bucaqlar Biikiilii Agiq
[0) -42 =71
\; -65 149
Val 1 178 65
e -178 176
e 180 179
® 179 180
[0) -100 -138
Trp \ -47 162
el -56 -56
e -90 -102
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Molum oldugu kimi, hor bir konformasiya 6ziinomoxsus elektron sixligi-
nin paylanmasi vo elektron parametrlori ilo xarakterizo olunur. Mahz bu so-
bobdon Val-Trp dipeptidinin elektron qurulusunun todqiqi maraq kosb edir. Bu
magsadls kvant-kimyavi lisulun kdmayi ilo molekulun iki xarakterik optimal
konformasiyalari iigiin bir sira elektron parametrlor, HOMO vo LUMO ener-
jilari, enerji boslugu, elektrik dipol momenti, atomlarin parsial yiiklori hesab-
lanmisdir (codvallor 4 va 5).

Cadval 4
Val-Trp dipeptidinin asas zanciri biikiilii vo aciq formada olan optimal
quruluslarinin elektron parametrlari

Parametrlor Biikiili qurulus Aciq qurulus
Tam enerji (kkal/mol) -137991.536 -137998.838
Rabitas enerjisi (kkal/mol) -12783.648 -12790.950
Izolo olunmus atom enerjisi -125207.888 -125207.888
(kkal/mol)
Elektron enerjisi (kkal/mol) -775052.542 -776645.650
Niivolorarast qarsiligli tosir 637061.006 638646.812
enerjisi (kkal/mol)
Omolo golmo istiliyi (kkal/mol) -8437.589 -8444.891
Dipol momenti (D) 21.517 25.598
EHOMO (eV) -7.174 -7.109
ELUMO (GV) 0.853 0.959
Enerji boslugu, AE (eV) 8.027 8.067

"Qeyd: Eyomo - yiiksok dolmus molekulyar orbital enerjisi, E; yyo - asag1 dolmamis molekulyar
orbital enerjisi

Cadval 4-don goriindilyli kimi, biikiilii vo agiq optimal quruluslar {i¢iin
tam enerji, rabito enerjisi vo amals golma istiliyi yalmiz 7.302 kkal/mol qiymati
ila ciizi farqlonir, elektron enerjisi 1593.108 kkal/mol qiymati ilo, niivelorarasi
qarsiligl tesir enerjisi iso 1585.806 kkal/mol-qiymati ilo xeyli forqlonir. Miioy-
yon edilmisdir ki, peptid zoncirin biikiilmasi naticosindo molekulun oks yiik
dasiyan atom qruplar1 fozada yaxinlasir, Val qaligimin alifatik yan zencirindoki
va Trp qaligmin indol halqasindaki atomlarda yiik paylanmasiin doyigmasi
bas verir, bu da ki miisbat yiikiin siiriismosino sabab olaraq elektrik dipol mo-
mentin 4.081 D azalmasi ilo naticolonir. Cadval 5-don goriindiiyii kimi, mole-
kulun iki xarakterik optimal quruluslarinda valin qaliginin yan zoncirinin HB,
CG1, 3HG2 atomlarinin yiiklorindo gézacarpan forq var, CB, 2HG1, 3HGI,
1HG2, 2HG2 atomlarimin yiiklorinds isa ciizi forq var; triptofan qaliginin asas
zoncirinin amid qrupunun H atomunun va indol halgasinin CE3, HE3, CZ3,
CH2 atomlarinin ytiklorinds forq var. Har iki qurulusda a-amin qrupunun ti¢ H
atomlar1, valinin karbonil qrupunun C atomu, triptofanin amid qrupunun H
atomu, molekulun karboksil qrupunun C atomu, triptofanin indol halgasinin
HE1 vo CE2 atomlar boyiik qiymato malik miisbot yiik dasiyirlar, lakin valin
qaliginin asas zancirinin karbonil qrupunun O atomu, triptofan qaliginin osas
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zoncirinin amid qrupunun N atomu, indol halgasinin NE1 atomu, son uclu kar-
boksil qrupunun iki O atomlar1 ise boylik qiymoto malik manfi yiik dasiyirlar.
Beloliklo, hesablamalar Val-Trp dipeptidinin iki xarakterik optimal konforma-
siyalarinin foza vo elektron quruluslarinin oxsar vo forqli xiisusiyyotlorini
miloyyonlosdirdi.

Cadval 5

Val-Trp dipeptidinin asas zanciri biikiilii vo aciq formada olan optimal
quruluslarinin atom yiiklari

Atomun No-si Atom Biikiili qurulus Aciq qurulus
1 N (NH;") -0.002821 -0.002582
2 1H (NH;") 0.218648 0.206253
3 CA Val 0.021472 0.021750
4 HA Val 0.037390 0.031410
5 C Val 0.335570 0.347736
6 O Val -0.330510 -0.382741
7 CB Val 0.035731 0.046912
8 HB Val 0.013510 -0.013253
9 CG1 Val -0.012649 -0.024723
10 1HG1 Val 0.026878 0.029530
11 2HG1 Val 0.027975 -0.017878
12 3HGI Val 0.019686 0.043922
13 CG2 Val -0.019561 -0.019764
14 1HG2 Val 0.031158 0.026404
15 2HG2 Val 0.016204 0.051616
16 3HG2 Val -0.018549 0.016298
17 2H (NH3) 0.216438 0.220751
18 3H (NH;') 0.198107 0.193472
19 N Trp -0.183781 -0.178205
20 H Trp 0.091040 0.123718
21 CA Trp 0.035786 0.034858
22 HA Trp -0.012063 -0.009444
23 C (CO0O) 0.375965 0.379122
24 0O (CO0) -0.528636 -0.554104
25 CB Trp 0.012010 0.012122
26 1HB Trp 0.002119 0.000375
27 2HB Trp 0.008330 0.011967
28 CG Trp -0.016843 -0.012206
29 CDI1 Trp 0.027650 0.031002
30 HDI Trp 0.008168 0.010427
31 CD2 Trp -0.014477 -0.013023
32 NEI1 Trp -0.136279 -0.135412
33 HEI Trp 0.093516 0.093960
34 CE2 Trp 0.129403 0.128373
35 CE3 Trp -0.008487 -0.014273
36 HE3 Trp -0.012912 -0.005634
37 CZ2 Trp -0.069185 -0.072861
38 HZ2 Trp -0.003248 -0.002272
39 CZ3 Trp -0.032111 -0.043269
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40 HZ3 Trp -0.024850 -0.024906
41 CH2 Trp 0.023997 0.016583
42 HH2 Trp -0.019424 -0.020653
43 OXT (COO) -0.560363 -0.531359

*Qeyd: atomlarin némralori vo kimyavi isarslori sokil 1-0 uygun olaraq verilib

Bels naticoys golmak olar ki, todqiq olunmus dipeptid molekulun konkret
xarakterik qurulusunun fozada reallagsmasi elektron effektlorino hossas olan fer-
ment-substrat qarsiliql tosirlorin spesifikasi ilo miioyyonloso bilor. Alinmig no-
ticolor antihipertenziv peptidlorin tasir mexanizminin tadqiqinds vo bunun asa-
sinda yeni bioloji aktiv alavelorin moqsadyonlii sintezinds istifade oluna bilor.
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CONFORMATIONAL AND ELECTRONIC PARAMETERS
OF ANTIHYPERTENSIVE DIPEPTIDE

S.G.RAHIMZADE, G.A.AKVERDIEVA
SUMMARY

In the presented study, a computer modeling of the antihypertensive dipeptide Val-Trp
was carried out. The spatial structure of the molecule was studied by the method of theoretical
conformational analysis, the electronic structure was investigated on the basis of quantum
chemical calculations. The geometric, energy and electronic parameters of the optimal confor-
mations of the dipeptide were calculated. It was found that the spatial structure of this sequence
can be described by conformations with folded and extended forms of the main chain. The
similarities and differences in the spatial and electronic structure of two characteristic optimal
conformations of this molecule were revealed.

Key words: antihypertensive dipeptide; spatial structure; conformation; electronic
parameters
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KOH®OPMAIIMOHHBIE U DJIEKTPOHHBIE ITAPAMETPbBI
AHTUTUINIEPTEH3UBHOI'O JUIIEIITUAA

C.I'PATUM3AJE, I''A.AAXBEPJIUEBA
PE3IOME

B mpexacraBieHHOM HCCIIEIOBAaHUM OBUIO MPOBEJACHO KOMIBIOTEPHOE MOJAEIHPOBAHHUE
anTuruneprensusBHoro aunentuna Val-Trp. IIpoctpancTBeHHAst CTpyKTypa MOJICKYJbI Oblia
N3y4eHa METOJIOM TEOPETHYECKOr0 KOH()OPMAIMOHHOTO aHalli3a, JJICKTPOHHAs CTPYKTypa
HCCIIEIOBAaHA HA OCHOBE KBAaHTOBO-XMMHUYECKHX pacueToB. PaccuuTaHbl IeOMETpHUYECKHE,
SHEPreTUYecKre M 9SJICKTPOHHBIC IapaMeTpbl ONTUMAIbHBIX KOH(OpMALMi JUIenTHA.
YCTaHOBIIEHO, YTO MPOCTPAHCTBEHHAs CTPYKTypa 3TOW IOCIEIOBATEIBHOCTH MOXKET OBITh
orycaHa KOH(POPMAIHMIMK CO CBEPHYTOH M pa3BepHyTOil (OpMOiIi OCHOBHOM LienH. BhIsBiIeHbI
CXOACTBA U PA3JIMYUSA B NPOCTPAHCTBEHHOW M DJIEKTPOHHOM CTPYKTYpE ABYX XapaKTEPHBIX
ONITUMAJIBHBIX KOH(POPMAIUil TaHHON MOJICKYJIBI.

KaioueBble c/10Ba: aHTHIMIICPTEH3UBHBIN JIUIENTHA; NMPOCTPAHCTBEHHAS CTPYKTYPA;
KOH(OpMaIust; JIEKTPOHHbBIE TapaMeTPhl
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SONLU TEMPERATURDA a; MEZON-NUKLON QARSILIQLI
TOSIR SABITINO® UCLU QARSILIQLI TOSIR
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Sonlu temperaturda AdS/KXD-nin yumsaq divar modeli asasinda ii¢lii qarsiligl tasir
haddinin a, aksial vektor mezon-nukon garsiliql tasir sabitina alavasini éyranmisik. Hologra-
fik uygunluq prinsipindan va sonlu temperaturda yumsaq divar modelinda nuklonun, a, aksial-
vektor mezonun profil funksiyalarindan istifads edarak a, aksial vektor mezon-nuklon
qarsiligh tosir sabiti ticiin inteqral ifadasi alinmuigdr va bu sabitin temperaturdan asililiq
grafiki qurulub.

