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M.H. Unbacos'? ® , A.H. Ucappikos'>" ®
TMHCTUTYT A0epHOM GU3MKK, r.AAMaTbI, KasaxcTaH
ZKa3axCKui HalMOoHaAbHbINA YHUBEPCUTET UM. anb-Papabu, r. AimaTsl, KasaxcTaH
306beAMHEHHBIN UHCTUTYT AAepHbIX UccaenosaHuid, r. lybHa, Poccus
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BbIYUCNEHUE ®OPM-PAKTOPOB, BPEHYUHIOB U YIJ10BbIX HAB/TKOOAEMBbIX /17 MEPEXOOA
B > @ B PAMKAX KOBAPUAHTHOW MOZENU KBAPKOB

CTaTba NOCBALLEHA UCCNEA0BaAHMIO Nepexoaa B — w B paMKax KOBapMaHTHOW MOAENN KBAPKOB, KOTOPas
npeacTaBnseT cobol TeopeTUYEcKUin noaxod ANA OnucaHMa AMHAMUKM afpOHOB C YY4ETOM KBApPKOBOW
CTPYKTYpbl. Llenbto paboTbl aABnseTcaA BbluncaeHme dopm-bakTopoBs A1A nepexona B — w Bo Bcem AnanasoHe
nepeaaBaeMoro UMMynbca g2, a Takxe WcCNeAoBaHMe M pacyeT BPEeHYMHIOB PacnafosB Mo NENTOHHbLIM
KaHa/lam, aCMMMETPUM «BNepéa-Hasazay, YroBbIX HabatoaaemMblx, MPOAOAbHOM M NONepeYHoM NoaspuUsaLmMm
anapacnaga B® — wltl™ (roe l- e; yu; T). HayuHas 3HaYMMOCTb paboTbl 3aKNtOYaETCA B €€ BKNAe B NPOBEPKY
CTaHO@pTHOM MOAENIN U BO3SMOXKHOCTM OOHAPYKEHMUA HOBOM QU3MNKM, CBA3AHHOM C HapyLUeHMeM NeNTOHHON
YHWBEPCANbHOCTM W APYIMMW aHOManuamK. [lpaKTMYecKoe 3HayeHWe WCCNeoBaHUA BblparkaeTca B
BO3MOHOCTM  WUCMONb30BaHMA MONYYEHHbIX pPe3ynbTaToB ANA JaNbHENMWWUX 3KCNEPUMEHTANbHbIX U
TEOPETUYECKUX UCCNed0BaHUI B GU3MKe a/1leMeHTapHbIX YacTul, MeToaonorua uccaeaoBaHa OCHOBaHa Ha
KOBapWMaHTHOW MOAENM KBApKOB, KOTOPAas OMMUCbIBAET aApOHbl KaK COCTaBHble CUCTEMbI, COCTOALLME W3
KBApKOB M aHTMKBAPKOB, B3aMMOAENCTBYIOWNX Yepe3 apPeKTUBHbIE BEPLUMHHbIE DYyHKUMKU. Popm-daKTopsl
BbIYMCAAIOTCS C MCMNOAb30BaHMEM MpPOrpamMmmHoro obecnedyeHma Ha a3blkax Fortran m Mathematica, a ux
napameTpusalmMa MNo3BOMAET MPOBOAUTb JasbHeElMe pacyeTbl DPEeHYMHroB W YII0BbIX HabAOAAEMBIX.
Mofly4eHHble pe3ynbTaTbl NMOKa3biBAtOT XOPOLIEe COMlacke C MMELWMMNCA TEOPETUYECKMMM MPOTrHO3aMM.
PacyeTbl AEMOHCTPUPYIOT 3HAYMMOCTb KOBApPMAHTHOM MOAENU KBApPKOB B OMWCAHUM PeaKMUX pacnafos
ME30HOB, NOATBEPKAan €€ NPUMEHMMOCTb A9 aHan3a NepexooBs C USMEHEHMEM apomaTa. BKknaa AaHHOM
paboTbl B 06/1aCTb 3HAHWI COCTOMT B NPEAOCTaBAEHUN HOBbIX AaHHbIX 4158 MPOBEPKN TEOPETUYECKMX MOAeNeN
N B U3YYEHMM BO3MOMKHbIX MPOABAEHNIA HOBOM GUSUKN.

KnioueBble cioBa: cTaHAapTHas MoAe b, KBAHTOBas Teopua nons, B me3oHbl, Gopm-daKkTopbl, BpeHUMHT,
yrnoBble Habaogaemble, NPOAOAbHAA NOAAPU3ALMS.
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KBapKTapablH KOBapnaHTTbl Mogeni weHbepiHae B — w aybicybl yWiH popm- dakTopaapbl, BpeHUnHri
)KoHe bypbIWTLIK BaKbl1ayNapbIH ecenTey

Makana KBapK Kypbl/lbIMblH €CKepe OTbIpbif, agpoHAAPAbIH AMHAMMKAChIH CMNAaTTayAblH TEOPUANbIK
Tacini 60bIN TabblNaTblH KBAPKTAPAbIH KOBAPUAHTTLI MoAeniHaeri B — w blablpayblHbIH 3epTTeyre apHaafaH.
YYMbICTbIH MaKkcaTbl — g2 6epineTiH MMNyAbCTIH 6ap/blk AManasoHbiHaa B — w biasipaybiHbiH, GOpM-
baKkTOpNapbiH ecenTey, COHAAM-aK NenTOHAbIK apHanap apKblibl biablpay GPEHUYMHITEPIH, «anfa-apTKa»
acummetpusacbiH, B® — wltl™ bigbipaybl ywWwiH OypblWTbIK  OaKblNaHaTbiH, OOMAbIK, aHe KenJeHeH,
NoNspU3aUMAHbI 3epTTey KaHe ecenTey (MyHAafbl [- e; w; T nenToHaap). MyMbICTbIH, FbIIbIMU MaHbI3bl/1blfbl
OHbIH, CTaHAAPTTbl MOAENbAi TEKCEpYre KaHe NenToHAblK ambebanTbiKTbiH Oy3bliybiMeH XaHe 6acka Aa
aybITKynapMeH HalnaHbICTbl KaHa OU3MKaHbl aHbIKTay MYyMKIHAiIriHE KOCKaH yneci 6osbin Tabblnagbl.
3epTTeyAiH NpaKTUKaAbIK MaHI anblHFaH HaTWxRenepi 6enlwekTep GuU3MKacbIHAAFbl OAAH 9Pi IKCNEPUMEHTTIK
KOHEe TeOpUANbIK 3epTTeynep VWIiH NanaanaHy MyMKIHAIrHAe KepiHeai. 3epTTey aAicTeMeci KBapKTapAblH
KOBapMaHTTbl MOZENiHe HerisgenreH, ON afpoHAapAbl TUIMAI WbIHABIK OYHKUMANAP apKplabl e3apa
9pPEKeTTeCeTiH KBApPKTap MEH aHTUMKBApKTapZaH TypaTblH Kypama xynenep peTiHAe cunatrangbl. dopma
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dakTopnapsl Fortran »kaHe Mathematica TingepiHaeri baraapnamanbik *acakTaMaHblH KemerimeH ecentenei
*KaHe oNnappblH NapameTpaeHyi bpeHUMHITep MeH Dy pPbILITLIK BaKblNaHaTbIH ecenTeyaepi 0AaH api Kyprisyre
MYMKIHAIK Bepeni. AnbiHFaH HaTUXKenep Konaa 6ap TeopuanbiK 6oKaMOapPMEH KaKCbl Kenicimai kepceTtei.
EcenTeynep KBapKTapApblH KOBAapWMaHTTbl MOAENIHIH, CUMPeK Ke3LecCeTiH Me30H blAblpayblH cunaTTayaafbl
MaHbI34bINblFbIH KepceTei, by OHbIH XOLW WICTiH 63repyiMeH ayblcynapabl Tanaayfa KoNAaHbIIYbIH pacTangbl.
Byn sKyYMbICTbIH, 6iNiM canacblHa KOCKAH y/eci TeopuANbIK MoAenbAepai TeKCepy KaHe KaHa U3MKaHbIH
MYMKiH KepiHicTepiH 3epTTey YLWiH *KaHa ManimeTTep bepyaeH Typaabl.
TyiiH ce3aep: CTaHA4apPTTbl MOLENb, BPICTIH, KBAHTTbIK TeopuAckl, B me3oHAaap, dopm- pakTopnap,

HpeHUYMHT, BYPLILLTLIK BaKblnay, 6OMbIK NOAspU3aLMA.
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Institute of Nuclear Physics, Almaty, Kazakhstan
2Al-Farabi Kazakh National University, Almaty, Kazakhstan
3Joint institute for nuclear research, Dubna, Russia
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Calculation of form factors, stringing and angular observables for the B — w transition
in the framework of the covariant quark model

The paper is devoted to the study of the B — w transition in the framework of the covariant quark model,
which is a theoretical approach to describe the hadron dynamics taking into account the quark structure. The
aim of the work is to calculate the form factors for the B — w transition in the whole range of the transmitted
momentum g2, as well as to investigate and calculate the lepton channel decay branchings, forward-backward
asymmetry, angular observables, longitudinal and transverse polarization for the decay B® = wl*1~ (where [-
e; W; ). The scientific significance of the work lies in its contribution to the verification of the Standard Model
and the possibility of discovering new physics related to the violation of lepton universality and other
anomalies. The practical significance of the study is expressed in the possibility of using the results obtained
for further experimental and theoretical studies in elementary particle physics. The methodology of the study
is based on the covariant model of quarks, which describes hadrons as composite systems consisting of quarks
and antiquarks interacting through effective vertex functions. The form factors are calculated using Fortran and
Mathematica software, and their parameterization allows for further calculations of brenchings and angular
observables. The results are in good agreement with available theoretical predictions. The calculations
demonstrate the importance of the covariant quark model in the description of rare meson decays, confirming
its applicability to the analysis of flavor-changing transitions. The contribution of this work to the field of
knowledge is to provide new data to test theoretical models and to explore possible manifestations of new
physics.

Keywords: standard model, quantum field theory, B mesons, form factors, branching, angular
observables, longitudinal polarization.

Beenenue wl*17[9-13]. B HacTosmIel paboTe MBI aHATU3UPYEM
3TOT peJIKUM pacnaj B paMKax CTaHAapTHOW MOJIENH,
HccnenoBanue  pacnagoB ¢ M3MEHEHHEM  HCIOJB3Ys KOBAPUAHTHYIO MOJIENb OTPaHUYEHHOTO

apomara, Takue Kak b — dlTl”, sBaserca BaxHBIM
HalpaBJicHUEM B (PU3UKE 3JCMEHTAPHBIX YACTHII.
Oty Tporecchl CBs3aHBl ¢  TpaHC(HOpMALUIMU
apoMaTOB KBAPKOB IPU COXPAHEHUH DJIIEKTPUIECKOTO
3apsija, 4To AeNaeT X 0COOEHHO MHTEPECHBIMH IS
mpoBepkn CrangaptHoit mogenmu (CM) m moumcka
MPU3HAKOB HOBOH (u3ukH [1-6]. HeitrpanbHble Toku
C M3MEHEHMEM apomara, Takue kak b — dltl™,
MIPENICTABISIIOT HHTEPEC ISl TIOMCKAa HOBOW (DM3UKH
3a mnpenmenamu  CrampmaptHoir mozemm  [7,8].
TeopeTrueckn Takke PEAKO HMEETCS Kakas-JIMOo
nH(pOopMaIUs 0 Tepexoax, COOTBETCTBYIOIUX B —

KBapkKa, paspabotannyio ['. B. EpumoBsiM 1 M. A.
NBanossim [14-17].

B nanHoil crathe MBI cocpegoTauMBaeMcs Ha
pacuere penKHMX pacmagoB ¢ Imepexogamu b — d,
BKJIIOYAs TaKMe KaHasbl, Kak B = wl*l™, B pamkax
KOBApDWAHTHOM  Moxaenu  KBapka. B craTtbe
MIPEACTABICHBl BEIYHCICHUS (HOpM-(PaKTOpPOB st
pacnagoB B - wl*l™ Ha BceM JMHAMUYECKOM

JMara3oHe Iepe/aBacMoro HUMIIYJIbCa, a TaKKe
pe3yibTaThl  pacueToB  BEPOSTHOCTEH pacmaja,
ACUMMETPUHU BIIEpe-Ha3a, MPOAOJILHON

MoJiApru3ali U APYTUX YTIJIOBBIX Ha6J’IIOZ[aCMI>IX.
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BblumcneHme popm-baKkTopos, BPEHUYMHTOB M YII0BbIX HabNtodaemMbix Ana nepexoda B = w...