Agar sozlor: AdS/ KSN uygunlugu, yumsaq-divar modeli, nuklon.

Miixtalif modellar asasinda nozari va tacriibi olaraq elementar zorrociklor
arasindaki qarsiligh tosir sabitlorinin vo form faktorlarin hesablanmasi hadron-
lar fizikasinin bir sira problemlorini holl edir. Bu ciir metodlardan biri
AdS/KXD-nin sort divar modeli vo yumsaq divar modelloridir. [3,4,11-14] is-
lordo AdS/KXD-nin sort divar modeli vo yumsaq divar modellorindan istifads
olunaraq elementar zorrociklor arasindaki qarsiligl tosir sabitlori hesablanmig-
dir. [9,15] islerinde iso mislliflor sonlu temperaturda yumsaq divar modelindo
AdS/Svarssild yanasmasinda mezon va baryonlarin kiitls spektrinin 6yronilma-
sind vo hadronlarin form faktorlarinin hesablanmasi masalasine toxunulub. Bu
moqalalords geyd olundugu kimi, AdS/Svarssild metrikasi asagidaki kimi toyin

olunur:
2
ds? = 24 [fT(z)dtZ — (d¥)? — fdz(z) (1)

T
Burada x = (t,X¥) Minkovski koordinatlaridir, z holografik koordinatdir,
A(z) = log(R/z), fr(z) =1—z*/z} kimi toyin olunurlar [9], R AdS fo-
zasimin radiusudur.

Sonlu temperaturda yumsaq divar modelindo AdS/Svarssild yanasmasi
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osasinda a; aksial mezon-nuklon qarsiligl tosir sabitini hesablamaq {igiin ilk
onco, sonlu temperaturda yumsaq divar modelindo nuklonun vo a; aksial-
vektor mezonun profil funksiyasi miioyyon edilmisdir. Novboti morholado, a,
aksial vektor mezon-nuklon qarsiliglt tosir sabitinin toyin olunma gaydasini
geyd edorak, notico etibarilo, aldigimiz garsiligl tosir sabitinin temperaturdan
asililiq grafikini qurmusugq.

Sonlu temperaturda yumsaq divar modelinds profil funksiyalari

a) Nuklonlarin sonlu temperaturda yumsaq divar modelinds profil
funksiyalari.

Yumsaq divar modelindo AdS/Svarssild yanagmasi asasinda nuklonlar
tgtin profil funksiyasini toyin etmok igtin ilk énco By, n,(x,7,T) i¢ fermion
sahasi {iclin tosiri yazaq:

s—f&mwaWM@rTm4mmmwurT) )

D+(r)——FM6M——w I, FulrT)+Us(r,T) (3)
Burada, u(r,T) = W AdS fermionun bes 6l¢iilii kiitlosidir, w¥ =
T T
(6582 — 6p88) 71 s/ 10(1") spin olagadir, ™ bes ol¢iili matrislordir vo
M =¢elire re = (y” —iy®) kimi toyin olunur r™g, dp-qismon téroma asagi-
daki sokilds toyin olunur:
FM(gM = FM(EM - 51\/1) = gMfoxllra(éM - 5M); 4)
el = 56,?,. (5)
Ue(r,T) = or () /f7 3/1 %(r) temperaturdan asili olan dilaton potensiahdur,
@ (r) dilaton sahasi asagidaki kimi tayin olunur:

pr(r) = Kir? = (1+pr)k?r? (6)
Pr = (‘Mﬂ + 6T1) 2rz + or, (12;)2 ’ (7)
o, = =0, ®)

2f
br, =~ ©)

Ny kvarkin rayiha noémrasidir. AdS/KXD-nin yumsaq divar modelinds
k dilaton parametri ilo (7) ifadesine daxil olan F parcalanma sabiti arasinda

asagidaki olago movcuddur [1,2]:

F =k (10)

B,(x,r,T) = 0 aksial kalibrloma saortindon istifado edorok AdS fazasinda fermion
sahasinin 4-6l¢iilii enino komponentlari {iciin Kaluza-Kleyn ayrilisini yazaq:

ﬁ%@rm—znﬁ%@rmﬂwwn (11)

BL\R — 1¥y° B ysBL\R — FRL\R
2 b )
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(11) ifadesindoki ¢L/ K (r, T) haddi nuklonun temperaturdan va holografik koor-
dinatdan asil1 olaraq doyison profil funksiyasidir. q,’) (r T) profil funksiyasi
©,F (r,T) = eA0- %”R( r.T) (12)
ovozlomasini 6d9diy1nd9n Sredinger tip horokot tonliyindon toyin olunur:
=02 + Upp(r, Ty (r, T) = ME(Dy“(r, 1), (13)
(13) horokot tonliyi ultrabondvsoyi va infraqirmizi oblastda, uygun olaraq, asa-

g1dak1 sorhod sortlori asasinda hall olunur:
¢L/R(T T) N+Li1/2’ (14)

¢>”R(r T) - 0. (15)

Sonlu temperaturda (13) harokat tonliyinin halli, basqa s6zlo desok, nuk-

lonlar iigiin sonlu temperatur halda yumsaq divar modelinds profil funksiyasi
asagidaki kimi ifads olunacaqdir [9,15]:

r(n+1) mp/p+1 _ m
d)L/R( T) ’mKT L/R mL/R+1/2 K 2/2LnL/R(K7%r2). (16)

(16) profil funksiyasina uygun kiitls spektri agagidaki sokildadir:
MZ/(T) = 4KZ (n+m+3) = 4k*(L+ pr) (n+m +3). (17)
b) Sonlu temperaturda a, aksial vektor mezonun profil funksiyasi.

Aksial vektor mezonun yumsaq divar modelindo profil funksiyas: (buna
bazan i¢-sorhad-propaqatoru da deyilir) asagidaki kimi toyin edilmisdir [4,5]:

A G) = Ly 2 (ISR ()

Biz a, aksial vektor mezon ii¢lin m = 1 gobul etmisik. Bu osas halda a;
vektor mezon ii¢iin profil funksiyast asagidaki kimi ifads olunacaqdir:

AP () = k222 /ﬁL;(kzzz). (19)
Analoji olaraq sonlu temperatur halda a; aksial vektor mezon {igiin profil
funksiyasi (20) soklindo ifado olunacaq:

div. 2

Agum div (Z, T) — KTZZZ /EL%(KTZZZ)- (20)

Sonlu temperatur halda g, yy qarsiigh tosir sabitinin hesablanmasi.
Molum oldugu kimi, yumsaq divar modelindo AdS fozasinda tosir (21)

soklindo ifados olunur:
[e's) _ 2,2

Sqe = [, d®>xNGe ¥1°7° L, (21)
Ly a; mezon-nuklonlar arasindaki qarsiliglt tasir laqranjianidir.

AdS/KSN uygunluguna goro AdS fozasinin térodici funksiyasi sorhod KXD-
nin toradici funksiyasi ilo eynilik toskil edir:

] Zpas = Zgxp- (22)
I¢ aksial-vektor corayani Z, 45 toradici funsiyasinin ifadosindon toyin olunur:
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Zyas = e'Sint, (23)

Digor torofdon, AdS fozasinin sorhadindo nuklonlar tigiin 4-6l¢iilii aksial-

vektor coroyan toroadici funksionalin ultrabondvsoyi sorhoddoki 4-6l¢iilii saho-
nin vakuum qiymating gors funksional tdromasine barabardir:

_ .8ZKxD
<Ju>= -1, (4)

Burada, A) = A4,(q,z=0) = A,(q) aksial-vektor sahonin ultrabondv-
soyi sorhaddoki qiymatidir (A(q,z = 0) = 1). Aksial vektor coroyanin (24)
ifadasini

Ju®@'.P) = Gaynn @ (@)Y, 5 uP) (25)
ifads ilo miiqayiso edorok sonlu temperatur halda yumsaq divar modelindo a4
aksial vektor mezon-nuklon arasindaki qarsiligl tosir sabiti toyin edilir. Bunun
tigtin ilk 6nca (21) tasiring daxil olan L/, qarsiligli tosir lagranjianini agagidaki
kimi toyin edirik:

Lq/t = %kz(‘IﬁX FMN(FR)MNWZ - lIUZX-'-FIV“V(FL)MNIIUQ- (26)

(26) lagranjianini (21) tesirindo nozoro alib Z,,¢ toradici funksiyasini

miloyyon edib (24) diisturuna osason AdS fozasinin sorhadinds nuklonlar tigiin

4-6l¢iilli aksial-vektor coroyani toyin edirik. Alinan aksial vektor corayani ilo

(25) ifadasini miiqayisesindon sonlu temperaturda yumsaq divar modelinds a,

aksial vektor mezon-nuklon arasindaki qarsiligh tesir sabitini asagidaki kimi
tayin etmis oluruq:

© dz

Yainn (Z' T) = ZgY fO Z_4A0(Zl T )U(Z)d)R (Z' T)¢L (Z! T) (27)

9dadi hesablamalar

Beloaliklo, a, aksial —vektor mezon vo nuklonlar arasindaki qarsiligl tesir
sabiti iiclin (27) inteqrali toyin edildi. Bu inteqralin hesablanmasi iiciin
MATHEMATICA programindan istifads edilir.

Ja,yy (2 T) qarsiigh tosir sabitino daxil olan parametrlorin ododi qgiy-
motlori tigiin m, = 8.3MeV, ¥ = (0.213MeV)3, gy = 9.182 giymatlori toyin
edilmisdir [6,7,8]. v(z, T) funksiyasi asagidaki sokildodir:

(T)z3
2b
Burada b = \/§/ o AdS/KSN uygunluguna ssasen normallasma sabiti-

1
v(z,T) = qubz +

dir, m, kvark kiitlesidir, £(T) sonlu temperatur halda kiral kondensatidir vo
asagidaki kimi toyin olunur:
X(T) =2(1+ Ar + O(T®).
Qrafik 1 —do Ny = 3, F = 100 MeV halda g, (2 T) qarsiligl tosir sa-
bitinin grafikini qurmusuq. Qrafik 2-do Ny kvarkin rayiho nomrasiylo F par-
calanma sabitinin miixtolif hallarina uygun qrafiklor qurulmusdur. Kvark
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rayiho ndmrasino uygun olan par¢alanma sabitinin adodi qiymatlori [9,10] odo-

biyyatlarindan gotiirilmiisdiir.
014~ -

Tl
©
=}
@
T

Qay NNIT

1 " " N Il N N " I N " PR

Qrafik 1. Ny = 3, F = 100 MeV hali iigiin g, nn(
0.14 pr—r—r—r—r — —

in

z,T) qarsiliql tosir sabiti.

T

T

0.12f

0.10 ¢

o
P~}
[

qdl NNI'Tl

Qrafik 2. G, nn(2 T) qarsihigh tosir sabitinin Ny = 2, F = 87 MeV, Ny = 3, F = 100 MeV,
Ny =5, F =140 MeV hallarmin miiqayisali sokilds tadgiqi.

ODOBIYYAT

1. S.J.Brodsky and G.F.de Teramond, Phys. Rev.Lett. 96, 201601(2006); Phys.Rev. D 77.
056007 (2008).

2. T.Branz, T.Gutsche, V.E. Lyubovitskij, I.Schmidt and A.Vega, Phys. Rev. D 82, 074022
(2010).

3. N. Huseynova, Sh. Mamedov arxiv:1907.13477v1 [hep-ph] 30 Jul 2019.

4. Zh.Fang, D.Li, Y.L.Wu, IR-improved Soft wall AdS/ QCD Model for Baryons,
[arxiv:1602.00379[hep-ph]].

5. H.J. Kwee, R. Lebed, JHEP 0801, 027, (2008), [arxiv; 0708.4054 [hep-ph]].

6. H.C.Ahn, D.K.Hong, C.Park and S.Siwach Phys. Rev.D, 80, 054001 [arxiv: 0904.3731].

7. A.Cherman, T.D.Cohen and E.S.Werbos, Phys. Rev. C 79, 045203, [arxiv:
0804.1096[hep-ph]].

8. D.K. Hong, H.C. Kim, S. Siwach, and H.U.Yee J.High Energy Phys. 0711, 036, [arxiv:
0709.0314 [hep-ph]].

9. Th.Gutsche, V.E.Lyubovitskij, .Schmidt and A.Y.Trifonov, Phys.Rev. D 99, 114023 (2019).

102



10. J.Gasser and H.Leutwyler, Phys. Lett. B 184, 83 (1987).

11. Sh.A. Mamedov, Sh. I. Taghiyeva, Journal of Radiation Researches, vol.Ne2, 2019, Baku.

12. Sh. A.Mamedov, Sh.I.Taghiyeva, GESJ Physics 2018 No.2(20).

13. Sh.A. Mamedov, Sh. I. Taghiyeva, Journal of Baku Engineering University-Physics, 2019,
Volume 3, Number 2.

14. D.K.Hong, T.Inami and H.U.Yee, Phys. Lett. B 646(2007).

15. Th. Gutsche, V.E.Lyubovitskij, I.Schmidt and A.Y.Trifonov, Phys.Rev. D 99, 054030 (2019).

CONTRIBUTION OF THE THREESOME INTERACTION LAGRANJIAN
TO THE CONSTANT OF a;MESON-NUCLEON INTERACTION
AT FiNIiTE TEMPERATURE

Sh.AAMAMEDOYV, Sh..TAGHIYEVA
SUMMARY

We defined the contribution of the threesome interaction to the a, axial vector meson-
nucleon coupling constant in the framework of the soft wall model of AdS/QCD at finite
temperature. Using the AdS/CFT correspondence and profile functions of the nucleon, a, axial
vector meson in the framework of the soft wall mo-del at finite temperature the integral
expression was obtained for the a; meson-nucleon co-upling constant and we plot the graphic
of dependence from the temperature of the coupling constant.

Key words: AdS/CFT correspondence, soft-wall model, nucleon.

BKJIAJ] IATPAH)KMAHA TPOMHOI'O B3AMMOJIEMCTBUS K KOHCTAHTE
B3AUMO/JIEMCTBHUSA a; ME3OH-HYKJIOHA 1P KOHEYHOM TEMIIEPATYPE

. A.MAMEJOB, II.LU.TATUEBA
PE3IOME

VYceraHoBuin BKJIa[ TPOMHOTO B3aUMOJACHCTBHA B TIOCTOSHHYIO B3aUMOJECUCTBUS
aKCHAJIbHO- BEKTOPHOIO  (yME30H-HYKJIOHa Ha OCHOBAaHMHM MSTKOW CTEHHOM MOJeiIu
AnC/KXJI npu xoHeuHoMm Temreparype. C NpUMEHEHHEM MPUHIHUIA TOJorpaguyeckoro
COOTBETCTBHUS B MOJIENIU MSTKOM CTEHBI MIPU KOHEUHOH TeMIIepaType MOJIyYeHO MHTErpajbHOe
BBIPA)KEHUE IS OCTOSIHHOTO B3aUMOJIEUCTBUSI aKCU-aJIbHO- BEKTOPHOT'O (1 ME30H- HYKJIOHA C
MIPUMEHCHHUEM TPOPIIBHBIX (QYHKIIUI aKCHaTbHOTO BEKTOpa (4 ME30HA M HYKJIOHA., a TAKXKE
MTOCTPOMITH TPaHUK 3aBUCUMOCTH OT TEMIIEPATYPhI TOT'0 TIOCTOSHHOTO.

KunoueBbie cioBa: AnC/KIIT cooTrBeTcTBHE, MOJIENb MATKON CTEHBI, HYKJIOH.
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STUDY OF HADRON POLARIZATION IN LOCAL POTENTIAL

I.G.AFANDIYEVA, RA AKHMEDOV
Azerbaijan State University of Oil and Industry
irada.e@mail.ru

A study of the calculations of polarization effects associated with the scattering of had-
rons on the nucleus in the pulse approximation in the cluster model is presented. The local
interaction potential includes the spin-orbit interaction. The study did not take into account the
interaction between the particles of the clusters. In this case, the transition occurs directly
from the initial to the final state of the cluster transfer without changing the internal states of
the nucleons. The scattering amplitude contains a term that depends on the spin orientation
and a term that does not depend on the spin orientation, and the polarization occurs due to
interference between these two parts of the scattering. The degree of polarization is propor-
tional to the probability that the cluster "aimed" at the initial nucleus with the corresponding
values of momentum and angular momentum are captured to form a composite nucleus.

Key words: cluster, matrix element, impulse approximation, polarization.

1. Introduction

The value of the transition matrix of the polarization dependent on the or-
bital angular momentum of cluster, which directly determines the parity of the
final state (if known to the parity of the original nucleus) and provides essen-
tial information for determining the spin of this state. The analysis shows that,
if interaction hadrons with nuclei depend on the spin, and the polarization of
hadrons and target will be different from each other. This means that when
unpolarized hadrons pass through a polarized nucleus, in directions where the
interaction cross section is smaller, polarization of hadrons will be observed in
this direction. As a result of the spin dependence, the scattering interaction
cross section can depend on the polarization of the interacting systems.

The theoretical and experimental studies have been carried out, for both
neutron and proton scattering, which show that almost full polarization can oc-
cur. The polarization effect is a consequence of the fact that the nucleon-
nucleus interaction may be represented as a complex spin-dependent potential.
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The existence of such a potential is suggested by the spin dependence of the
nucleon-nucleon interaction.

The polarization effects usually are used for investigation spin-dependent
interactions in the scattering processes and for checking the used model. Po-
larization of particles scattered from unpolarized nuclei can occur due to the
spin—orbit interaction between the incident particle and the nuclei [1]. The
theoretical analysis of the polarization effects in the scattering of hadrons
showed that, in addition to the central interactions, must be considered also a
spin-orbit interaction.

Early, it was shown [2] that the calculated in the quark cluster model real
and imaginary parts of the leading asymptotic term of the spin-flip amplitude
of the charge exchange reactions agree sufficiently well with the amplitude re-
constructed by the model independent approach from the experimental data.

The polarization of scattered particles in the eikonal approximation has been
reported in [2,3]. In this paper polarization effects in scattering processes with
hadron are analyzed by means of the impulse approximation.

2. The polarization function

It is known, that particle with a nonzero rest mass and spin J has 2J+1
quantum states corresponding to different spin orientations of the particle. The
state of a particle is superposition of these states. If the particle completely po-
larized to mean superposition coefficients of these states are completely deter-
mined. If the superposition coefficients are specified only by certain statistical
characteristics, then particle has partial polarization. The particle can be com-
pletely unpolarized when these coefficients are not determined.

In approaching zero radius a hadron is emitted at the same point, which is
captured cluster. Mathematically, it comes down to the choice of potential as
follows local potential:

Vi (F, p)=W(F)S(p). (1)

Let us consider the production of transversely polarized hadrons in the
scattering processes. Under the assumption that at high energies of incident
hadrons, the kinetic energy of the hadrons is large in comparison with the bind-
ing energies of the nucleons, the interaction of the hadron with the nucleons of
the nucleus can be treated independently. With each nucleon, the hadron inter-
acts only once. For the high- energy scattering we will considered only nuclear
potential, and don't consider magnetic interaction. To determine the polariza-
tion, it is necessary to determine the scattering amplitudes using the unitarity
condition. For construction the scattering amplitude that satisfies at least the
two-particle unitarity condition is the use of realistic potentials [4].

The Schrodinger equation for this system is:
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RN Y Y(rn)=E¥Y(r,n) (2)
2mh ZmN N h'N h>'N/?

where
W(r)=V =V, (fhn)+Vs 3)

V,, (1, n ) -interaction between hadrons and nucleus nucleons and is Gauss po-

tential:
)2
Vo :is(g) expl-r?/4a) 4)
and Vs is spin-orbital interaction:
2
dV,, (r,
Vi :{i} @M (5)
Muc ) 2hr dr

We seek the solution W(r,,ry ), which containing the incident plane wave of
the hadrons and the scattered waves. In the impulse approximation the wave
function W(r,ry) is replaced by

1

(27)

where K; initial impulse of the hadron, K transferred impulse.

In scattering described by the Schrodinger equation, the amplitude f is a
scalar. In the spherically symmetric central field, the scattering matrix elements
has following view

_ 1 . J»ei(ki—kj+K)r
(27)

P(ryry ) [[dKdre " g (Wi (N ) s (6)

i (N (NK K'V]k; K)drdKdK (7)

where
(k KV K) =20’ 8(k, +K'~k, ~K)[el™ 22, (dr, (3)

and ks is final impulse of the hadron.