Teoperuueckas 4acTb

B JIaHHOU pabote paccMmaTpuBaeTcs
KoBapuaHTHas monenb kBapka (CCQM, Covariant
Confined Quark Model), xoTopas mpencraBiseT
c000¥ TeOpeTHIECKHI MOaX0Md, pa3paboTaHHBIN s
ONKCaHUsl TUHAMHKH aJIPOHOB, TAKUX KaK ME30HBI U
OapUOHBI, C Y4YETOM KBAapKOBOW CTPYKTYPBI ITHX
gacTull. Mojenb OCHOBBIBaeTCS Ha KBAHTOBO-
MOJIeBOM (popMali3Me U MPEAIOaraeT, 9TO aJpOHBI
COCTOST W3 KBAapPKOB, KOTOPHIC CBS3aHBI CUJIBHBIM
B3amMozeiicTBreM. [ TaBHasE OCOOCHHOCTh MOJENH
3aKJIFOYaeTCsl B TOM, YTO OHA YUYWUTHIBaeT AQeKT
KoH(aliHMEHTA, TO ecTb HEBO3MOXKHOCTb
CymI€CTBOBaHUsA CBO60}Z[HI:»IX KBAapKOB, 4YTO ABJIACTCA
OTHUM W3 KIIOUEBBIX AaCHEKTOB KBaHTOBOMH
xpomoanHamuku (KX/I).

CCQOM onuceiBaeT aapoHbl KaK COCTaBHBIC
CUCTEMBI, COCTOSIINE U3 KBAPKOB U aHTHKBAPKOB HJIH
TpeX KBapKOB, KOTOPBIC B3aWMOJICHCTBYIOT 4Yepe3
s¢dhexTHBHBIE BEpUIMHHABIE QYHKINHA. DTH (QYHKIIAN
MIPEACTABISIIOT COOO0H pacmpeiesicHue BepOSITHOCTEH
JUTs. KBapKOB BHYTPH aJpOHAa M 3aBHUCAT OT WX
OTHOCHUTEIBHBIX ~ UMIYJICOB W BHYTPCHHHX
CTPYKTYPHBIX MapaMEeTPOB aJipOHa.

B pamkax CrapmapTHOM MOJENH pEIKHE
pacrnasl TUIIA b = dl* 1 onuceBatoTCs C
HCITOJIB30BaHUEM 3(()EKTUBHOTO TaMIIPTOHHAHA,
KOTOPBIA MOXET OBITh BBIPAXKEH Yepe3 pasioKeHUe
ONEpaTOPHOrO  MpPOU3BENCHUs.  DPPEKTUBHBINA
raMWwibTOHMaH Juis pactana b — dlYl™ wumeer
crnenyrommii Buz [18-20]:

Hll = =22 ViaVea(Z120 Ci() 0:(1) + A 210 G0 [0:) — OF (WD), (1)

rae C; — xkoaddunmentsl Bunbcona, a 0; — Habop
JIOKAJIBHBIX OIEpaToOpOB, IMOJYYEHHBIX B paMKax
CM s nepexoma b — dl* 1™,

Omneparopsl BKIIIOYAIOT TaKWe BKIAZBI, Kak

TOKM  KBapkoB, TIJIIOOHOB H  (DOTOHOB,

B3aUMOJICUCTBYIOIIUX €
ME30HOB.

dopm-dakTopsl mepexona B — w  BbIpaxkeHbl B
CIICAYIONIEM BHJIE B paMKaX KOBapUaHTHON MOJEIH
KBapKOB ¢ KOH(paTHMEHTOM

KBapKaMH  BHYTpHU

(wo(Pz' €)|&0”b|B(P1)> =

€

mq+m,

[—9""P - qA¢(q®) + P*PYAL(q%) + q*PYA_(q%) + 1" *FPqpV (q™)],

(@°(Px)|da* q,(1 +v*)b|B(py)) =
HgV i
= el(= (9" = LE) P-qao(@® + + (PPY = q"P'P - L) a, (q7) + ie" P Puqp9(q%), (2)

rne P=p;+p,, q=p,—p, B npusBeneHHsx
BBIIIE YPaBHEHMSAX P M P, UMIYJIbCHl B Me30Ha ¢
Maccol Mq W JI0OYEPHEro ME30Ha C Maccou My, € -
BEKTOp TOJISIPU3AIMU JTOYepPHEro Me3oHa, a OF =
Y*(1 —y>) cnabas Marpuna Jlupaka. Taxxke
yCIIOBHE «000JOUYKI» TPeOyeT, YTOOBI

2 _ 2 _ 2 2 _ 2 _ 2
b1 =My =My UpP; =M =My,

[TapameTpsl Momenw, TakWe KaK  MaccChl
COCTaBIISIONINX KBapKOB M pa3MepHBIC MapameTphl
ME30HOB, OTIPEACTISIOTCS Ha OCHOBE

IKCTIEPUMEHTAIILHBIX JIAHHBIX, TAKMX KaK JICITOHHEIE
KOHCTaHTHI ¥ 3JIEKTPOMAarHUTHbIEC IUPUHBI pacmaja,
a TaKKe Macchl ME30HOB. OTH HapaMeTpsl
(GUKCHpYIOTCS ¢ UCIIONIL30BAaHMEM  METOJa
HauMeHbIMX KBaapaToB (Tadmumna 1).

Tabanna 1 — [TapameTpsl KOBapuaHTHON MOJENN KBAPKOB

My/a mg me

my A Ag

A, mg m,

0.241 0428 167 468 0.181

1.963

0.488 5279 0.785 [I»B

DopM-paKTOpbl BEIYHCISAIOTCS ST PA3TUYHBIX
3HAYEHMI TIEpeJaHHOTO HMMIYJIbca G2 C MCHOJb-
30BaHMEM  KOJIOB, HAIMCAHHBIX HAa  S3BIKaX
nporpammupoBanns FORTRAN u  Mathematica.
[MonyueHusle  ¢GopM-pakTopel  MOTYT  OBITH
BBIpOKEHBI 4Yepe3 IMapaMeTpU3alfi0  JBOHHOTO

OoJiroCa, 4YTO IO3BOJIACT YIPOCTHUTH ,Z[aHLHefIHIHC
BBIYHCJIICHUA

F(0) q
2 S = —
Fa®) 1—as+bs2"” m3’ )

rae F(0), a u b — mapaMeTpsbl, OlpeaeiseMble U3
YHCJICHHBIX PacueToB, a My — Macca B Me30Ha.
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Ora mapameTpu3anus OO0ECIEYMBACT TOYHOE
npeacraBiieHre GopM-pakToOpoB Ha BCEM HAIIa30HE
q? ¥ TO3BOMAET HCIOB30BATh X B MOCIETYIONIHX
BBIUMCJICHUAX OpPCHUMHIOB pacnaja W JAPYTuX
HaOmonaembix BennuuH. lllupuHa 3THX CcHajzoB
BEIYHCIIAETCS IIyTEM HHTETPUPOBAHUA 1O 2

muddepenuuansHoro pacmnpeaenenus [21]

dr(b - dl*l") G (adg\* p2lg2B,
= ( ) g{}ob

dq? C@rn)3\2r/)  12m?
1 11 22 11 22
j{totzi(HU +‘7-[U +‘7-[L +HL )+
1 1 3
0y (301 = HF? 4 S I = P + 53 ). (@)

B  panbHeiimeM MBI UCHOJB3YEM  KpaTKoe
o0o3HaYeHUE M, = Mp, a M, — HTO Macca p Me30Ha,

b= ,/1 —4m}/q?, 6y = 2m} /q* — xosdduument

A2 (m?2,m2,q%)/(2m;) — UMIyIsC @ Me30HA B
cucTeMe oTcyera ¢ momolnblo ¢yHkimu Kemiena
Aa,b,c) = a? + b? + c? — 2(ab + ac + bc).
Takxe Aq = |Vi,Viq| — mpousBeneHne smeMeHTOB
Matpuiiel CKM.

B npuBeieHHOM BBIIIE YpaBHEHUH OMIIMHEHHBIE
KOMOWHAIINN CTPYKTYPHOH (PYHKITMU CIMPaTbHOCTH
JUIS KaHaJIoOB pacnaia B — w ompeaenstoTcs Kak
[21]:

Hl = [Hiy |+ [HE [

2

: (5)

ii i
Hi = |Hbo

.. . .2
i __ l

H' = |Ho|",

rJIc aMIUIATY/Ibl CIIUPAILHOCTH BBIPAXKAIOTCS Yepe3

(hopM-(akTophl, BXOIAIINEC B MATPUYHBIA IJIEMEHT

b — dl*l penxoro pacmnana, Kak:

MOJABJICHHs] ~ CABHMra  CHOHPAIBHOCTH, |pPa2| =

Hip = — ! (Pq(—4} + AL) + q2AL)
7 my +m, 2m2\/? 0 * e

i, = (—PqAl £ 2my |p,|VY) (6)
+1+1 my + m, 0 —- 11P2 )

Hi, = ! ! (—Pq(m? —m3 — q») AL + 4mi|p,|24L).
00 my + m, Zmz\/? 1 2 0 11P2 +

Jis pellkuX pacmaiioB, Takux Kak B — wltl™ jeHue mnpoaykroB pacnaga W s [IOMCKA

¢dopm-pakTopsl, BeluMCIeHHBIE B pamMkax CCQM,
MOTYT OBITH HCIIOJIB30BaHbl JJISI  ONpPENESICHUS
aMIUTUTY]l pacnajia W TpeAcKa3aHusl BepOSATHOCTEH
pacmaza, aCHMMETPHHU BIIEpe-Ha3ak, HOIApH3aLuu
KOHEYHBIX YaCTHUI ¥ IPYTUX HaOJII0JaeMbIX BEJIMUKH.
OnHUM H3 KIIOYEBBIX HAOIIOMAaeMBbIX IMapaMeTpOB
IpHu UcCiIeoBanny pacnana B —» wl*l™ — apusercs
acuMMeTpusi Briepen-Hazaa (Apg). OTOT mapamerp
MO3BOJISIET XapaKTEepH30BaTh YIJIOBOE pacmpese-

1 1 0
Ay =— | -
P8 dr/dq? J;) f-1

rie App — acummMeTpus Bhepea-Haszan; dI'/dq? —
muddepeHuanbHas IUpUHA pacnaga mo q2; 6 —
yrol  MEXIy  HalpaBJICHHEM  IepelaBaeMoro
WMITyJIbCA M HalpaBlICHUEM JIBU)KEHUsI Me30Ha B° B
CHCTEME MOKOs JIENTOHHOM mapel e e ™; B — daxrop,
3aBUCAIIMN OT SHEpPruu NenToHoB; Hp% u Hppr —
COMpajbHble  AMIUIMTYZBI,  XapaKTepU3YIOLIHe
B3aMMOZCHCTBHE YaCTHL.

OTKJIOHEHH, KOTOphI€ YKa3blBalOT HA HaIM4He
HOBO# (pu3HKH.

AcummMmeTpus Briepen-Hazan App OnpenenseTrcs
KaK Pa3HOCTh MEX/Y BEPOSITHOCTSIMH pacmana, mpu
KOTOpOIi JIenToH [ IBrKeTCs BIiepe T (B HAPaBIeHUN
IBIDKCHUS Me3oHa B°) u Hazaa, OTHOCUTEIBHO
HaNpaBlieHUs TIepejaHHoro wuMmyisca 2. OHa
BEIpaXkaeTcs CleayroIel popmMyaon

2T 3 Hp
dg?dcos6 4" 7,

dcos@ (7

[Momsipu3arust TPOOILHOTO KOMITOHEHTA — 3TO
BEIIMYMHA, KOTOpash XapaKTepu3yeT OPHUCHTALHUIO
crirHa (WK YTIIOBOTO MOMEHTA) KOHEUHBIX YacTHI] B
pacrajzie OTHOCUTEIHLHO WX HAIIPaBJICHUS JTBIKEHUS.
B konrtekcre pacnanoB B — wltl”™, npomombHas
nonsipu3atiust (F)) yka3siBaeT Ha BEPOSITHOCTH TOTO,
YTO CIIMH BEKTOPHOW YaCTHITEI OPUCHTHPOBAH BIOJb
€€ HaIpaBJICHUS IBIDKCHUS WU TIOTEPEK HETO.
3nauenue F; Onm3koe kK 1 o3HayaeT, 4yTO 4YacTUIa B
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OCHOBHOM TIPOJIOJBHO TOJSAPU30BaHA, TOTJA Kak
3HadyeHHe Onm3koe K ( TOBOPHT O MOIMEPEUYHOMH
MOJISIPUBAITHH.

(8)

ITonepeunas nonspu3anus — 3TO MNOIAPHU3ALHALA,
HalpaBlieHHas MEPHEHANUKYJISIPHO  HAIPAaBJICHUIO
nBwkeHns vactunsl (Fr). [laHHBIA KOMIIOHEHT
MOJIApU3allMM BMECTE C MPOAOIBHBIM BaKEH MM
ONHCaHUs IIOJHOTO COCTOSHUS CIIMHA YacTHULBI.
Ilonepeunas mnondpuzanus BakKHA IIPU  aHAIIN3E
YIJIOBBIX paclpeesieHuil MpOoAyKTOB pacmaja, Tak
KaKk OHAa BJIHAECT Ha TO, KakKk pacHpeAcisAioTCcs
MPOAYKTHl pacnafga OTHOCUTEIBHO OCH IBW)KEHUS
MaTEpPUHCKOW YaCTHULIBI.

)

VrnoBele HaOMIOJaeMble — 3TO BEIHYHHB,
KOTOPBIC OIHCBHIBAIOT PACIPEICICHUE YIIIOB MEXIY
HANpaBJICHUSIMHU JIBI)KCHHS TPOAYKTOB pacrajia B
CUCTEME TIOKOSI UCXOIHON yacTuisl: P; u P/™ — 310
HaOJogaeMble, KOTOPHIE  ONHCBHIBAIOT  YTJIOBBIE
KOppeJSIMA MKy HAlpaBICHUSIMH JIBHKCHHS
JICTITOHOB CIIMHOM MATePHHCKOW dYacTuipl. OHH
3aBMCAT OT NEpeaBaeMoro MMITYlIhca g2 M MOTyT
OBITh WCIIOJIL30BAHbI JUISl UCCIEOBAHUS JIHMHAMUKA
pacnaza U MPOBEPKU TEOPETHYECKUX MOjeneil. DTH
HaOJI0IaeMble BEJIMYHMHBI OINpPECIeHbl 6 padoTax
[22, 23]. st maHHOM paGOTBI MBI BBIYHCISEM 3TH
Ha0Jr01aeMble BEJTMYMHBI P, UCTIONB3YS
COOTHOIIICHHUSI, BRIPAXKEHHBIC B CChUIKAX [24, 25].

Pe3yabTaThl 1 00cy:xKI€HUE

B nanHOli pabore ObLIM BBIYUCICHBI (DOPM-
¢dakTopsl A nepexoga B — w, omnpexnereHHbIE B
ypaBHeHHH (2), B paMKax KOBapWMaHTHOW MOJENH
KBapKOB BO BCeil KWHEMaTHYECKOH 00JIaCTH KBapaTa
NepeJaHHOr0  MMITyNIhca G2 W TPUBENEHHl B
tabmuue 2. Ha pucynke 1 mpexacraBneHsl ¢opm-
(haxTopsI nepexojia B-w BO BCel
KkuHeMaTHueckoit 06mactu 0 < g2 < qZ,4x.
OmnpenenuB mapameTpbl MoAend U (GOpM-PaKTOpHI
nepexogaM BO BCEHl KHHEMAaTH4ecKol oOmacTu
KBaJpaTa IEPEeJaHHOTO HMITYJIbca G2, MBI TaKKe
CpaBHHMBAEM HaIlIW PE3YJIbTATHI C IPEICKA3AHUSIMU H3
JPYTUX TEOPETHYECKUX TOIXOAO0B.

JInst cpaBHEHHS C JPYTMMH TEOPETHUCCKHUMHU
MIO/IXOIaMH MBI IIPUBOIUM YpaBHEHHE HAIINX (GopM-
¢dakTopoB B BHI ¢opm-pakTopoB baysp-Creu-
Bup0Oens (BSW) u3 [26].

O003Ha4YMB UX HAJCTPOYHBIM UHIIEKCOM, YTOOBI
OTIMYaTh OT HAmuX (HOpM-(PaKTOPOB, MBI IMOITyIaEM
CJICYIOIINE COOTHOIIICHHS:

my—m; .

Ao = m; +m,
A = 2m2(m12+ m,) (45 — A9),
q
A, = AS,
@ =T5 +—T 75,
m; —m;
V =V¢,
ap=T;,
g=Tf. (10)

Taonuna 2 — Popm-dakTopsl mepexoma B —
@ B paMKax MOJAEIH

;‘;{f;fl; F(0) a b
A, 02060016 139 0375
AL -0214£0017 1442 0417
A, 0288£0023 0557  -0325
v 0229+0.023  1.504 0472
@ 0206£0017 0618  -0.275
a,  0206£0017 1401 0384
g 0206+0.017 1506 0472

()]
lll : ‘\ I‘H : ]‘\ 20
Pucynok 1 — ®opm-dakrops! nepexona B — w

B 3aBHCHMOCTH OT KBa/ipaTa epeJaHHOTr O
uMIyJibca g2

Kpome Toro, Mbl Takxke oTMedaeM, 4YTO (OpM-
(hakTOpBI, YKa3aHHBIC BBIIIE, JODKHBI YIOBICTBOPST
CJIETYIONTAM OTPAHUICHHSIM:

A5(0) = A3(0),

2myA5(q?) = (my + my)AS(q?) —

—(my —my)A5(q). (11)
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[Mockonbky ay(0) = a,(0) = g(0), mnpencraBum

dopm-dakroper 4§ = (m1—mz)[2AT$l(20)—A+(0)]

AS(0) = 2Q0M=mD) 4e ) = 4, (0),

mq+m,
Tf = g(0) n
T£(0) = lim (mf —m3)(ax — ao)/q”.

b

MOJTyYeHHBIE B HAICH MOJEIN, W CPaBHUM HX C
pesynsraTaMyd  JIpyrux —moaxomnoB. HeoOxomumo
o0OpaTiTe BHUMaHHUE, YTO JUIsl CPABHEHHUS C IPYTUMH
MOJXOJAaMH MBI OIYCKaeM BEPXHHUU WHICKC s
ynpomenusi. CpaBHeHue ¢opM-(pakTopoB s
nepexoma B - w ¢  JaHHBIMH W3 JIPYTHX
TEOPETUYECKUX TIOAXO/I0B MpUBeieHkI B Tabnuiie 3.

Taémuua 3 — Cpasaenue ¢opMm-pakTopoB mepexoga B — w ¢ MaHHBIMH U3 JPYTHX TEOPETUYECKHUX

MTOIXO0JTOB
Hama mozens [9] [10] [11] [12] [13]
V(0) 0229+0023  0.2687001¢ 03293  0.304+0.038 0275 0.27
A,(0) 0.236+0.011 - 0.281 0.328 +£0.048 0.240  0.28 +£0.01
4,(0) 0214+0017  0.21479913 0.219 0.243 +0.031  0.209 0.23
4,(0)  0.206+0.016  0.170+2910 0.198 0.270 +0.040  0.198 0.21
T,»(0) 0.206+0.017  0.237+3913 0.242 0.251+0.031  0.239 -
T5(0) 0.158+0.013 0.160 + 0.009 0.155 0.683 + 0.090 0.168 -

Tabnmuma 4 comepXuT pe3yibTaThl pacdera
OpEeHYMHroB s mepexonoB B — wltl™, xotopsle
ObUIM BBIYMCIICHBI C MCIOJIB30BAHUEM MOTYYEHHBIX
¢dopm-pakTopoB. CpaBHEHHE C SKCHEPUMEHTAIb-
HBIMHU JaHHBIMU u TEOPETUYECKUMHU
MpelCcKa3aHusIMU  TOKa3alo, 4YTO  OpEeHYWHTH,
Mpe/cKa3aHHble B Halled MOJEIH, HaxOAATCS B
COTJIACHU C JTAHHBIMHU U3 paboTHI [9].

}
f
|
|
|

o}

|
}
|
}
}
|
|
?
LA

Pucynok 2 — [loBegenne OpeHUMHIOB U1 KaHAJIOB
B > wputu uB® - wrtt”

Ta6nuna 4 3HadeHuss OPEHYMHTOB pacrmaja
B - wl*l koBapuaHTHOW MOJENH KBAPKOB U

CpaBHGHHME C  TMPEJICKAa3aHUSAMU W3  JIPYrou
TEOPETUICCKON MOJICITH
Kanaist Hama monens [9]
B° > wete~ 1.85 £ 0.89 1.3+0.1
B® - wutu” 1.57 £ 0.55 1.2+0.1
B® - wrtt” 0.25 + 0.05 0.13 +0.01

Takke B paMKax JaHHBIA pabOThl ObLIH
MPOBUJICHBI BBIUMCIICHUE aMIUIUTY] pacnaaa u
MpeJICKa3aHusl BEPOATHOCTEH pacrajga, aCUMMETPUU
BIIEpE-HA3aJl, TOJSPU3ALUU KOHEYHBIX YaCTHIl U
JIPYTUX HAOJIIONAEMBIX BEJIHUMH, JTaHHBIC PUBEICHBI
B TabOmure 5.

Taéamnna S — 3HaueHue yrioBeIX HAOIIOJaeMbIX I pacraga B — wltl

Haburonaemsie (Apg) (Fp) (Fr) () (Ps)x10*  (Py) (Pg) (Pg)
ete -0.184 0415 0566  -0.322  0.526 0.768  -0.388 2905
W -0.229 0501 0465  -0.486  2.498 1017  -0.537  255.9
Tt -0.203 0111 0218  -0706 17584 1304  -0.970  -44.7
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3akiouenue

B pamkax npoBesieHHOTO HCCIIeI0OBaHUs OblTa
u3ydeHa [IMHAMMKa IepexomoB B — wl*l™ B
KOHTEKCTe KOBAapMAHTHOW MOJICIM  KBapKOB
(CCQM).  OcHoBHOE BHHMaHHE  Y/AEIEHO
BBIYUCICHUIO  (OpM-(PaKTOPOB I  JIAHHOTO
KaHajla BO BCEM JIMHAMHYECKOM JIMala30oHe
TnepeIaHHOro UMIybca q2. Micnons3ys 3tu Gpopm-
(haxkTOpEI, OBUTH pacCYNTAHBI OPESHUMHTH, a TAKKE
yIJ0BBIC HaOIIOaeMble, TAKUE KaK OTHOIICHUE
BEPOSITHOCTU pacmlajia Jjsl pa3jIHMYHbIX JENTOHOB,
ACHMMETPHS «BHIEpEM-HA3am» (Arp), u
MPOJIOIbHAS MOJIIPU3AIUS BEKTOPHOT'O ME30HA ().

Pe3ynbrarhl pacyeToB MOKA3bIBAIOT XOPOIIIEe
COTJIaCHE C CYIIECTBYIOIIUMH TEOPETHYCCKHMHU

NpeACKA3aHUSIMHU H MOATBEPKIAIOT
MIPUMEHUMOCTh KOBApHUAHTHOW MOJIEIN KBapKOB
JUISL OTMCAHWS TaKHWX CIIOKHBIX ITPOIIECCOB, Kak
MepPEeX0/Ibl ¢ U3BMEHEHUEM apoMaTa. DTH MPOIECCh
WTPAIOT KITFOYEBYIO POIIb B poBepke CTaHIapTHOM
MOJETM ¥ MOTYT TPEIAOCTaBUTh  BAXKHYIO
“H(OPMAITUIO O BO3MOXKHBIX MPOSBICHHUSIX HOBOM
(U3MKKM, TaKUX Kak HapYyIICHUE JICHTOHHOW
VHUBEPCATHHOCTH WM  TOSBJICHHE  HOBBIX
B3aUMOJCHCTBHH.