Considering the (7) the expression (6) can be seen as a generalization of the
impulse approximation for the scattering amplitude and is valid in the entire
range of scattering angles.

This polarization will on the average be parallel to the atomic planes and
perpendicular to the quantum momentum. The mechanism that produces the
polarization can be explained in the following manner.

The scattering amplitude is 2 x 2 elements of the matrix f, which may be
expressed by the Pauli matrix and unit vector n

f=gn+(ho). 9)
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The multiples g in the (8) corresponding to the interaction, which don’t de-
pends on the spin, vector h — to the interaction under which reoriented the spin.
If the y-axis is chosen along the direction of the unit vector n (¢ =0), then

the wave function of the scattered particle initially located in the spin state y,

Xs=(o) ¥s, (10)
where

Xs= Cxin +dy 0, (11)
and

1+n, nx+iny

2 TR "

can be written in the form:

1+n, .
2 w  [(f7(0))e"
e b (e

1/211+nzi

where f" and f~ are the complex functions and depends on the scattering angle 6
f*(@)=cg—idh, f (0)=dg+ich. (14)

However, if we select the spin-quantizing axis along the direction of the
initial hadrons waves, the amplitudes +) and f-(g)turn out to be connected
because of the invariance with respect to reflection.

When considering the filtration of a beam through a polarized nuclear tar-
get, the beam to consist of two components with intensities J; and J. , com-
pletely polarized, respectively, parallel and antiparallel to the direction of po-
larization in the nuclear target. The intensities of these components are related
to the total beam intensity J and its polarization P by obvious relations:

J=J,+J_; P=@,+J)/J. (15)

If the neutron spins do not change their orientation during the passage of
the beam through the polarized target, which is true for practically used targets,
then the attenuation of each of the components occurs independently

Since the interaction is spinning dependent, the effective cross section will
also depend on polarization of the hadron. Using the definition of the differen-
tial scattering cross section, we obtain that

o(0,0)= {1+ P(0)cos p)a(0) + (o)), (16)

_ Re(g'h) (17)
l9(0)” +|h@)*
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The function P(@) is polarization function.
Function P(9) can be presented in the following way. The scattering am-
plitude considering (3), has following view

u [hjzjexp[_i(k'_k)r]ldv(o-rxV)dr. (18)

LSy LC 2ir dr

Using the expression A-B X C = B:C X A and taking partly integration,
we obtain

i . I av . hk
fis =3 2;’2 1 sin Sjexp[—l(k —k)r]a (oD); n= E (19)

In the framework of impulse approximation

_l 5. N 1 dv
h(@)—zn smeexp[ I(k k)r](th+—2ir (ol)—dr), (20)
and
M g do(0) 21
P(0) K2 sin 2 H(k K)Vhn +Vg) 40 /o(0)- (21)

The scattering amplitude contains a spin orientation dependent term and a
spin orientation independent term, and the polarization is due to interference
between these two scattering parts. With increasing energy, in the region of
small momentum transfers, the scattered particles have a parallel configuration,
and in this case the polarization should be equal to zero.

After scattering on the target A the average spin of the particles is

equal(a)1 =Pn,, then the target of the incident polarized beam of particles
with <0>1 spin. Therefore, the double scattering cross section can be expressed

as:
0'(491,‘92,(/?12)=(1+ P2“2<0>1)|2(92)|1(91)={1+ P2(92)P1(91)c0s¢12}|1(€1)|2(492). (22)

Opposite polarization signs are associated with positive and negative
scattering angles and polarization can be zero if there is a balance of scattering
on both sides. Large values of the degree of polarization are observed in the
case when the magnitude of the interference is comparable to the magnitude of
the scattering cross section.

It has been shown in the work [5] that a polarization effect arises from
the quantum spin-entanglement of the projectile-target system in addition to the
separable total spin depending on the collision energy and scattering angle.
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3. Conclusion
Spin effects are important from the point of view of studying the structure
of particles, in particular, the problem of the relationship between the spin of a
particle and the spin of its components and the interaction mechanism of the
components.

Although the polarization effect is by no means confined to elastic scatter-
ing large diffraction cross sections observed experimentally insure relatively
high yields of polarized particles.

The polarization sign depends on the value of the incident particle energy.
Depending on the energy, there is interference from positive and negative scat-
tering angles and this affects the sign of polarization. It is of interest to study
polarization for individual energy regions. This can monitor the change in the
polarization sign.

Polarization effects are important of studying the structure of particles. The
studying shows that studies of nucleon polarization can illuminate some as-
pects of nuclear structure, since the polarization depends on the particular nu-
cleus used as a target as well as upon the form of the interaction.

A qualitative description of the polarization of hadrons is explained by the
spin-orbit interaction in a scalar field that connects quarks within the hadrons.
Therefore, not only a qualitative explanation, but also for a quantitative under-
standing of polarization, it is necessary to take into account the quark structure
of hadrons.
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LOKAL POTENSIALDA HADRONLARIN POLYARIZASIYASININ TODQIiQi
i.Q.OFONDIYEVA, R.A.OHMODOV
XULASO
Impuls yaxinlagmasinda klaster modelindo hadronlarin niivolordon sopilmesi zamani
polyarizasiya effektlori todqiq edilir. Qarsiliqh tasir potensiali lokal tasir kimi qobul edilmis va

spin-orbital qarsiliqlt tosir do nozoro alinmisdir. Todqiqat zamani klasterin nuklonlart arasinda
qarsiligh tesir nozars alinmamisdir. Belo halda nuklonlarin hallarinda dayisiklik bag vermaden
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klaster ilkin haldan son hala kegir. Sopilmo amplituduna spinin yonalmosindon asili olan vo
asilt olmayan hodlor daxildir. Bu hadlorin interferensiyasi notocesinds hadronun polyariza-
siyas1 bas verir. Polyarizasiyanin doracosi klasterin miioyyon impuls vo bucaq momenti ilo
ilkin niivenin iizerino diisorak araliq niivesinin yaranmasinin ehtimali ilo miitonasibdir.

Acar sozlor: klaster, matrisa elementi, impuls yaxinlagmasi, polyarizasiya.
MU3YYEHUE NNOJAPUSALIMA AAPOHOB B JIOKAJIBHOM NOTEHIHAJIE
NI DPEHAUEBA, P.AAAXMEJIOB
PE3IOME

HpeZ[CTaBJ'IeHO HCCIICAOBAHUC PACUCTOB MOJIAPU3ALNOHHBIX 3(1)(1)6KTOB, CBA3aHHBIX C
paccessHueM aApOHOB Ha A/pax B UMITYJIbCHOM HpI/I6J'II/I)K€HI/II/I B MOJCJIN KJIIaCTEPOB. B moxaib-
HOM IIOTCHIHUAJIC B33PIMOZ[€I>’ICTBPI$[ BXOOUT CHI/IH-Op6I/ITaJ'ILHO€ B33PIMOZ[€I7[CTBPIG. B HUCCICa0-
BAaHWU HE YYUTHIBAJIOCH BBaHMOHeﬁCTBI/Ie MECKAY YaCTHLAMU KJIIaCTEPOB. B sTom ClIy4dae nepe-
X0 NPOUCXOAUT NMPAMO OT HaYaJIbHOI'O K KOHECYHOMY COCTOSHHIO IIEPEHOCA KJIaCTEpa 0e3 us3-
MCHCHHS BHYTPECHHUX COCTOSIHUM HYKJIOHOB. AMHHI/ITy,Ila paccessHusd COACPIKUT YJICHBI, 3aBU-
CﬂH_II/Iﬁ OT OpHUCHTAIlUM CIIMHA, U HC 3aBHUCSIINHA OT OpHCHTAlUM ClIMHA, a MOoJIsIpU3alusa BO3HU-
KaeT u3-3a I/IHTep(I)epeH].[I/II/I MCKAY 3TUMU ABYMS HYaCTAMH pacCECAHUA. CrereHn NnoJsApu3anuu
nponopurnoHajJbHa BEPOSATHOCTU TOIO, YTO KIIACTEP, "Ha].[eﬂeHHbIﬁ" Ha HA4YaJIbHOC SApO C CO-
OTBCTCTBYIOIIMMHU 3HAYCHUAMHN HMITYJIbCa U YIJIOBOI'O MOMCHTA, 3aXBaTbIBAOTCA C 06pa3013a-
HHUEM COCTAaBHOTI'O sJpa.

KaroueBbie ciioBa: KJ1acTep, ManI/I'IHHﬁ QJICMCHT, UMITYJIBCHOC HpI/I6J'II/I)K€HI/IC, I10-
Jigpu3anus.
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ABYI'PAHHBIE YI'JIbl B HU3KOOHEPTETUYECKHX
KOH®OPMAIUAX ITIEHTAIIEIITUIHOU MOJIEKYJIbI

I''’I.ABBACOBA, 3.3.AJ/IUEB
baxunckuii 2ocyoapcmeennbwiit ynusepcumem

Memooom monekyiapHol OUHAMUKU UCCAe008AHO NPOCMPAHCIBEHHOE U 2NeKMPOHHOE
cmpoenue monexyivt CREKA, Hoeozo nexapcmeennoco npenapama, 0o6aiadaiouje2o npomueo-
onyxonesvim Ihpexmom. Paccuumanvl ceomempuueckue napamempvl U IHEPLeMuYecKue
BKIAObI PA3IUUHBIX U008 MENCAMOMHBIX 3AUMOOCUCEULl 8 CMAOUTUZAYUID VCOUYUBLIX
KOHGQOPMAYUOHHBIX COCMOAHUL MOIEK)YIbl, NPOBEOCHA KOIUUECMBEHHAS. OYEeHKA Npeoenos u3-
MeHeHUsI 08YSPAHHBIX Y208 8 OCHOBHOU U DOKOBbIX Yensx AMUHOKUCIOMHBIX OCIAMKO8 8 Npo-
yecce MONEKYAAPHOU OUHAMUKU.