Baaroaapuoctb
PaGota BrInIONTHEHA B paMKax MpoekTa (rpaHT

NeBR21881941) mpu noanepxke MuHUCTEpCTBa
oOpa3zoBanus 1 Haykn PecrryOnmku Kazaxcran.
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MOZENUPOBAHWE, OBPABOTKA U AHA/IN3 MOTOKA HEMTPOHOB
B FOPU3OHTA/IbHOM KAHAE KPUTUHECKOIO CTEHAA PEAKTOPA BBP-K

B cTatbe paccmaTpmBaeTcA NPOLLECC MOAENMPOBAHMA U PErncTpaumm MNOTOKOB HEWTPOHOB B
rOPM30OHTA/IbHOM KaHajse KpUTMYecKoro creHaa peaktopa BBP-K. OcHoBHoe BHWMMaHWe yaeneHo
MCNONb30BAHUIO AETEKTOPOB HEMTPOHOB, TakMX Kak CHM - 18 1 CUMHTUANALMOHHBIA AETEKTOP Ha OCHOBEe
opTokapbopaHa. B xoae paboTbl NPUMEHAANCE METOAbI MOAENMPOBAHMSA C MCMNOb30BAHUEM NMPOrPAMMHOTO
naketa GEANT4, 4yTO MNO3BOAMIO M3Y4YNTb B3aMMOAENCTBME HEMTPOHOB C PA3/MYHbIMKU 3aMeaNUTENAMN,
BK/tOYaA NONMITUNEH M BOpOCOoAepKaLLUMA MONNITUEH, a TaKKe Be3 HuX.

MpoBeaeHHble UCCNe0BaHMA BKAOYaAM Pa3paboTKy M TECTUPOBAHWE METOAMK PErncTpaumm noToKos
HEMTPOHOB B pPasHbIX peXMmax pPaboTbl KPUTUYECKOro cTeHaa. WMcnosb3oBaHMe CUMHTUANATOPOB C
nobasneHmem optokapbopaHa o6ecneynno BbICOKYD YyBCTBUTE/IbHOCTb [ETEKTOPOB, YTO MNO3BOSAET
PErucTpmMpoBaTb HEMUTPOHHbIE MOTOKW C BbICOKOM TOYHOCTbIO. Kpome TOro, fiaHHble, MOAyYeHHble npu
MOAENMPOBAHMM U IKCNEPUMEHTaNbHON paboTe, Bbinn 06paboTaHbl C UCNOb30OBAHMEM COBPEMEHHbIX
WHCTPYMEHTOB aHa/n3a, Taknx Kak ROOT.

Mony4YeHHble pe3ynbTaTbl CNOCODOCTBYOT Aa/ibHENLIEMY Pa3BUTUIO TEXHONOMMN B 061aCTU HEMTPOHHbIX
N3MEPEHUN, AAePHOM PUIMKM U paamaLmMoHHON 6e30MacHOCTU. ITU NOAX0Abl MOTYT ObITb MCMO/1b30BaAHbI AJ15
COBEPLLUEHCTBOBAHMA METOA0B PErUCTpaLM HEMTPOHOB, YTO MMEET DOAbLIOE 3HAYEHME KaK ANS Hay4YHbIX
nccnenoBaHMn, Tak U 414 NPOMbILIAEHHbIX MPUMEHEHWIA.

Kniouesble cnoBa: HeMTpoHHble aAeTekTopbl, GEANT4, 3ameanmMtenn HeMTPOHOB, CUMHTUANALMOHHbIE
LEeTeKTopbl, peaktop BBP-K.

9.E. BakTopas ', E.C. MyxameaHos™?, [1.E. MbikTbi6ekos™?, ®.f. [laHkeHoBa®
1aponbik dU3MKa MHCTUTYTI, AMaTbl K., KasakcTaH
BipikKeH A4pO0NbIK 3epTTeYAep MHCTUTYTSI, y6Ha K., Pecel
*e-mail: a_baktoraz@mail.ru

CCP-K, peaKTopbIHbIH, KPUTUKANbIK CTEHAIHIH, KONAEeHEH apHACbIHAAFbl HEUTPOHAAP aFbIHbIH
mogenbaey, eHOey XKaHe Tanaay

Makanaga CCP-K peaKTopbIHbIH, KPUTUKANbIK CTEHAIHIH, KeNAeHeH apHacbiHAafbl HEMTPOH afblHAAPbIH
MOAENbAEY KIHE TipKey yaepici KapacTbipblnaabl. Herisri Hazap HENTPOH AETEKTOp/apbl, COHbIH, iWiHae
CHM - 18 »kaHe opTo-KapbopaH HeriziHAeri CUMHTUANALMANIK AETEKTOPAbI KONAAHYFa ayAapblifaH. ymbIcTa
GEANT4 barpnapnamanblk NakeTiH NanganaHy apKblibl MoAenbaey aAicTepi KOAAaHbIAbIN, HEUTPOHAAPAbIH,
noAnaTuaeH, 6op KOCbIAFaH NOANITUNEH CUAKTLI apTypAi BasynaTKbITapMEH KaHe HBaaynaTKbILWCbI3 ©3apa
IpEeKeTTEeCYi enKen-TenKkemni 3epTrendi.

3epTTeynepae KPUTUKaANbIK CTEHATIH SPTYP/i KYMbIC PEXUMAEPIHAE HEUTPOH afblHAAPbIH TipKey
d4icTepiH 23ipney KaHe CbiHaKTaH eTKi3y Kypridinai. OpTo-KapbopaH Kocnacbl 6ap CUMHTUANATOPAAPAbI
namaanaHy AeTekTopnapAdplH, *KOfapbl Ce3iMTaNnablFblH KaMTamachI3 eTin, HEMTPOH afblHAAPbIH A3 TipKeyre
MYMKiHAIK 6epai. COHbIMEH KaTap, Modenbaey aHe TaxKipnbenik 3epTreynepaeH anbiHfaH aepektep ROOT
(Eyponanblk, aaponbiK 3epTTeyaep opTafbifbiHAa 93ip/eHreH obbekTire barbiTTanfaH barmapiamanap meH
KiTanxaHanap NakeTi) CMAKTbl 3aMaHayu Tanday KypaagapbiH naganaHa oTblpbin eHaen ;.
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ANbIHFaH HaTMXKeNep HEUTPOHAbI enLlley, AAPO0/bIK GU3MKa KIHE pagmalUMAbIK Kayinci3aik canacbiHAaFbI
TexHonorMAnapasl odaH api AamMbiTyFa biknan eTeqi. byn Tacingep HeMTpoHAapAbl TipKey oaaicTepiH
XeTinaipyre KOA4aHbIbIMN, FbI/IbIMK 3€pTTey1eP MEH BHAIPICTIK KonaaHbanap ywiH MaHbI3abl pes aTkapadbl.

TyliH ce3mep: HelTpoHAbIK AeTekTopnap, GEANT4, HelTpoH 6asynaTKbiWTapbl, CUMHTUANALMANBIK
aetexktopnap, CCP-K peakTopsl.

A.Y. Baktoraz'’, Y.S. Mukhamejanov*?, D.Y. Myktybekov*?, F.G. Dankenova*
Institute of Nuclear Physics, Almaty, Kazakhstan
2Joint Institute for Nuclear Research, Dubna, Russia
*e-mail: a_baktoraz@mail.ru

Modeling, processing, and analysis of neutron flux in the horizontal channel of the critical
experimental reactor facility of the WWR-K reactor

The article examines the process of modeling and registering neutron flux in the horizontal channel of the
critical experimental reactor facility of the WWR-K reactor. The focus is on the use of neutron detectors, such
as the SNM-18 and a scintillation detector based on ortho-carborane. The work employed modeling methods
using the GEANT4 software package, enabling a detailed study of neutron interactions with various
moderators, including polyethylene, boron-containing polyethylene, and configurations without moderators.

The research involved the development and testing of methodologies for registering neutron fluxes in
different operating modes of the critical assembly. The use of scintillators with ortho-carborane additives
provided high sensitivity, allowing for accurate neutron flux registration. Furthermore, the data obtained from

modeling and experimental studies were processed using modern analysis tools such as ROOT.

The results contribute to the advancement of technologies in neutron measurements, nuclear physics,
and radiation safety. These approaches can be applied to improve neutron detection methods, which are
important for both scientific research and industrial applications.

Keywords: neutron detectors, GEANT4, neutron moderators, scintillation detectors, WWR-K reactor.

BBenenue

ATOMHBIE PEAKTOPHI MIMPOKO MPUMEHSIOTCS B
Takux cdepax, Kak sAaepHas SHEPreTHKa, MeITulMHa
(mampumep, B paauoTepanuM) M HCCIEIOBaHUS
HOBBIX MAaT€pUaJIOB, NPEAOCTABISS 3HAUYUTEIbHbBIE
SHEPTreTHYECKHE PECYPCHl M HAYYHBIE BO3MOXKHOCTH.
OnmHako mpH WX OKCIUTyataud  o0OpaszyroTcs
HEHTPOHBI, KOTOPhIE MOTYT OKa3bIBaTh BJIMSHUE Ha
OKpyskaroryto cpemy [1-9].

MN3MepeHre HEUTPOHHOrO IMOTOKA HWIrpaeT
KITIOYEBYIO POJIb B SIEPHOM (M3UKE W JHEPreTHKE.
Takue wu3MepeHHs NOMOTAalT TIyOXKe MOHATH H
KOHTPOJINPOBATH MPOLIECCH AETIEHUS AaTOMHBIX SJIED,
a TaKXKe HWCIOJb30BaTh ATH JAaHHBIE B HAYyYHBIX U
npoMbinuieHHbIX 1easx [10-12]. [Ins npoeneHus
TakKMX M3MEPEHUIl MPUMEHSAIOTCI HEUTPOHHBIE
cuetunku, Takne kak CHM-18 [13-15], oprtokabo-
pPaHOBBIE CUMHTHUISIIIMOHHBIE TETEKTOPHI M KPUTH-
YeCKUI CTEHI. DT UHCTPYMEHTHI O3BOJISIOT JTyYllle
M3YyYUTH (PU3HUECKHE TPOIIECCH, TPOUCXOIAIINE TIPU
B3aUMOJICUCTBUM  HEHUTPOHOB C  sApaMu U
OKpY)KaloIMMU MaTepuanamu. I[lockonbKy onauH
CUETYMK HE BCETJa MOXKET MPEJOCTABUThH IOJIHYIO
KapTHHY II0TOKa HEHTPOHOB, MX pa3MELIAlOT B
pa3sHBIX TOYKax. OTO IOMOraer coopaTh HHQOP-

MalMI0 O TOTOKE HEUTPOHOB C Ppa3HBIX YIJIOB H
HanpaBJICHWd, YTO BaXHO Uil 0Oojiee TOYHOTO
aHaJIM3a MX XapakTepucTuk [16].

MeToauKa ¥ MeTOIbI HCCAeT0BAHUS

Geant4 mnpezacraBisgeT coboil TPOrpaMMHEI
MaKeT, BKIIOYAOIINA WHCTPYMEHTHI IJII TOYHOTO
MOJICTIMPOBAHMSI  B3aWMOJEWCTBUS  YacTUI[ C
BeniectBoM [17-19]. [ToanepkuBaembie puznueckue
MIPOIIECCH OXBATHIBAIOT IIMPOKUN CIIEKTP, BKIFOUAS
ANIEKTPOMAarHUTHBIC, AaJpPOHHBIE W  ONTHYECKHUE
B3aMMOJICUCTBHS, a TaKkKe MHOTOYHCIICHHEIS
YaCTHUIIBI, MAaTEPUABI M DJIEMEHTHI C DHEPTHUSIMH OT
250 3B nmo neckombkux ThB. MopaenupoBanue ¢
ucrnonbp3oBanneM Geant4 HauMHAETCs C Pa3pabdOTKU
IIaHa OJKCIEpPUMEHTa W  aHalli3a  OCHOBHBIX
XapaKTEPUCTHK SKCIEpUMEHTaIbHON dactu. Ha
CJIEAYIOIIEM dTalle CO3[JaeTCsl MporpaMma Ha S3bIKE
C++, ¢ npumenennem Ombamorek Geant4. Ilocie
KOMITWJISIIAA TIPOTPAMMBI BBEITIONHSETCS pacueT u
aHanmu3 pesynbratoB. [lo Mepe HeoOxoaumocTu
BHOCSATCS W3MEHEHHUS B IMporpaMmy, M TIPOLECC
MIPOJIOJDKACTCS IO TIOJTYICHHSI YIOBICTBOPUTEITHHBIX
JTaHHBIX.
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MogenunposaHue, o6pa60TKa N aHa/IN3 NOTOKa HeVITpOHOB B TOPN30OHTA/IbHOM KaHane...

Hns oueHku 3(dexkTuBHOCTH perucTpauuu
TEIUIOBBIX ~ HEHTPOHOB HEOOXOOMMO IPOBECTH
MOJICJINPOBAaHNE  HEHTPOHHBIX  JE€TEKTOPOB  C
WCIONIBb30BaHNEM IporpamMmmHoro nakera GEANTA4.
B xauectBe merekTopoB ucmojbs3oBaarc CHM-18,
YCTaHOBJICHHBIN BHYTpHU MOJIM3THUIICHOBOTO
3aMeITUTES B 0eTOHHOM MOMEIICHUH
HCCIIEI0BATENBCKOIO peakrTopa BBP-K, 5
ra30HAIOJHCHHBIM JETEKTOp Straw Ha OCHOBE
¢dbropuma 6opa.

MogenupoBaHue HEUTPOHHOTO HCTOYHUKA C
DHEPTEeTHYECKNM CIekTpoM THma PuBe(a,N) u
uHTeHCHBHOCTBIO 1.8:10° H/C GBLIO BBHINONHEHO €
MPUMEHEHHEM OOIIEMMIIEPHUECKOT0 TOAX0a, Kak
MpecTaBiIeHo Ha pucyHke 1.

MopenupoBaHue OPOLECCOB B3aUMOICHCTBUUI
HEHTPOHOB C  BEHIECTBOM M  XapaKTEPUCTHK
cueryrikoB CHM-18 u razopaspsaHsix TpyOOK ObLIO
BEITIOJTHEHO B mporpammHoM makere GEANT4 [20,
21] (pucyHok 2). Perucrparnius TemIoBEIX HEHTPOHOB
MPOU3BOJUTCS 328 CUET B3aUMOJCHCTBHS aKTHBHOTO
semectea °B wm °He, rne mpu B3ammoneicTBUn

TM O.0257Y nestron geewmrion

1 bar ArCO2 gas: pAr=70per.cant pCO2=30per.cant |

800

TCIIJIOBBIX HeﬁTpOHOB
OCHOBHBIM KaHaJlaM:

nmpoxoadaT peakuuu I10

B +n — "Li + “He,

He+n—-p+°H

Pucynok 1 — CnexTp HEUTPOHOB OT IUTYTOHHIA-
OCpUIIMEBOTO UCTOYHHUKA
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Pucynok 2 — CriekTp perucrpaiuy HeWTPOHOB OT IUTYTOHHI-OEPHILTUEBOTO HCTOYHHUKA,
CMOJICTTUPOBAaHHBIN ¢ TOMOLIBIO Oopconepxkamiero cuerunka B GEANT4

3KCHepHMeHTaJ’lBHaﬂ 4acTb

Pazpaborana u orpaboTaHa MeTOIMKa
perucrpanun MOTOKOB HEHUTPOHOB B
TOPU30HTATHHOM KaHaJle KPHUTUYECKOTO CTEeH[a
peakropa BBP-K B UncTuTyTE simepHO (QU3HKH T.
Anmatel. B kadecTBe cueT4YMKa HCHOJIB3yeTCs
HEUTPOHHBIN CUETYUK CHM-18 u
OPTOKapOOPAaHOBBIN CHMHTHIUIALUOHHBIN JETEKTOP
[22], B xoTtopom i moBbIIeHHST PHEKTHBHOCTH
cueTa HEHTPOHOB pa300paHbl U OTNIACHBI KOHTAKTHbIE
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9JIEMEHTHI. [Ipumenstores TpH METOIUKH
perucrpanuu TEIIOBBIX HEUTPOHOB C
UCTONB30BaHueM Tpex cueTunkoB CHM-18: onuH u3
CYCTYMKOB YCTaHOBJCH B OJIOKE W3 MOJUAITHUJICHA,
KOTOPBIH CIy)KHT 3aMEIJIUTENIEM U OTpakaTeseM,
BTOpOM TOMEIIEH B OJIOK H3 OOpPHOJUITUIICHA,
BBITIOJTHAIONIETO (DYHKIMIO 3aMEUIMTENS, TPETUI
HCITONIB3yeTCsl 0€3 KaKoTo-IM00 OJ0Ka 3aMeTUTENIS
win  orpaxkarens. CUeTUYMKH  pa3MEIICHBl B
HECKOJILKMX KIIOYEBBIX JIOKanusXx. PasMerneHue
cuetunkoB Haxm KC  mo3BomseT — W3MEpATh
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WHTCHCHUBHOCTh HEHTPOHHOTO TOTOKA, BBIXOJISIIETO
n3 akTuBHOM 30HEI KC B BepXHEM HaIpaBiICHHH. DTO
BOXHO I TIOHUMAaHHS TMPOIECCOB  SAEPHOTO
JIENICHUST W B3aMMOJCHUCTBHUS, TPOUCXOJAIIUX B
AKTUBHOW 30HE, M WX BIMSHUS Ha BBIXOISIINE
HeUTpoHBI. Pacmomokenme cuetunkoB 1mom KC
HafpaBJICHO HA U3MEPEHNE HEUTPOHOB, MPOLIEIIINX
Yyepe3 HIKHHN CIIOM aKTUBHOM 30HBI, YTO MO3BOJISET
OIICHHUTH, CKOJIbKO HEHTPOHOB OXOIUT J0 HIKHHX
ypoBueit KC wu wmeer 3HadeHWe [UIsI OIICHKH
Oe3onacHocTH ¥ A (HEKTHBHOCTH PabOTHI CTCHAA.

Locatson on the maintenance site of the PCS 1
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Ha pucynke 3 nmpenctaBieHO CpaBHEHUE
pe3ynbTaTOB  HM3MEPEHWi,  TPOBEACHHBIX  C
WCTIIONB30BAaHUEM TpPEX pPa3INYHBIX 3aMeIHTENEH.
Kax BUIHO U3 puCyHKa, CUETYMK, pa3MEIICHHBIH B
MONIMATHIICHE, JEMOHCTPUPYET BBICOKHH  CYeT,
MMOCKOJBKY B HEM HEHTPOHBI 3aMEMISIOTCS 10
TEIUIOBOM 3HEprMM W3 aKTUBHOM 30HBL. B
OopononuITHIICHE, M3-32 TOTJIOUICHUS HEHTPOHOB
00OpoM, cUeT 3HAYMTENBHO HIDKE, & CKOPOCTh CUeTa
MOTOKa HEWTPOHOB  0€3  3aMeIuTeNs  WIn
oTpa)kareys MpUMepHo Ha 1,2 pa3a MeHbLIe.

Location on the maintenance site of the PCS_2
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Pucynok 3 — J[uHamuka OTOKa HEWTPOHOB BO Bpemenu (CHM-18)

Ha pucynkax 4, 5 u 6 moka3zaHa 3aBHCHMOCTH
CKOpOCTH cYeTa OT MOIIHOCTH 110 JIaHHBIM
anmapatypsl  KOHTPOJSi ~ HEUTPOHHOTO  TIOTOKA
(AKHII) mnst Tpex xoH(UTypanmii CHeTIMKOB: 0Oe3
3aMeuIUTeNs (PUCYHOK 4), ¢ OOPHBIM 3aMeIUTEIIEM
(pricyHOK 5) M ¢ TOJMATHICHOBBIM 3aMEITUTEICM
(pucynok 6). JlanHble 00pabOTaHBI € HCIOJb-

3oBaaneM wHCTpymMeHTa ROOT, wu mpoBeneHo
¢urnpoBanve o GyHKIWHU pacnpeneieHus Jlanaay.
Ora (pyHKUIMS UMEET BUA, CXOXKUH C pacipeae’IeHueM
l'aycca, HO ¢ xapakTepHbIM "xBocToM" BmpaBo. B
pesynbTate GUTHPOBAHMS OBUTH MOTYYCHBI 3HAYCHHS
napametrpoB ¢yHkuun Jlangay, Takue Kak Xu-
KBaJpaT U CUTMa JJIsl KaKJI0H KOH(UTypaluy.
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MogenunposaHue, o6pa60TKa M aHa/IM3 MNOTOKa HeMTpOHOB B TOPN30OHTA/IbHOM KaHane...
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PucyHnok 4 — 3aBucuMocTh ckopocTH cueta ot MomHocty o AKHIT 6e3 3amenmurens/oTpaxkarens
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Location at the service site of the PCS_1
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BbricTponelicTByronme CHUHTWIIAIIMOHHBIE
JIETEKTOPBl HAa OCHOBE OpTOKapOopaHa ObUIH

YCTAHOBJIEHBI B PAa3JIMYHBIX O3MIMAX: HA MJIOMIAIKE
obcmyxuBanus CY3, Ha paboueil miomangke, B
ropusonTaisbHoM kanane KC u B kopuaope psaoM ¢
aBapuiHBIM BBIXOJOM. Ha pHCcyHKax moOKa3aHbl
W3MEHEHHUS HEWTPOHHOTO MOJSI B Pa3HBIX TOYKax
HaOmonenust  (pucyHok 7). CHUHTHIUIATOD C
n00aBKOW  OpTOKapOopaHa  IPOAEMOHCTPUPOBAI
BBICOKYIO UyBCTBUTEIBHOCTh KaK IPH BBICOKUX, TaK
W [IPH HA3KHUX YPOBHSX HEUTpOHHOTO oA, [ paduku
MOJTyYEHHBIX JaHHBIX MOKAa3bIBAIOT, YTO WMITYJIECHI,
3apErHCTPUPOBAHHBIE CUUHTHIUIATOPOM C OpTOKap-
00paHOM, XOPOIIO KOPPETUPYIOT C HHTEHCUBHOCTHIO
HEHTPOHHBIX  TMOTOKOB B  3aBHUCHMOCTH  OT
MIPOCTPAHCTBEHHOTO PACIIPEIEIECHNUS AETEKTOPOB.

3akiIoyenue
B 3axiroueHre TpOBEACHBI SKCIIEPUMEHTHI 10

peructpanuun n MOACITIUPOBAHUTIO IIOTOKOB
HCI:ITpOHOB B I'OPU30HTAJIBHOM KaHaJI€ KPUTUYCCKOT'O

creHna peaktopa BBP-K ¢ wucnons3oBanuem
HEUTPOHHBIX  CUCTYMKOB  OOJIBIION  TUTONIAJIH.
HNutencuBHOCTH TIOTOKOB HEUTPOHOB oT

KPUTHYECKOTO CTEHJAa H3MEPSUINCh C IIOMOIIBIO
cuetunka CHM-18, mpu sTOM OBUIM pa3paboTaHbI
[IPOrpaMMHBIE IPWIOKEHUS U1 00paOOTKU AaHHBIX
Ha ocHoBe Python, a Takke wuccienoBanach

KOppeTsMs MEXIy 3HaYeHHUSIMH arMoc(epHOro
JTABJICHHUS W YMCJIOM CUETOB. Pe3ynbraThl uaMepeHuit
MPOJEMOHCTPUPOBAIIH SBHBIA OTKIIUK CUETUNKOB KaK
Ha peXHM paboThl peakTopa, TaKk M Ha Cpeny-
3aMe/UINTeNbh, B KOTOPYIO OHH IIOMEIAIHCh.
UwncneHHble pe3yIbTaThl M3MEepEeHU Ha
KPUTUYECKOM CTEH/IE MOXXHO CYHTATh (PU3MUECKH
00ocHOBaHHBIMU. DOHOBBII CUET HEUTPOHOB BO BCEX
CUYETUYHMKAX, BKITFOYAst MTOJTUATHIICHOBBII u
Oopoconmepkanuii, a Takke 0e3 3aMeUIuTeNs, He
npesbiman 1 wmm/c. B To ke Bpems cuer ot
KPUTHYECKOTO CTEHJa B 3allylIEHHOM pEXHMe
MOKa3bIBaJI, YTO CUET B TOJIMATUIIEHE IIPEBHIIIAIT CUET
0e3 3amemmmTenss npuMepHo B 4 paza, a B
OGopocosepkamieM moaudTIIeHe — B 20 pas.