KaroueBnie cioBa: CREKA, nentuy, koHGOpMaIMOHHBIN aHATN3, KOHPOPMAIIHOHHOE
COCTOSIHUE, MOJICKYJISIpHAs TUHAMUKA

Beenenne

B 2006 rony amepukaHCKMMH yYEHBIMU ObLJI CHHTE3MPOBAH HOBBIM Jie-
KapCTBEHHBIN Ipenapar, 00Jalaloufii sIpKO BbIPAKEHHBIM MTPOTHUBOOITYXOJIE-
BbIM 3(peKTOM B OTHOLIEHUH paka mpoctarTsl [1-6]. DToT mpemnapar, B XuMu-
YECKOM CTPYKTYpE KOTOPOIO0 MMEETCS IATH IOCIEAOBATEIbHO COEIMHEHHBIX
aMUHOKHCIIOTHBIX ocTaTkoB nucrent (C), aprunun (R), rmyramuHoBas kucio-
ta (E), nusun (K) u ananun (A) nonyunn nazBanue CREKA. Panee namu ObI-
JIM UCCIIEI0BaHbl KOH()OPMallMOHHBIE CBOICTBA M U3yu€HAa JUHAMHUKA OOKOBBIX
Lenel MOJIEKYJIbl B YCIIOBUSIX HESBHO 3a/laHHOTO BOJHOIO OKpyKeHus. B nan-
HOM paboTe MeTogaMH KBAaHTOBON XMMHUHU M MOJIEKYJISIPHOM JMHAMUKH HCCIIe-
JIOBaHbl  3JEKTPOHHO-KOH(OPMAIIMOHHBIE U MOJEKYJISPHO-IMHAMUYECKHE
cBoiicTBa Mosiekyibl CREKA.

Metoasl pacyera

OnekTpoHHasa cTpykTypa moiiekyinbl CREKA, mapuuanbHbie 3apsabl Ha
aToMax, pacIpenesICeHue IEKTPOHHOU IIJIOTHOCTH, JIEKTPUYECKUI AUIIOIBHBII
MOMEHT U ApYyrue napaMeTpbl ObLIM HUCCIIEA0BaHbI MOTYIMIUPHUUECKUM METO-
noMm kBaHTOBOHM xumuu CNDO, a nuHamMHuecKue CBOWCTBA - U3Y4YE€HBI METO-
JIOM MOJICKYJISIPHOW TuHAMUKH. [Ipu onTUMHU3aIUK 3JEKTPOHHOW SHEPTHUH MO-
JIEKYJbl B KaYeCTBE HYJIEBBIX MPUOIMKEHUI ObLTH pacCMOTPEHBI PAaBHOBECHBIE
KOHQUrypaluu s1ep, COOTBETCTBYIOLIME I'€OMETPUM LIECTH MPEANOYTUTENb-
HBIX KOH(OpMAIMH, pACCYUTAHHBIX paHEEe METOJIOM TEOPETUUYECKOTO KOH(POP-
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MaIMOHHOTO aHAJIN3A.

Metox CNDO

Merton CNDO (Complete Neglect of Differential Overlap wnm monHoe
npereOpexxkenrne nudQepeHuaIbHbBIM TePEKPHIBAHUEM) SIBJISICTCS TPOCTEH-
MM METOJIOM CaMOCOTJIacOBaHHOTO ToJisi. OH HCIONIB3YeTCs Ui PacdyeToB
OCHOBHOT'O COCTOSIHUSI 3JIEKTPOHHBIX XapaKTEPUCTUK CUCTEM C OTKPBITON U
3aKpBITON 000JI0UKAMH, ONITUMHU3ALIUN TE€OMETPUN U MOTHON sHepruu. OCHOB-
Hble TPUOIMKEHUS, UCIIOJIb3yEMbIE B MOIYIMIMPUUECKUX METOJaX, CIEIYIo-
Iue:

1) PaccmarpuBatoTcsi TOJIBKO BAJIEHTHBIE 3JIEKTPOHBI, 3JIEKTPOHBI aTOM-
HBIX OCTOBOB JIUIIb SKPAHUPYIOT Spa, IOITOMY ITH AJIEKTPOHBI YUUTHIBAIOT B
(GYHKIUSAX, OMUCHIBAIOIINX YHEPTUI0 OCTOB—OCTOBHOTO OTTAJIKUBAHHSA (B KOTO-
poe BKIIIoUaeTcs saep—saaepHoe oTTankuBaHue). [lomspusamnueii ocToBoB mpe-
HeOperaroT.

2) B MO yuutsiBatoT T016K0 AO € I1aBHBIM KBaHTOBBIM YHCIIOM, COOT-
BETCTBYIOIIMM BBICITUM 3aCEJICHHBIM JJIEKTPOHAMHU OPOUTAIISIM H30JHPOBAH-
HBIX aTOMOB (MMHHMMAJbHBINA 0a3uc), MPUYEM CUUTAIOT, YTO Oa3uCHBbIC (PYHK-
1uu o0pas3yroT Habop opToHOpMUPOBaHHBIX AQ.

B metone CNDO napameTpu3yeMbIM CBOMCTBOM SIBJISIETCS DJIEKTPOHHAs
IUIOTHOCTh. MeTo/ XOpOoIlo BOCHPOU3BOJUT AMUIOJIbHBIE MOMEHTHI, JJIMHBI
CBSI3€M, BaJICHTHBIE YTJIbI, CUJIOBbIE KOHCTAHTHI U T.JI.

MaxkcruMaabHOE YUCIIO LUKIIOB, IPU KOTOPOM YJAeTCsl MOJYUYUTh pellie-
HHE ypaBHEHHI CAMOCOTTIACOBAHHOTO OJA ¢ mapamerpoM cxomumoctr 107 re
6osee, yueM 500. OCHOBHBIM MapaMeTPOM KPHUTEPHUS CXOIUMOCTU SIBISIOTCS
Pa3HOCTH IIOJIHOM DHEPTUU Ha NMPEABIAYIIEM U TEKYILEM L1are UTepaluu.

Metoa MoJieKyJISIPHOI ITMHAMMKH

JUid onucaHMsl TMHAMHYECKOIO IOBENEHHUS IMENTUAHBIX MOJIEKYN IIpU
Pa3IUYHBIX YCJIOBUSAX LIMPOKO HCIOJB3YETCSI METOJl MOJIEKYJISIPHON TUHAMU-
KU, IIPOrpecc B Pa3BUTUU KOTOPOTO 0a3upyercs Ha JJOCTUIKEHUSAX KOMIIBIOTEP-
HBIX TexHoJoTui [7-9]. PacueTsl mpOBOAMINCEH MPU YCIOBUHU, YTO UCCIETYE-
Masl MOJIEKYJIa HaXOAMUTCS B BakyyMe. Bo Bcex cilyudasix pacCuMTaHHasi paBHO-
BECHAsi T€OMETPUS MCIIOJIb30BAJIaCh B KAUECTBE HAYAJIbHOM ISl MOJIEKYJISIPHO-
JUHAMHYECKOI0 pacyera, MPOBOJMMOrO B MOTEHLHUANAX MOJIY3MIMPUYECKOTO
Meroga MM+ 6e3 ydera cummerpuu. ONTHMH3AINS T€OMETPUU MOJICKYJIbI
IpoBoAMIIach ¢ napamerpom cxoaumoctu 0.01.

Pe3ysnbTaTrhl pacueToB U MX 00CYK/IeHHUE

OHepreTudeckue mnapaMeTpbl HU3KOIHEPIETUUECKUX CTPYKTYpP MOJIEKY-
a1 CREKA mocne ontuMu3anuu MOJIHOM 3HEpruu naHbl B Tabnuie 1. Kak
BUIHO M3 Tabiuubl | cocTrosHuE ¢ ria00aabHBIM MUHUMYMOM 3HEPruu (KOH-
dbopmarus 1, Tabi.1) coxpaHsieT cBOe MPEUMYIIECTBO M MIPU CPaBHEHUHU 3HA-
YEHUH MOJHOM AJIEKTPOHHOM 3Hepruu. Camoe HU3KOE 3HAYEHUE MOJIHOM JIeK-
TPOHHOW SHEPTHHM O0ECIEeYMBACTCS OJAronmpusTHBIM OajlaHCOM DHEPTHUU CTa-
OUIM3aIMK AJIEKTPOHHBIX OOJIAKOB M OTTAJIKMBAHUS aTOMHBIX ocTaTkoB. He-
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CMOTPS Ha TO, YTO AJIEKTPOHHAS YHEPTUsI 3TOM CTPYKTYphI YCTyMaeT 1Mo 3Haue-
HUIO HEKOTOPHIM JIPYTMM KOH(pOpMalusM, OJarompusTHOE pPACIOIOKEHHE
aTOMHBIX sifiep KOMIIEHCUPYET 3TOT mpourpsiul. B utore, kondopmarnus 1 06-
JagaeT caMoil OOJIBIION BEIMYMHON SHEPTUU CBS3BIBAHMS, KOTOpAs SBIISETCS
OCHOBHBIM KpHUTEpHEM CTaOMIbHOCTH. Cleayroliee COCTOSHUE ¢ OTHOCUTENb-
Ho#i sHeprueit 0,27 KKain/MoJb, TOTYYEHHOE C TIOMOIIBI0 METO/1a MOJIEKYJISpP-
HOM MEXaHUKH, [0 3HAYCHUSM SHEPTUU CBSI3bIBAHMS YCTYIMAET TPEM CIlEAyIo-
UM CTpYKTypam (koHpopManuu 3, 4 u 5, Tadi.1). DToMy criocoOCcTByeT HU3-
KO€ 3HAueHHE AJIEKTPOHHOW »Hepruu. [Ipu OiaronpusTHOM pPACHOJIOKEHUU
ATOMHBIX OCTaTKOB OTCYTCTBYeT 3(D(PeKTUBHOE CTAOMIM3UPYIOIIEe pacipesie-
JIEHUE 3JIeKTPOHOB. B MTOre, MOXKHO MOAYEPKHYThH, YTO HAOIOJAETCs ONpee-
JeHHas oHepretndeckas auddepeHmmanys MO pe3yapTaraM  KBaHTOBO-
XUMHUYECKHX pacueToB. Mexay KoH(opMalusMH, NONaJaloUMMI B HHTEPBAJ
oTHOCUTENbHOW 3Hepruu 0-1 KKaix/Moip MO pacueTaM MOJIEKYIISIPHOW MEXaHH-
KM U KBAaHTOBOW XMMHHU He HaOJIOJaeTCsl CYIECTBEHHOIO PACXOXKIEHUS IO
xapakrepy audQepeHIranuy HU3K0IHEPreTHIECKUX COCTOSHHIA.
CpaBHUTENbHBIM aHANNU3 3JEKTPOHHOM CTPYKTYphl HHU3KO’HEpreThue-
CKMX KOH(OpMAaNuil MpOBEJCH Ha OCHOBE 3HAUCHHUH 3(P(EKTUBHBIX 3apsIoB,
OpOUTANBHONM SHEPruH, AUIMOJIBHBIX MOMEHTOB. VMI3MeHeHHe 3THX MapamMeTpoB
MIPH TIepexo/ie OT OAHOM KOH(OPMAITUK K IPYroi TO3BOJISET ONPEACTUTh KOH-
(OpMaIMOHHO-3JIEKTPOHHYIO 00YCIIOBIIEHHOCTh HU3KOIHEPreTHYECKUX CTPYK-
Typ. AHATH3UPYysS TUHAMUKY M3MEHEHUs d(P(EKTUBHBIX 3apsSI0B KOHKPETHBIX
aTOMOB MO>KHO BBISIBUTh OTHOCHUTEJIEHO KOHCEPBAaTHUBHBIE 1 UyBCTBUTENBHBIE K
KOH(POPMAIIMOHHBIM TIEPECTPOUKAM YYaCTKH MOJICKYINBL. 3apsasl Ha aTomax
HanOosiee BaXKHBIX (DYHKIIMOHAJIBHBIX TPYII MOJEKYJIbl B PA3IMYHBIX KOH-
(hopMalLMOHHBIX COCTOSIHUSAX MPUBE/IEHBI B Ta0I1.4.
Tab6muna 1
JHepreTuyecKue napamMerpsl (KKaji/MoJ1b) HU3K0IHEPTreTHYECKUX
KOH(pOPMALMOHHBIX COCTOSTHUI MOJICKYJIbI
CREKA no gannsiM metoga CNDO