Brenpenne CIUHTUJUIATOPOB c
OopTOKapOOpaHOBOH NO0ABKOW TO3BOIHIIO JTOOUTHCS
BBICOKOH YyBCTBUTEIBHOCTH KaK MPHU BHICOKHX, TaK U
MIPU HU3KUX MHTEHCUBHOCTSIX HEMTPOHHOTO NMOTOKA.
IlomyueHHsle  AaHHBIE  MOATBEPXKIAKOT,  YTO
perucTpupyemsie MMITYJIBCHI CIUHTHILIATOPA
XOpOIIO  KOPPENUPYIOT €  HHTEHCHUBHOCTHIO
HEUTPOHHBIX MTOTOKOB u 3aBHUCST oT
MPOCTPAHCTBEHHOTO PACIIPEEIEHNUS IETEKTOPOB.

OTh  pe3ynbTaThl  OTKPHIBAIOT  IIHUPOKHE
NEPCHEKTUBBl JAJIsl AajbHEHIINX HCCICIOBAaHUN B
001acTH HEUTPOHHBIX U3MEPEHUH, SIIEPHON (PU3UKH
Y paJnauoOHHON 0€30MTaCHOCTH.
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B ropuzonransaom kanane KC Ha mnomanke obcnyxuBanus CY3

B xopunope Bo3ne aBapuilHOro BbIXOJa Ha paboueii miomanke
PucyHok 7 — 3aBUCMMOCTb HEWTPOHHOTO IOJISI B Pa3HbIX pexknmax padotsr KC

baaroanaprocTth BR21881930 «PeaxtopHbIe WCCIIEZIOBaHUS,

HampaBJicHHbIE Ha oOecrieueHue Oe30MacHON U

JanHoe wuccienoBaHue  (UHAHCHPOBAJIOCH A(P(EKTHBHOW  IKCIUTyaTalMd  IEPCHEKTHBHBIX

Komuterom Hayk MUHHCTEpPCTBA HAYKH M BBICILIETO  SIIEPHBIX U TEPMOSICPHBIX ~ YHEPreTUYECKHX
obpazoBanusi Pecnyonuku Kazaxcran (rpant No  yCTAaHOBOKY).
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CPABHEHWE APOHHbIX MOAENEN B3AUMOLENCTBUA EPOS LHC M QGSJETII-04 NPU
MOJAE/TMPOBAHUW WA C UCMOJIb3OBAHMEM CORSIKA77410

B npeacTaBNeHHON CTaTbe NPOBOAMUTCA CPAaBHUTENbHbIM aHaAM3 ABYX MOAENEN BbICOKO3IHEPreTUYECKOoro
aAgpoHHoro B3aumogenctema — EPOS LHC v3400 u QGSJET-II-04 — B coyeTaHUM C  MOAE/NbIO
HU3KO3HepreTnyeckoro saMmogerictema GHEISHA 2002d (double precision) ana nepsuyHbIX YacTuL, (NPOTOH,
KUCIOPOZ, U *eneso) B AnanasoHe sHeprmi 10%-10% 3B ¢ ncnonbsosannem nporpammbl CORSIKA-7.7410.
MpoaHaNM3MpOBaHbl K/OYEBble MapaMeTpbl JIMBHEN, TakMe Kak rybuHa MaKCUMyma Xmax, MIOOHHOE
cofeprKaHue, pacnpeaeneHmne aHeprmm BTOPUYHbIX YacTULL M TOPM3OHTa/IbHbIE pacnpeaeneHume.

MonyyeHHble pe3ynbTaTbl AatoT 6onee ryboKoe NoHMMaHMEe XapaKTePUCTUMK BTOPUUHbLIX KOCMUYECKNX
Ny4eln Ha ypoBHe HabntoaeHun TaHb-LLaHbCKOM BbICOKOrOPHOM HaydHoM cTaHuum (TLWBHC, 3340 m Hag
YPOBHEM MOPSA) M MOTYT ObITb MCMOIb30BaHbI 414 NAAHUPOBAHMUA DyAYLLMX SKCNEPUMEHTOB MO UCCAEA0BaAHMIO
cTBonioB LA/ «TonukoBow YcTaHoBKOM». OnpeaeneHbl 0COBEHHOCTU KaxKaoM Moaenu, NpoBeaeHa OLeHKa Ux
BAMAHMA Ha KAtouyesble napameTpsbl LLUAJT, a TakKe ycTaHoBAEHbl 061aCTW X Hanbonbllen NPUMEeHUMOCTU ANS
YAYULEHWA MHTEPNPETALUMM SKCMEPUMEHTANbHbIX AAHHbIX.

B paboTe OTpaskeHbl OCHOBHbIE MPUHLMMNbI U XapPaKTEPUCTUKKU, a TaKKe TeopeTMYeckMe 3HaHus,
HeobxoauMMble A8 MOHMMaHUA MOAEAMPYEMbIX 3QPEKTOB, onpeaeneHa 06/7acTb MPUMEHEHMSA, NOKas3aH
NPOLLECC HACTPOMKM AAHHbIX M CAOXKHOCTb BbluMcaeHnin moaenen EPOS n QGSJET. MpoBeneHo cpaBHeHKWe
0bL1ero KoIMYecTBa YacTul, Kak A5 NPOTOHA, KUCOPOoAa, Tak u ANd Xenesa, 8 mogenn EPOS n QGSJET Il

Kntouesble cnoBa: WwWnpokme atmocdepHble AnBHuM (LLAN), aapoHHOe B3aMMOAeNCTBMe, SHepreTuyeckme
CNEKTPbI, KOCMUYECKME NYYN.

H.O. Epexen®?’, H.O. Cagyes?, O.A. Kanunkynos®, M.A. BaHwumKoBa®
1AaponbIk GU3MKa MHCTUTYTLI, AIMaThI K., KasakcTaH
2Tanb-LLaHb BUiK Tay/bl FbIILIMM CTAHUMACH, AMaThl K., KasakcTaH
*e-mail:n.yerezhep@inp.kz

CORSIKA-77410 kemerimeH KAH monenbagey KesiHae EPOS LHC aHe QGSJETII-04 aapoHApIK,
©3apa dpEeKETTECYiHIH, MOAENbAEPIH CANbICTLIPY

Makanaga EPOS LHC v3400 xoHe QGSIJET-1I-04 xofapbl 3HEpruanbl agpoHAObIK ©63apa apekeTTecy
MOeNbAepiHiH, COHAal-ak TeMeH SHeprusabl e3apa apekettecy moaeni GHEISHA 2002d (double precision)
Herisinge 10%-10% 3B sHeprva AManasoHbiH4A MPOTOH, KOMIPTEK aHe TeMIP CUAKTbI asfallKkbl BenlekTep
ywiH CORSIKA-7.7410 6afpapnamacblH  KOAZAHY apKbl/bl  CafbICTbipManbl  Tanday Kyprisingi. Ken,
aTMmocoepanbik Hecepnep (KAH) Herisri napameTpaepi, Mbicanbl, MaKCUMYM TepPeHAir Xmax, MIOOHAAPAbIH,
CaHAbIK Tapanybl, eKiHWi peTTiK benlWeKkTepdiH 3HEepPruAcbiH Tapanybl KaHE KefAeHeH Tapany Kumachl
Tan4aHAabl.

ANbIHFaH HOTMXKeNep EeKiHWi peTTiK fapblWTblK caynenepdid, TaHb-LaHb OMWiK Taynbl FblAbiMM
CTAHUMACbIHbIH, (TeHi3 AeHreniHeH »ofapbl 3340 m 6MiKTIr) Gakblnay AeHreriHaeri cvnatramanapbiH
TEpPeHipeK TyciHyre MyMmKiHAIK Gepeni KoHe «Kyakbinama KoHAbIpFbl» apKbinbl KAH 3epTTeynepiHe
HafbiTTanfaH DonalaK 3KCNEePUMEHTTepAi *ocnapaayfa Heris 6ona anafbl. 9p MOAeNbAiH epeKLlenikTepi
aHbIKTanbIin, onapapiH, LWAJT Herisri napameTpiepiHe acepi MeH 3KCNEepUMEHTTIK AepekTepai TyCiHAipyai
YKaKCcapTy4afbl KONAaHy aliMakTapbl 6afanaHabl.

ymbicta EPOS »kaHe QGSJET moaenbaepiHin, Herisri KaFnaaTTapbl, ONapablH TEOPUANLIK Heri3i, KonaaHy
cananapbl, modenbaeHeTiH addeKTinep, AepeKkTepre HanTay XKaHe ecenTeynepaiH, KypAaeniniri kepceting,.
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CpaBHeHVe aZipoHHbIx moaenei B3anmogenctama EPOS LHC n QGSJETI-04 npu moaenvposarum LLUA...

MNpoToH, OTTeri »KaHe Temip yuWwiH OenweKTepaiH, Kannbl caHbl EPOS »kaHe QGSIET-II mopenbaepiHae
CaNbICTbIPbINABI.

TyMiH ce3gep: KeH, aTmocdhepanbik Hecep (KAH), aapoHAbIK acepaecy, sHeprua cnekTpaepi, FapbIlTbIK,
caynenep.

N. Yerezhep®?®, N. Saduyev?, O. Kalikulov!, M. Banshchikova*
!Institute of Nuclear Physics, Almaty, Kazakhstan
2Tien-Shan High Altitude Science Station (TSHASS), Almaty, Kazakhstan
*e-mail:n.yerezhep@inp.kz

Comparison of hadron interaction models of EPOS LHC and QGSJETII-04
in the simulation of EAS using CORSIKA-77410

The article presents a comparative analysis of two high-energy hadronic interaction models, EPOS LHC
v3400 and QGSJET-1I-04, combined with the low-energy interaction model GHEISHA 2002d (double precision),
for primary particles such as protons and iron in the energy range of 10%*-10%° eV using the CORSIKA-7.7410
program. Key air shower parameters, including the depth of maximum Xmne, muon distributions, energy
distribution of secondary particles, and horizontal distribution, were analyzed. The results reveal the strengths
and limitations of each model, providing recommendations for their application in cosmic ray research.

The results provide a deeper understanding of the characteristics of secondary cosmic rays at the
observation level of the Tien Shan High-Altitude Scientific Station (3340 m above sea level) and are intended
to support future experiments focused on EAS core studies by the «Burst Detector». The features of each
model were determined, and their influence on key EAS parameters, as well as their applicability in improving
the interpretation of experimental data, were assessed.

The study outlines the fundamental principles and characteristics, as well as the theoretical knowledge
required to understand the simulated effects. The scope of application is defined, and the data calibration
process and computational complexity of the EPOS and QGSJET models are described. A comparison of the
total number of particles for protons, oxygen, and iron between the EPOS and QGSIJET-Il models is provided.

Keywords: extensive air showers (EAS), hadronic interaction, energy spectra, cosmic rays.

BBenenune

Hlupokne armocthepubie muBau  (LIAJD),
BO3HUKAIOIUE TPU B3aMMOAEHCTBUU BBICOKOJHED-
TeTUYECKUX KOCMHUYECKHX JIyuell ¢ armocdepoii
3emid, MPeaOCTaBIAIOT YHUKAIBHYIO BO3MOXKHOCTD
n3ydyars (U3MKY aIpOHHBIX B3aUMOACWUCTBUH IPH
SHEPIUsX, 3HAYUTEIHHO PEBBIIIAIONIINX BO3ZMOXKHOC-
TH COBPEMEHHBIX KOJUTaiaepoB. s uaTepnperanuu
NaHHBIX OKcrepuMeHToB 1o IIAJl  kputnuecku
BaYKHBIM SIBJISIETCS] MOJEIMPOBAHHUE MIPOLIECCOB BBICO-
KOPHEPTreTHYECKUX CTOJIKHOBEHHH, KOTOPOE BBIMOJ-
HSIETCS C WCIOJB30BAHNWEM CIIEIUAIN3HPOBAHHBIX
MIpOrpaMMHBIX MMakeToB, Takux kak CORSIKA [1, 2].