= 2 Z 5 = a’é S
= | 3 g 2 s g2 = E
= o 2 = =) o =
< = = = S &R = = S -
s L o - = S - === -]
s E = = = 2 = = @ g o
€ | SE & =3 g 2 =25 Z 2
= S A =] o [T % - ==
g |2 2 |z ¥ ES
o = A ol o)
1 0,0 -288622 -21920 -2004372 1715750 -14137
2 0,3 -288603 -21901 -2005934 1717332 -14118
3 0,3 -288607 -21905 -2033603 1744996 -14123
4 0,5 -288609 -21907 -2080778 1792169 -14125
5 0,9 -288608 -21907 -2042134 1753526 -14124
6 1,0 -288565 -21864 -2080225 1791659 -14081
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Tabmuua 2
Beau4yuHbI IMNO0JBbHBIX MOMEHTOB HU3KOIHEPreTHYECKUX
KOH(pOPMALMOHHBIX COCTOSIHUI MOJIEKYJIbI
CREKA no nanabim metoga CNDO

Kondop- | JunosbHblii MOMeHT, 10
Manus X Y Z | Iloanblii
1 05 ]1-23] 18 3.0
2 28 | 5.1 |-24 6.3
3 21 (1-15]-59 6.4
4 -291-09]-13 3.3
5 -1.0| 39 ]-59 7.2
6 99| 57 ]-22 11.7

Tabnuna 3
JHeprus (3B) BepxHeil 3a110THEHHO U HUKHEH CBOOOHOM
MOJIEKYJ/ISIPHBIX OpOuTAaJIeil B pa3IMYHbIX KOH(POPMALMAX MOJIEKYJIbI

CREKA
Koundopmauusa | BSMO | HCMO
1 -0.040 | 0.737
2 -0.089 | 0.870
3 -0.241 0.878
4 0.091 0.961
5 -0.155 | 0.890
6 -0.244 | 0.834

Kak BuaHO M3 TaOmuIbl 2 3HAUYEHUS AMIOJIBHBIX MOMEHTOB MOJIEKYJbI B
pa3HbIX KOH(OpMalMIX 3aMETHO OTIMYAIOTCS M HAOJI0AeTcsl TEHAECHLHUS K
YBEJIMUEHHUIO JUMOJIBHOIO MOMEHTA C YBEJIIMYEHHEM OTHOCHUTEIBHOM DHEPIHH.
Uckmouenne cocrabnseT kKoHopmanus 4, KOTOpass UMEET OTHOCHTEIBHO
KOMITIAKTHOE MPOCTPAHCTBEHHOE CTPOEHHUE CO COIMIKEHHBIMHU IPOTHUBOIOJIOX-
HO 3apsDKEHHBIMHU ydacTkaMu. [1oaToMy Mojekyna B 3TOM COCTOSIHUU Xapak-
TEPU3yETCsl MEHbILIEH BEIMYMHON IUIIOJIBHOIO MOMEHTA. JTa TEHICHIMs Ha-
OJIr0/1aeTCs U NP aHAJIM3€ YHEPrUil BepXHEl 3al0IHEHHON U HUXKHEH cBo0o-
HOW MOJIEKYJSIPHBIX OopOUTasiell MOJEKY/bl B 3TOM KoH(popmarmu. Kak BUIHO
13 TabauIbl 3 HaOJI01aeTCsl YMEHbILIEHNE BETUYUHBI SHEPTUU BEpXHEH 3amoJ-
HEHHON MOJIEKYJISIPHBIX OpOUTANN C YBETUYEHHUEM OTHOCHUTEIBHOM KOH(pOP-
MAaIMOHHON 3Hepruu Juid KoHpopmauuit 1-3, 5 u 6. HckitoueHne cocTaBiseT
koH(popManmst 4, A KOTOPOW XapaKTEpPHO HM3MEHEHHE MPOCTPAHCTBEHHOMN
CTPYKTYpBI, CBS3aHHOW C KOH(OPMAIMOHHBIMH TEPECTPOMKAMHU KOHIEBBIX
YYacCTKOB. AHQJIOTUYHbIE BBIBOJBI MOXKHO CJ€NAaTh U IPHU aHAIN3E BEIMYUH
3G GEKTUBHBIX 3apsAI0B, PACCUMUTAHHBIX Ui BCEX KOH(POpPMAIUN MOJIEKYJIBI.
CyliecTBeHHbIE pa3uyusl KacaloTcs, B OCHOBHOM, aTOMOB MOJIEKYJIBI B KOH-
¢bopmaryu 4.
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Tabmuua 4

IMapuuanabHble 3apsaabl Ha aToMax MoJeky/Jabl CREKA B pazanunbix
KOH(OPMALMOHHBIX COCTOSTHUSIX

AMHHO- ATOMBI Kondopmauus
KHCJI0ThI 1 2 3 5 6 A
CYS1 s© -0.149 | -0.145 | -0.138 | -0.104 | -0.148 | -0.150 | 0.045
ARG 2 H (NH,) 0.100 0.101 0.101 0.100 0.100 0.146 | 0.046
GLU3 0 (CO) -0.358 | -0.365 | -0.354 | -0.346 | -0.355 | -0.349 | 0.012
cP 0.450 0.418 0.445 0.415 0.413 0.420 | 0.037
o° -0.307 | -0.288 | -0.336 | -0.264 | -0.261 | -0.284 | 0.046
o° -0.308 | -0.268 | -0.275 | -0.280 | -0.274 | -0.283 | 0.040
HP 0.027 0.016 0.012 0.024 0.023 0.040 | 0.015
HE 0.036 0.043 0.043 0.029 0.029 0.064 | 0.028
H* 0.012 0.032 0.032 0.008 0.013 0.002 | 0.020
LYS 4 c* 0.063 0.072 0.072 0.075 0.076 0.070 | 0.013
cP 0.010 0.012 0.012 0.012 0.012 | -0.029 | 0.019
H (NH) 0.106 0.125 0.113 0.106 0.110 0.116 | 0.019
H* 0.029 0.005 0.011 0.006 0.000 0.014 | 0.029
HC 0.000 0.010 0.003 0.023 0.021 0.006 | 0.023
HP 0.002 0.002 0.002 0.003 0.002 0.043 | 0.041
ALAS N -0.202 | -0.178 | -0.173 | -0.186 | -0.177 | -0.178 | 0.029
c* 0.075 0.120 0.128 0.112 0.124 0.120 | 0.043
C 0.345 0.421 0.441 0.409 0.438 0.421 | 0.096
0(C'0) -0.171 | -0.291 | -0.332 | -0.269 | -0.346 | -0.294 | 0.175
0(C'0) -0.188 | -0.313 | -0.325 | -0.267 | -0.306 | -0.311 | 0.137
H 0.109 0.134 0.134 0.120 0.133 0.132 | 0.025
uP 0.018 0.031 0.035 0.026 0.034 0.031 | 0.017

MeroaoM MOJIEKYISPHOM AMHAMHUKHU HCCIIEIOBAHbI JUHAMUYECKUE CBOM-
ctBa Mosiekysiel CREKA. Pe3ynbrarer 000011eHbI B Ta0IUIE S, T/I€ MPUBEICHBI
npeAesibl U3MEHEHHS ABYTPaHHBIX YIJOB B OCHOBHOW Lienu Mojekyinbl. [lomy-
YEHHbIE PE3YJIbTAThl COIVIACYIOTCS C JIaHHBIMM KBaHTOBO-XMMHUYECKUX pacye-
TOB U OyIyT HCIONB30BAHBI ISl U3YYCHUS KOH(POPMAIIMOHHO-TUHAMUYECKUX
cBoiicTB aHasioros Mosiekyiasl CREKA.

Taobmuma 5

J{ByrpanHsbie yrjibl (Tpaj) B HU3KOIHepPreTH4ecKuX KoH(popmanusx
MouiekyJabl CREKA 10 (BepxHsisi CTPOKA) U nocJjie (HUKHSAS CTPOKA)
MOJIEKYJISIDHOM TMHAMHMKH B CHWJIOBOM mojie MM+

Kondop- Cysl Arg2 Glu3 Lys4 Ala5s
Maius

1 *.73,-55,180 | -104,-59,178 | -99, 137,185 |-117,-61,184 | -88,-52,178
-145,-67, 182 | -96, 56, -172 -82,35,164 | -99,60,-171 -58, 180, 179

2 -76,-52,180 | -92,-56,178 | -147,173,180 | -90, 95, 180 -84, -55, 179
161, -164, 189 | -102,-28,-175 | -101, 107,-168 | -67, 30, -175 | -119, 172, 164

3 -83, 72, 181 -116,-63,177 -96,-52,183 | -114,123,175 -83,-54, 180
-53,93, 176 -96, 63,169 | 72,-40,-172 | -83,57,-161 -42, 146,174
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4 -83,76, 181 | -119,-63,179 | -94, 140, 187 54, 65, 184 50, 56, 188
-50, 93, 177 -88, 31, 171 80,-44,-165 | -74,-52,159 | -88,118, 169
5 -77,-57,179 -108,-61,178 -98,143,186 55, 68, 181 -113, 141, 183
-90, -73, 185 | -86,45,-176 -73, 55,178 87,-72,-166 | -162, -168, -173
6 -87,-62, 180 | -136, -63, 180 53,62, 183 -117,96, 182 | -89, -56, 180
174, -176, 181 | -98,70, -164 70,12, 173 -95, 68, 171 -63, -38, 169

*Hpumeqauue: Benmmunner JABYTPAaHHBIX YIJIOB OCHOBHOH ICIH JaHbl B IOCJICIOBATCIbHOCTH:
¢, Y, ©
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PENTAPEPTID MOLEKULUN KiCIK ENERJILI KONFORMASIYALARININ
IKiUZLU BUCAQLARI

G.C.ABBASOVA, E.Z.OLIiYEV
XULASO

R

o

Sislora qarsi yeni dorman preperati CREKA molekulunun molekulyar dinamika iisulu
ilo foza qurulusu vo elektron qurulusu todqiq edilmisdir. Molekulun dayanigli konformasi-
yalarmin stabillogsmosinda osas olan atomlar arasi miixtolif qarsiligh tesirlorin enerji paylari vo
hondoasi parametrlori hesablanmisdir. Molekulyar dinamika prosesindo amintursu qaliglarinin
asas va yan zoncirlorinin ikitizlii bucaglariin qiymaotlori verilmisdir.