CORSIKA (ot anrm. COsmic Ray SImulations
for KAscade), kak ¥ OOJIBIIIMHCTBO MPOrpaMM st
MOZCTTUPOBaHUs, PadOTAIOIUX C OOJIBIIUMH MacCH-
BaMH JAaHHBIX, B CBOEH OCHOBE UMeET MeTo] MoHTe-
Kapno. [Ins onucanusi B3aUMOJENWCTBUN B JaHHOM
MPOrPaMMHOM TTaKeT€ HCIOJIB3yeTCS HECKOJIBKO
Momeneld. Takue Mozmenu agpOHHBIX B3aUMOZCEH-
cteuit, kak EPOS LHC [3, 4] u QGSJETII-04 [5-8]
WTPAIOT KIIOYEBYIO POJIb B CHUMYJSILUU Pa3BUTHUSA
IAJI. OHM oOnUCHBAIOT (PHU3UYECKHE MPOLECCHI,

22

MIPOUCXOMSIINE HA PA3HBIX CTATUSIX JTUBHS, BKIIOYAs
TeHepaluio BTOPUYHBIX YaCTHII, UX B3aUMOJIeIICTBHE
¢ atrMoc(epoii U MPOCTPaHCTBEHHOE pacIipeieiCHuE.
EPOS LHC u QGSJETII-04 mmpoxo NpuMeEHSIOTCS B
3a/1auaX KOCMUYECKOH (PM3MKH, HO UX MPENICKa3aHUs
U1 ompenenéHupix napamerpoB LITAJIL, Takmx kak
IyOMHa MakcuMyMa Xpa, YHCIO MIOOHOB U
npodHUIN SHEPTUH, MOTYT 3aMETHO OTJIMYAThCS. DTH
pasznugus 00yCIOBIIEHBI Pa3HUIICH B TCOPETUIECCKON
OCHOBE ¥ TOAXOAAaX K ONHCAHHIO TIPOIIECCOB
B3aMMOJICHCTBUS.

B nacrosmieit paboTe MpOBOIUTCS CPaBHUTEb-
el aHanu3 mogeneii EPOS LHC u QGSJETII-04
npu wmopenupoBanuu 1ITAJI ¢ wucnomszoBaHMEM
CORSIKA 7.7410. Lenp uccienoBaHus — BBISIBUTH
0COOEHHOCTH KaXKI0M MOJETH, OIEHUTh MX BIHMSHHAE
Ha KkmoueBble mapamerpel IIIAJI m omnpenenuts
obOnacTh uX HauOONbIIEH MPUMEHUMOCTH. OTO
MO3BOJIUT BHECTH BKJIAJ B YIy4IIeHHE WHTEpIIpe-
TallMU SKCIIEPUMEHTAIbHBIX JAHHBIX U 00Jiee TOUHOE
MMOHMMAaHUE MPUPOJIEI KOCMUUYECKUX JTyUuel, a TaKxe
MOXET OBITh HCIIONB30BAHO Ui IIJIAHUPOBAHUS
OyAyIINX SKCIEPUMEHTOB IT0 UCCIIEOBAHHUIO CTBOJIOB
ITAJI  «TonukoBoil YcTaHOBKOW» Ha  YpPOBHE


mailto:n.yerezhep@inp.kz

H.O. Epexen v ap.

HaOIIONEHNN Taup-11Taubckoi BBICOKOTOPHOM
HayuHo#t cranmmu (THIBHC, 3340 m Hax ypoBHEM
mops) [9-13].

MeTon MoneTupoOBaHUsA

MopenupoBanue  HMIMPOKUX  aTMOC(HEpHBIX
muBHel (ILIAJI) mpoBomMTCS € HCHONB30BaHUEM
mporpammuoro makera CORSIKA (COsmic Ray
SImulations for KAscade), KoTophlii sBIsIEeTCS
CTaHJApTHBIM HHCTPYMEHTOM [UIsl  JAETajJbHOIO
aHalM3a KacKaJoB 4YaCcTHIl, BO3HHUKAIOMIHUX IIpU
B3aMMONIEHCTBUHN KOCMHYECKHX JTy4ei ¢ aTMochepoit
3emiid. OTOT MakeT NO3BOJSIET YUYUTHIBATh Kak
(PM3UKY BBICOKOOHEPIeTUYCCKUX B3aUMOJICHCTBUM,
TaK W CIOXHBIE TPOIECCH], CBA3aHHBIE C Paclpoc-
TpaHEHHEM BTOPUYHBIX YAaCTHIl B aTMOC]epe.

[Iporpamma CORSIKA 310 yHHBepcaibHBII
MPOTPaMMHBIA TAaKeT [UIsl JETalbHOTO MOJEIH-
poBaHus MHPOKHX arMocdepHbix nmuBHeH (LLIAJI) B
skcriepumente KASCADE [14]. Jlannas mporpamma
paspaborana B UHCTHTYTE QU3UKHU SIEPHBIX YaCTHII
Kapnicpys (KIT) u mognmepkuBaeT MUPOKUH CIIEKTP
MoOJCICH B3aMMOJCHCTBUM, a TaKXe HECKOIbKO
MOZEJEN aApOHHBIX B3aUMOJCHCTBUM 11 BBICOKO- U
HU3KOPHEPTeTHYECKNX TMporieccoB. s ommcaHus
BBICOKOHEPTETHUECKHX MPOLIECCOB JOCTYITHBI TAKKe
monenu kak EPOS LHC [15], QGSJETII-04 [16],
SIBYLL [17-20], DPMJET [21-23], VENUS [20],
NEXUS [21] m pgpyrue. HuskosHepreTuueckue
B3aMMOJIEHCTBUS MOJIEIHPYIOTCS C UCIOJIB30BAHUEM
naketoB FLUKA [26], GHEISHA [27-29]. Takue
amroputMbl  kak  NKG [30] u EGS4 [31]
WCTIONB3YIOTCA JUIsl pacdyéra 3JIEeKTPOMAarHUTHOTO
Kackaja. OTa TUOKOCTh TO3BOJSIET aJanTHPOBAThH
MporpaMMy JUIsl Pa3iUYHBIX 3a]ad, CBSI3aHHBIX C
KOCMHYECKHMH JTy4aMHU, a TAKKE yIUTHIBATH 0COOCH-
HOCTM TIEPBMYHBIX YaCTHI, BKJIOYas IPOTOHBI,
anb(a-4acTUIBl, SAApa PA3IUYHBIX  DIIEMEHTOB,
ramMMa-KBaHTBl, MIOOHBI W HeWTpuHO. J[lnamasoH
SHEPrui MOXET JOoCTurarb JecsaTtkoB I[BB 1o
cBepxBBICOKUX 3Hepruii 107! 5B. BriouaeT pasmuy-
HBIE MOJIENT aTMOCQEPHI I KOPPEKTHOTO OIIMCAHUS
B3aUMOJIEMCTBUI Ha pa3HbIX BBICOTaX, HaIpUMED,
cranpaptHas armocepa CIIIA (USA), ocHoBaHHas
Ha M3MEpPEHUsX IUIOTHOCTH, TEMIeparypel U
JTaBJICHUS Ha pa3HbIX BeIcoTax. [Iponecchl renepannn
BTOPUYHBIX YaCTHIl YYUTHIBAIOT BCE CTAIUM JIMBHS,
HauWHas OT TeHepaIliy BTOPUYHBIX YACTHIL (TTHOHBI,

KaoHbl, MIOOHBI) JO UX PAaCHpOCTPaHEHUS H
B3aUMOJEHCTBUNA. PaccuuThIBalOTCA  TpaeKkTopuu
YacTWIl B MAarHWUTHOM 1ofie 3eMJId H  HX

SHEPreTUYECKUE MOTEPU MNPHU MPOXOKICHUU Yepe3
armocdepy.

[Ipu W3yYCHUH (hu3uKH aIPOHHBIX
B3aumopeictuil IIIAJI B nuamasone sHepruii 10'6-

10" wucmonb30BaHbI [BE MOIENU BHLICOKODHEPIE-
THyeckux B3ammoxerictBuii — EPOS LHC m
QGSJETII-04 m momy4eHO CpaBHEHHE aJPOHHBIX
MOZENEn B3aUMOJEHUCTBUS JUIst BEPCUU
CORSIKA77410. Ucronp30BaHHBIE MOICITH aIpPOH-
HBIX B3aWMOJICWCTBUU YYUTHIBAIOT HEJIHMHEHHBIC
3¢ (EeKTHI U HACHIIIICHUE TAPTOHOB.

OcobGennoctu MojeJieit aJIPOHHBIX
p3anmopeiicteuiit EPOS n QGSJET

0O6e wmomemu EPOS wu QGSJET, «kak
YIOMHHAJIOCh ~ paHee, SBIAIOTCS  OCHOBHBIMH

WHCTPYMEHTaMHU JJI MOJEJIMPOBAaHUS aJPOHHBIX
B3aUMOJCUCTBUN IIPU  BBICOKMX DJHEPrUsiX B
CORSIKA. OHH aKTHBHO HCIONB3YIOTCS B 3afadax
MOZETHPOBAaHUS HIMPOKUX aTMOCQEpPHBIX JHBHEH
(LLTAJT), BBI3BaHHBIX KOCMHYECKHMH Iy4amu, a
TAaKXKE B aHAIN3€ SKCIEPUMEHTAJBHBIX JAHHBIX C
YCKOpUTENEH, Takux Kak bonbloll aapoHHBIN
komnaitnep (LHC). Kaxmas u3 moneneit umeeT CBOU
YHHKaJIbHbIE TEOPETUUECKUE OCHOBBI M TOIAXOABI K
ONUCaHu0 (U3NUECKUX MPOLECCOB, YTO AETAET UX
JTOTIOJTHSAOLIUMH JIpYT ApyTa AJs pa3IudHbIX 3a7ad.

O0e MoJenu HCHONB3YIOT CXOXKHE MOAXOIBI K
ONMCAaHHUIO MPOLECCOB, TAKUX KaK MapTOHHbIE
KacKaJpl 1 MHOTOKpaTHble paccednusa. Oqnako EPOS
JICJIaeT aKICHT Ha y4€Te KOJUICKTUBHBIX 3(P(EKTOB U
THIPOJMHAMUYECKUX IIpoIeccax, B TO BpeMs Kak
QGSJET-11-04 opuenTrpoBaHa Ha TOYHOE ONTMCAHHE
HEJTMHEHHBIX B3aWMONCUCTBUIA B paMKax oOOMEHa
MIOMEPOHAMU. DTO pa3Inire IPUBOIUT K Pa3IUIHBIM
npeackazanusM ana napamerpoB IIAJL, Bkirovas
DIyOUHY MakCUMyMa Xpuqy, KOJIMYECTBO MIOOHOB M
pacmpesnenieHle SHEPruu BTOPUYHBIX vacTwil. s
3anad mozaenupoBanus LIIAJI BerOop Monmenn MOXeT
CYIIECTBEHHO TOBJIUATH HA PE3YAbTAThI, I03TOMY HX
CpaBHUTEJIbHBIN aHalu3, MPOBEAEHHBIA B JaHHOM
pa0otre, MO3BOJSET BBIIBUTH CHJIBHBIE U Cla0ble
CTOPOHBI K&KIOH M3 HUX M ONpeNesuTh Hauboiee
TTOJXOSIIIYIO MOJIETb JIIsl KOHKPETHOM 3a1a4u.