Acar sozlor: CREKA, peptid, konformasiya analizi, konformasiya vaziyyati, mole-
kulyar dinamika.

DIHEDRAL ANGLES IN LOW-ENERGY CONFORMATIONS
OF PENTAPEPTIDE MOLECULE

G.D.ABBASOVA, E.Z.ALIYEV
SUMMARY

The method of molecular dynamics investigated the spatial and electronic structure of
the CREKA molecule, a new drug with an antitumor effect. Geometric parameters and energy
contributions of various types of interatomic interactions to stabilize stable conformational
states of the molecule were calculated, limits of change of dihedral angles in the main and side
chains of amino acid residues in the process of molecular dynamics were quantified.

Keywords: CREKA, peptide, conformational analysis, conformational state, molecular
dynamics
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Hccnedosan npubnudsicennbiil Memoo paciema cnekmpog etimponos. Iloxasan pacuem
Pa3IuYHOU ONUHBL pelaKcayul Helimpora 6 eewjecmee. Ilpueedena memoouxa paciema OnuHbl
penakcayuy memMnepamypsl HelmpoHHO20 2a3d OM OCHOBHOU OUpy3UOHHOU ONUHbL U OUHbI
penaxcayuu 0151 NOMOKA HeUMpOHO8, NOJYYEHHBIX U3 IKCHepUMEeHmA.

KaioueBble c1oBa: HEHTPOH, CIIEKTp, penakcaryst, TupQy3us.

IIpouecc ycraHOBIEHUS PAaBHOBECHOI'O IIOTOKA HEUTPOHOB B BELIECTBE
Ha3bIBaeTCs TepMoau3anueil. B 6e3rpanndHoi 0THOPOIHON HEMOoTIaIIaroei
Cpele CIEKTP HEUTPOHOB OT MMITYJIbCHOI'O UCTOYHUKA CTPEMUTCS K MAaKCBEI-
noBcKoMy. llornomeHne, MCTOYHMKM HEUTPOHOB M HX YTE€YKa B KOHEYHOU
cpele IPUBOAAT K OTVIMYHBIM OT MaKCBEJJIOBCKOI'O CIIEKTPaM HEHTPOHOB. Xa-
paKkTep OTKIOHEHUM W 3aKOHBI 3aTyXaHUs Pa3IMYHbIX BO3MYILEHUN HEHUTPOH-
HOT'O TIOTOKA BO BPEMEHH U MPOCTPAHCTBE MPEACTABIAIOT OOJIBIION HHTEPEC C
OJIHOM CTOPOHBI JIJII PEAKTOPHOM TEXHUKH, a C IPYyroM—isl YTOUHEHUS pa3-
JUYHBIX MoJenen 3aMmemnureneid. 11ockobKy B MOJenu 3aMenIuTenci, B da-
CTHOCTHM TBEPJBIX TE€J, UCXOIAT U3 ONPENEICHHBIX YAaCTOTHBIX CHEKTPOB, Ha
OCHOBE KOTOPBIX PACCUUTBHIBACTCS CIEKTP HEUTPOHOB, TO B 3TOM CMBICIIE U3Y-
YEHUE CIIEKTPOB, a TAK)KE peIaKCalMKi NOTOKOB HEUTPOHOB MPEICTABIISAET 3HE-
YeHue 1711 PU3MKH KOHACHCUPOBAHHBIX COCTOSIHUH BEIIECTBA.

N3ydenue penakcaiuy NoToKa U TeMIEpaTypbl HEUTPOHHOIO raza 0ObIY-
HO CBOJHUTCA K OIPEACICHUIO Pa3JIMYHBIX JJIMH pellakcanui. /[eao B TOM, 4TO
JUIMHBI PETAKCALNN ONPEIEIAIOTCS TOJIBKO CBOMCTBAMHU CPEbl U HE 3aBUCAT OT
BUJIa UICTOUYHUKOB. TeM caMbIM OHM COZAEp)KaT WH(POPMAIHIO O 3aKOHE pacces-
HUS cpefbl U, OyayuH U3BJICUEHHBIMU U3 SKCIIEPUMEHTA, MOT'YT OKa3aThCs IMO-
JIC3HBIMU JUIsl IPOBEPKU TEOPETUUECKUX MOJEIIECH sA/ipa paccesiHus

JllnHaMu penakcalyi 1o onpeesieHUI0 Ha3bIBalOT OOPAaTHBIE BETMYNHBI
JIMCKPETHBIX COOCTBEHHBIX 3HAYCHMH 3a7ay, BO3HUKAIOIIMX IMPH Pa3/eICHUU
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HNCPEMCHHBIX B KMHCTHYCCKOM YPAaBHCHHUU. B HpOCTCfIH.IGM ciydae IUIOCKOM
TreoMETpHrHU, €CJIN UCKATh PCIICHUC KUHCTHUYCCKOI'O0 YPaBHCHU A

y 2CE) | S (B2 1, E) = [, 8, fy S(E' = E, i — p)x
oz, W E")dE' (1)
B BUJIE

¢z WE) =ef(WE) (2)

3ajJa4dya Ha COOCTBEHHBIE 3HAYEHHUS UMEET BHU]

1 o / / roo /
CE) — wOf (B, ) = [ dp' [ (B = B, — @) f(E', W)dE" (3)
AHanoruuHeIMH B Pr npuOIM>keHnu U pu U30TPOITHOM PACCESHUU SIBIISIOT-
Ci. CJICAYIOIIUC YPABHCHUS:

~L(E) LD 1 S (EY(2 E) = [ 5B - E) (2, EVAE (4)

Y(z,E) =y(E)e” 5 (6
S (B) = DEWDY(E) = [ To(E > By y(EnaEr O ©

Kak Bunum, 3amaun Ha cobcTBeHHBIC 3HAUCHUS (3) U (6) MpeACcTaBIsSIOT
co0oif 3amaunm Ha COOCTBEHHBIE 3HAYEHHUS JUIS PA3IMUYHBIX HHTETPabHBIX
yYpaBHEHUH, SIpaMU KOTOPBIX SIBIISIOTCS JABAXIBI MU epeHIMpoBaHHbIC Ce-
yeHusi paccesHus. Criektp coOCTBeHHBIX 3HaueHU# [1, 2] moboi peambHOM
CHUCTEMBI COJIEPKUT HENPEPBIBHYIO YacCTh, HO OTHIO/Ib HE BCETJa—/ANCKPETHBIE
coOcTBeHHbIE 3HaUeHUs. ['paHnIIa MeX 1y 3TUMHU YaCTAMU CHEKTpa JEKUT MIPU

* = min(Xt(E)) (7)
Ui ypaBHeHus (3) u npu
x* =min(V3y%, (E)) (8)
it ypaBHeHus (6). Takum oOpa3oM, rpaHUIIBI HEMPEPHIBHOTO CIIEKTPA, a clie-
JIOBATEJIbHO U BECh CIEKTP COOCTBEHHBIX 3HAYEHHH CYILIECTBEHHO 3aBUCST OT
UCIOJIb3yEeMOT0 MPUOIHKEHHUS.

Bemnunny Lo = x5 (B TOM cllydae, €Clli CyIIECTBYET AUCKPETHOE COO-
CTBEHHOE 3HAYCHHE X) YaCTO HA3BIBAIOT JIMHOW mudy3uu wim GyHIaMeH-
TaJbHOM JJIMHOM, COOTBETCTBYIOIICH HCIOJIB3yeMOMY MPHOJIMIKEHUIO;
L, = x{! (B TOM ciy4ae, ecliM CyIIECTBYET JIUCKPETHOE COOCTBEHHOE 3Haue-
HUE€ X;) Ha3bIBAIOT MEPBOM JIMHOW peJlaKcalliy WX JJIMHON pacTepMain3a-
uuu. B ToM ciydae, Korja M3BECTHBI HECKOJIBKO MEPBBIX JUIMH pellakcalluy U
COOTBETCTBYIOIIUX UM COOCTBEHHBIX QyHKIH (3), pemenne ypaBuenus (1) Ha
PacCTOSHUAX Z > X~ 1 ¢ XOpoIIel TOYHOCTBIO MOYKET OBITH IPEICTABICHO B BH-
7€ CYNepIo3uLInu:

¢(z,u,E) = Lo Cufu(, E)e ™%, )
i€ X,— JUCKPETHbIE COOCTBEHHBIE 3HAaYeHus, f,, (U, E) — cooTBeTcTBYIOIMNE
uM cobctBeHHble PyHKIUHU, N +1-—Wux yncno, a C,,—ko3¢pHUIreHTsl pasiio-
KEHUS.
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Amnanorom (9) B P; -ipubnrkeHnn Oyaer
Y(z,E)=Yroy  Coyn(E)e ™ (10)

Otmerum, uto pasznoxxenue (8) u (10) cnpaBeIMBO I OITYOECKOHEY-
HOHM Cpelbl, paclojoKeHHONW cripaBa OT McTouyHuMKa. O00O0IeHne Ha cirydai
KOHEYHOH Cpeibl IPOU3BOAUTCS HEMOCPEICTBEHHBIM 00pa3oM. OUeBUAHO, YTO
pasznoxenus (9) u (10) Hanbosee MOAXOMSIIN IS 337249, KOTOPBIE XapaKTepH-
3YIOTCSl OOJIBIIMMHU pa3MEpPaMU 3aMEUISIFOIIMX 30H CO CJIa0bIM MOTJIOUIEHUEM.
MHororpymnmnoBsie YACICHHBIE METO/IBI pacueTa TaKMX CHUCTEM MOTYT OKa3aTh-
cst Topa3no MeHee d(()EeKTHBHBIMU, YeM YKa3aHHBIN MOJyaHATUTHUYSCKAN Me-
tox [3].

Terepp paccMOTPUM [UTHHBI pENIaKCAIlUH MTPHOIMKEHHBIX METOIOB pac-
yeta. Ha mpakTuke mpoCTpaHCTBEHHO-IHEPTreTHUYECKOE pacipeielieHHe Terio-
BBIX HEHTPOHOB B 3ajjauyax TAaKOro Kjacca Mo BCeil 00JacTH Z 0BOJIBHO 4acTo
UIIETCS B BUJIE PA3JIOKECHHUS

W(zE) =Ll (@) % (E), (11)

rne Y(z, E)—ckanspHblil TOTOK, 4 (Z)—BecoBble GyHKIMH, X;(E) mpoOHbIe
(GyHKINHU, BBIOMpaeMble U3 HHTYUTHBHBIX COOOpayKEHHI.

B kauectBe X;(E) MOXHO HCHOJNb30BaTh, HAlPUMEp, MAKCBEIIIOBCKUE
pacrpeneneHus ¢ pa3uIHbIMUA TEMIIEPaTypaMH W CIIEKTPHI B OECKOHEYHBIX
cpenax.

[IpencraBnerne  MPOCTPAHCTBEHHO-YHEPTETUYECKOTO PpaCIpEICICHUS
TEIUIOBBIX HEUTPOHOB B Buje (11) JIeXKUT B OCHOBE Pa3IUYHBIX MaJIOTPYIIIO-
BBIX METOJIOB PEIICHUS 3a/1a4 TEPMOJIM3AIUH, SBISIFOIIUXCS TIO0 CYTH Jieja Ba-
puanusaMu merona nepekpbiBatomuxcst rpynn (MII). OueBuanbiM 000011e-
HueM (11) ayga KuHeTH4YecKoro ciayyas siBIsieTcs

P E) =3, Py(zu) %, (E) (12)

Boipaxxenus (11) u (12) no ¢popme ananoruuns! (10) u (9). OcHoBHOE
ornuune (11) ot (10) u (12) ot (9) B TOM, YTO BMECTO COOCTBEHHBIX (hYHKIUI
1 COOCTBEHHBIX JUIMH JUIst JaHHOU cpensl B (11) u (12) ucnone3yrorcs Kakue-
TO Apyrue GyHKIUHN U AITUHBI.

OueBuaHoO, 4To Korna npobusle pyHkmu X;(E) mioxo Bocmpou3BoasT
cobctBenHble GyHKIMHU 3a1aun, (11) u (12) OyayT AaBaTh HEBEPHYIO aCUMITO-
tuky. OnHako ot (11) u (12) u "He TpeOyeTcs nmpaBwIbHOW acUMNTOTHKHU. C uX
MOMOIIBIO JIETIAeTCsl TOMBITKA ONUCAaTh C PAaBHOMEPHON TOYHOCTBIO CIEKTP
HEUTPOHOB BO BCEH 00JaCTH M3MEHEHHs 2. DTO O3HAYaeT, YTO JJIMHBI pelak-
callly 3TUX METOJIOB He yHuBepcaibHbl. Ecu B kauecTBe MpOOHBIX (QyHKIUI
UCIOJIb30BAaTh MAKCBEJUIOBCKUE PACIpEAETICHHUs ¢ TeMIlepaTypamMH 30H, TO B
P; A -npubmmwxkennn (12) npeoOpazyeTcs K BUAY

W(z,E) = Y (2)M(E, Ty + P, (2)M(E, T5) (13)
a u3 (4) momy4aeTcst XOpOIIO U3BECTHAs CUCTEMA ypaBHEeHHH [4, 5]:
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DAYy — (Zar + 2721 + 257, = =S
L*Ay — (Zq, + 270, + 257%Y = =5,

rze 0003HaYeHNsT KOHCTAaHT COOTBETCTBYIOT MMPUHATHIM B pabdorax [4, 5]. Bechb
CHEKTP COOCTBEHHBIX 3HAYEHHUI OAHOPOIHOTO ypaBHEHUs (14) COCTOUT TOIBKO
U3 IBYX TUCKPETHBIX COOCTBEHHBIX 3HAUCHUH.

KauecTBeHHas cTpykTypa CeKTpa COOCTBEHHBIX 3HAYEHUI PacCMOTpPEH-
HOTO MPHOIMKEHHOTO METO/Ia OTIMYHA OT CTPYKTYPHI CIIEKTpa COOCTBEHHBIX
3HavueHui ypaBHeHu# (3) u (6). [lelicTButenbHO, TpaHchopMuUpyeTcs He TOJb-
KO I'paHulla MEX1y HENpepbIBHON U JUCKPETHOM YacTsAMU COOCTBEHHBIX 3Ha-
YeHH, HO U HAKJIAJbIBAIOTCS CYIIECTBEHHBIE OTPaHUYCHHS Ha YUCIIO TUCKPET-
HBIX COOCTBEHHBIX 3HAYCHHH (MX HE MOXKET OBITh OOJIBIIE IBYX). KPOME TOTO, B
ciyyae P:-npuOivskeHust HenpepbIBHAs YacTh CIEKTPa COOCTBEHHBIX 3HAUEHUI
BooOIIe orcyrcTByeT. ClieyeT TakKe OTMETHTbh, UYTO JHUCKPETHBIC COOCTBECH-
HbIe 3HaUEHUs MPHUOIMKEHHOTO METOa 3aBUCAT OT BHUJA MPOOHBIX (YHKIIHI.
OTcrozia BUIHO, YTO JJTMHBI pellaKCalliy MPUOIMKEHHOTO METO/a, paBHBIE 00-
paTHBIM BEJIMYMHAM COOTBETCTBYIOLIMX COOCTBEHHBIX 3HAUCHHH, HE 00sS3aHBbI
COBMAJATh C IJIMHAMHU perakcanuu ypaHeHu (3) u (6).

bein npennoxen cinenyromuin Meron Berunciaenus LI IIpu ycnosuu cy-
LIECTBOBAHUS TUCKPETHOM (MJIM XOTs Obl KBa3WIUCKPETHOM) MEPBOM AJIMHBI
penakcanuu L1 BEKTOpHBII MOTOK HEUTPOHOB HA ACUMIITOTHKE MOXET OBITh
MIPE/ICTaBJICH B BUJIE

(p(Z, H, E) = COfO(M' E)e_Z/P + lel(”) E)e_Z|P1
Toraa Temneparypa HeHTpoHHOTO ra3za Oyaer
JE@(zwE)dE _ Eo(w)+C(WEWe /11

(14)

T@&W = Found = 1ecme 75 (15)
CCi[hpB)E | [EfuuE)dE,
C{j’i} r GDIfﬂEP,E}dF! n = Ifn{u, E}dE {ﬂ’ _{}1 1)
1 1 1
L, L L (15 a)

Ho 310 BBIpaskeHne MoxeT ObITh MpeoOpa3zoBaHO K BULY

b
T(z,u) =T, + (T, — Tz)m
€CJIM BBECTU 0003HAUCHUS:

T(z) = Eo (W), T1(2) = E1 ), b=Cw
Paccmotpum popmyity (15) B yacTHOM ciaydae OONbLINX Z.
YuuThiBas Majg0CTh SKCIIOHCHITMAIBHOTO YJIeHa, MpeacTaBuM 1(z, tb) B Bujae

T(z, 1) = Eq(x) + CO[E(W) — Eo(§)]e =
O0o3Hauas

T = Eo()uTo = C(W)EL () +Eo(0)[1 — C()]
MOJTYYUM COOTHOIIICHHUE, COBITAIA0IIEE C BhIpakeHUEM (6) paboTh [6]:
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T(Z, .u) ~Tw + (TO - OO)e_Z]L2 (17)
ecnu nox L2 moHMMAaTh Tak Ha3bIBaEMYIO JUIMHY pEJIaKCallMi TeMIEepaTyphbl
HEUTPOHHOIO rasa.

Takum o0Opa3om, u3BIeKaeMas MyTEM MOJATOHKH aCUMITOTUYECKOM yac-
TH XOJIa SKCIIEPUMEHTAILHOU TemnepaTypsl popmynamu (17) wum (16), cBsa3a-
Ha ¢ nepBoi mmHON pemakcanuu L1 cootHomenunem (15 a). Tem cambiM 1mo-
JTy4aem

LyL

L1 — otr
Lo+ L,
JUTEPATYPA

Nucl. Sci. Engng. Ne 2, vol 159, (2008) (169-181)
Snepubie koncTanTsl Ne 1-2, 2010, cr. 81-88
Snepubie koncTanTel Ne 1-2, 2008, ct. 60-86
SAnepnas ¢pusuka Tom: 79, Ned, (2015) ct. 916

W=

NEYTRONLARIN YAVASIDICI MADDOLORDO RELAKSASIYASI
X.S.ABDULLAYEYV, B.AANOCIOFOV
XULASO

Todqiqatda neytron spektrlorinin hesablanmasi ii¢lin toqribi iisul aragdirtlmigdir. Bu
maoqsadlo neytronlarin yavasidict maddslords relaksasiyast vo miixtalif relaksasiya uzunluglart
hesablanmisdir. Maddods neytron qazinin temperaturunun, relaksasiya uzunlugunun, tocriibi
tapilmis neytron selinin relaksasiya uzunlugu vo diffuziya uzunluguna osason hesablanmasi
ti¢lin tisul irali stirtilmiisdiir.

Acar sozlor: neytron, spektr, relaksasiya, diffuziya

RELAXATION OF NEUTRONS IN SLOWING DOWN MATTERS
Ch.Sh.ABDULLAYEYV, B.ANAJAFOV
SUMMARY

It is investigated approximate method for the calculation of the neutron spectra. It is
shown the calculation of different relaxation length of the neutron in the matter. The method is
given for the calculation of the relaxation length of the neutron gase temperature on the the

basic diffusion length and the relaxation length for neutron flow obtained from the experiment.

Keywords: neutron, spectrum, relaxation, diffusion
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