CoBokymHoCTh  Xapakrepuctuk EPOS  u
QGSJET penaet nx He3aMEHUMBIMHA HHCTPYMEHTAMHU
JUTST M3yYeHHUST BBICOKOOHEPTETHYECKUX B3aUMOJIEH-
CTBUH. OTH MOJENW JOTMONHSIOT Jpyr JIpyra,
NPEAOCTABIISIS UCCIIENOBATEIsIM THOKOCTh B BHIOOpE
MOJX0Aa B 3aBUCUMOCTH OT INPHUPOIBI HU3y4yacMOro
SIBJICHUSI U DKCIEPUMEHTAILHBIX YCJIOBHH (Tabnuia
1). Takum obpazom, QGSJET-II — sddexruBen ans
3a1ad, re BayKHbI HeMMHeHHbIe 3P (eKThI B TMHAMUKE
¥ TOYHOCTH IPH 3KCTPEMAJIbHO BBICOKHX SHEPTHSIX.
EPOS — mpenmodTuTeNeH B HCCICIOBAHUSX, IJIE
TpeOyeTcsi y4YUTHIBaTH KOJJICKTUBHBIC — SIBICHUS
(Hanpumep, B TSXKEIBIX HOHHBIX CTOJKHOBEHHSX).
OT1nyuue B BPEMEHHU BBIUUCIIEHUSI OBUIM CPAaBHEHBI
Hamu B pabote [32].
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Taoauna 1 — Cpasaenue EPOS u QGSJET

XapaKkTepucTuka

QGSJET-II

EPOS

Teopetnueckas 6aza

O0macTh IpIMEHEHHS

Mopgemupyemsie 3¢ hexTs
HACBIIICHUS
Hacrpolika Ha naHHbIE

KBanToBas Teopus noneit

Mupoxue arMochepHbIe TUBHA

Hemumneiiasie 23 exTs

KocBeHHO uepe3 SKCIIepIMEeHTBI

[TapToHHBIE KaCKaJbl,
THIPOINHAMHKA

Kocmuaeckne JIy4H, TSAXKEIIBIC
HNOHBI

Konnexrususie 3¢ ekt (flow)

[psimo wepes narasie LHC

MO0 KOCMHWYCCKUM JIyuaM

CI0XHOCTh BEIYUCICHHI

beicTpee, npouie

bonee cioxHbIC BRIUMCICHUS

Monaear QGSJET (Quark-Gluon String Jet
Model)

QGSJET (Quark-Gluon String Jet Model)
NpeACTaBIsAeT Cco00Ml  TEOPETHYECKH  CTPOTYIO
MO/IeNTb, OCHOBAaHHYIO Ha Teopuu nois [ pubora [33],
KOTOpasi ONHCHIBAET B3aUMOJCHCTBUS B TEPMHHAX
obmMena momepoHamu. Mogenms QGSJET-II, u
ocoberno e€ Bepcus QGSJETII-04, pacmmpser
ONMCaHUE B3aUMOJCHCTBUN, YUUTHIBASI HEJIMHEHHBIE
3¢deKThl, TaKMe KaK HACHIICHUE IMApTOHOB U
B3aMMOJICHCTBUE NMOMEpPOH-TIoMepoH [34, 35]. Otn
3pQeKTbl  HWrparoT  KIIOYEBYID  pOJb  IpH
OKCTPEMAIbHO BBICOKUX JHEPTHUSX, THE€ IUIOTHOCTb

MApTOHOB ~ CTAHOBUTCS  3HAUUTENBHOH, a UX
B3aMMO/ICHICTBHS HAYMHAIOT CYIIECTBEHHO BIIUSTH Ha
muHamuky — npomecca.  QGSJET-1I-04  taxoke
yIydIlaeT —ONHCaHWe 3apsaAoBOro OOMeHa B

CTOJIKHOBEHUSIX C T-ME30HAMH, YTO HPHUBOAUT K
0oJiee TOUHBIM TPECKa3aHMsIM COACPKAHKS MIOOHOB
B IIUPOKUX arMoc(epHbIX JuBHAX. OmHUM U3
KJIFOUEBBIX MPEUMYIIECTB MOJENM SBISIETCS €&
CIIOCOOHOCTh ~ OMHCHIBAaTH HE  TOJMBKO  aJpOH-
aJpOHHBIC B3aMMOJICHCTBUS, HO W CTOJKHOBECHHUS
saep, 4ro nenaer e€ MOoNe3HOM Is  3amau
KOCMHUYECKOW (PU3UKU, CBA3aHHBIX C W3YYCHHEM
COCTaBa MEPBUIHBIX KOCMUYIECKHX JTyUeH.

bazosvle npunyunevi: Mopenb OCHOBaHa Ha

TEOpUn I'puboga, KoTOpas OTMCHIBAET
B3aMIMOJICHCTBUS B TEPMHHAX «OOMEHa MapTOHOBY;
Ipezrnonaraercs, YTO  TApPTOHBI  SBISIOTCS

3G (GEeKTUBHBIM OINMUCAHUEM KAaCKaJOB IapTOHOB
(KBapKOB U TIIIOOHOB) B BBICOKOIHEPreTHUECKUX
CTOJIKHOBEHUSIX; MOJIEIb BKIIOYAET KaK MSTKHE
(HemepTypaTUBHBIE), TAK U MOTYMATKHE TPOIIECCHI (C
y4acTHEM  yMEPEHHO  BBICOKHX  IE€pPEJaHHBIX
MMITYJIbCOB).

Pacwupennas sepcus OGSJET-1I:
YYUTHIBAOTCS HENWHEHHbIE A((EKThI, TaKUe Kak
HaCBIIIIEHNE TTAPTOHOB U B3aWMOJICHCTBHE TIOMEPOH-
MOMEPOH; YIIYUIIIEHO OMHCaHUE MPOIECCOB 0OMEHa
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3apsa0M M reHepanus MIOOHOB, YTO MMCCT BAKHOC
3HAUEHHE U1l CUMYISALUI IIMPOKUX aTMOC(HEPHBIX
nvuBHeHW; JlaHHas Bepcusi OpPUEHTHpPOBAHA Ha
00pabOTKy Kak aJapOoH-aJpOHHBIX, TaK W SAPO-
SIIEPHBIX B3aUMOACHCTBUI.

Ilpumenenue: UCTIONB3yeTCA B MOAEIHUPOBAHUH
xapakrepuctuk IIIAJI, Takux Kkak pacnpeneieHue
MIOOHOB, INTyOMHa MakCUMyMa Xpax, IPONOJBbHbIE U
noriepednsie mpodmn nuBHeH; CuibHas CTOpPOHA
MOJENIH — TOYHOE OIHUCaHHe MHOTOKPAaTHBIX
paccessHUH [IPU CBEPXBBICOKUX SHEPTHUSIX.

Monear EPOS (Energy-conserving Parton-
based Object-oriented Simulation)

Monens EPOS  (Energy-conserving Parton-
based Object-oriented Simulation) pa3paboTtaHa s
TOYHOTO OIMHUCAHWsI MHOTOKPATHBIX B3aWMOJIEHCTBHIA
U y4€Ta KOJJIEKTUBHBIX JPQPEKTOB, TaKHX Kak
rugpoauHaMudeckoe  pacmmpenue  (flow) B
CTOJIKHOBEHHUSAX MPOTOHOB, SIACP M JIPYTHUX YACTHII.
EPOS ocHoBaHa Ha moaxoze NapTOHHBIX KaCKaJOB,
IJe B3aWMOJCHCTBHS OIMCBHIBAIOTCA B TEPMHUHAX
MSTKHX ¥ TOTYMSTKHX TIOMEPOHOB, C SIBHBIM YUETOM
COXpaHEHUs SHEPIUH Ha BCEX JTanax
MOJIEJINPOBAHUSI. OnHott u3 YHHUKAJIbHBIX
OCOOEHHOCTEHl  MOnmenW  SBJISIETCS  BKIIIOYCHHE
OCTaTkoB  sApa  (remnants), YTO  ydyd4IIaeT
MpeICKa3aHus JUIst TSOKETBIX SIIEPHBIX
B3aUMOJECHCTBUI U MO3BOJISIET TOUHEE MOJIEIUPOBATh
CTpaHHbIE YaCTWIBI W MYJITHYACTHYHBIE TOTOKH.
Bepcus EPOS LHC ontuMusupoBaHa anst ydéra
naHHblx LHC [36], nonmy4eHHBIX B 3KCIEPUMEHTaX
ALICE [37], CMS [38] u ATLAS [39], utO
00yClIaBIMBaeT aKTyaJbHOCTh €€ MPUMEHEHHS s
pelieHuss 3agad COBPEMEHHOH (HM3MKH BBICOKHX
sHepruil. Oco0oe BHUMAaHHE VACICHO OIMCAHUIO
KBa3HaOCONIOTHBIX ~ CTONKHOBEHHWH € MajbIM
MONIEPEYHBIM HMMITYJIBCOM, YTO Ba)KHO ISl 3a1ad,
CBSI3aHHBIX C ONMHACAHUEM KOJUICKTUBHBIX 3)(HEKTOB U
M3ydeHHEeM KBapK-TJIFOOHHOM ITIa3MBl.
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bazosvie npunyunvi: Mopmenb OCHOBaHa Ha
MOAXO/Ie KACKAJOB KBapKOB W TIIIOOHOB, MOJOOHO
QGSJET, HO BKITIOYaeT HECKOJBKO YHHKAIBHBIX
aCIIEKTOB; MPOBOAUT y4eT KOJUIEKTHUBHBIX 3P (EKTOB,
TaKuX Kak THApoAMHaMHIecKoe paciupenue (flow),
YTO 0COOCHHO BAaXKHO JUIS TSOKEIIBIX MOHOB; SHEPTHS
COXpaHsAeTCsl Ha BCEX JTamax B3aUMOACHUCTBHS,
BKJTIOUasi TeHEPAIMIO BTOPUYHBIX YACTHIL U KACKA/I0B.

Ocobennocmu EPOS LHC: monens HacTpocHa

Ha mgaHHble OkcrepuMeHToB LHC  (mampumep,
ALICE, CMS, ATLAS); Nopa3yMeBacT
YIy4IIeHHOE OTHCaHue ITOTOKOB YaCTHIL,

BO3HMKAIOLINX B CTOJKHOBEHHUAX IPOTOHOB, IIPOTOH-
aaep W SAep-s/Aep; HCIONB3yeT TMOAXON Tpex
06T>CKTOB: IMapTOHHBIC JICCTHHUIIBI, OCTaTKu
(remnants) sitpa ¥ UX B3aMMOJIEHCTBHE.

Ilpumenenue: Baxxna niist 3a1ad4, rue tpedyercs
TOYHOC ONMMCAaHUC MYJIIBTUIICTHBIX B3aHMOI[CI710TBPII>i,
TaKUX KaK TeHepalys CTPAHHBIX YaCTHL] WJIH IIOTOKOB
IIPY HU3KHUX MOMNEPEYHBIX UMIYJIbCAX; IPUMEHSCTCS
Kak B KOCMHYECKHX HCCIEAOBaHUAX (MOIENUpo-
BaHue EAS), Tak u B (pH3HKe TSHKEIBIX HOHOB.

Pe3ynbrarsl mogenupoBanus. O0cy;xaeHue

dnsa  cpaBuenuss wmopeneit EPOS LHC wu
QGSJETI-04  Obt  BBIOpaHBI  CIEIYIOIIHE
KiroueBbie mapametpsl LITAJL:

1) I'mybuna w™akcumyma Xue: YPOBEHB, Ha
KOTOPOM JIOCTUTaeTcsi HauOOoJblee pa3BUTHE JIMBHSI.

2) Uncno MIOOHOB: 00111ee KOJHYECTBO MIOOHOB
Ha HaOJIOAATEILHOM YPOBHE.

3) PacmpeneneHue SHEpPruu: pacrpeneiicHue
BTOPUYHBIX YACTHII 10 SHEPTHH.

4) TlpomonbHOE pacHpeAeieHue: pacupeaene-
HUE BTOPUYHBIX YacTUL B JIMBHE Ha YPOBHE
HaOTIOIEHUSL.

B  pesynprare  MOAENMpPOBaHUS  IIHPOKHX
armocepnsrix muBHer (ILIAJI) ¢ ucnonp3oBaHueMm
nporpammuoro nakera CORSIKA 7.7410 u moneneit
anpouHeix  B3ammoxevicteuii EPOS LHC u
QGSJETII-04 6b11M OTY4eHBI JaHHBIE O KITFOUEBBIX
napamerpax, TaKHX Kak DIyOMHa MakCHUMyMa Xax,
MIOOHHOE COJEepXaHHe, pacIlpeaeNeHne 3SHEePTUn
BTOPHYHBIX YaCTHI u TOPU3OHTAJIbHBIE
pacmpeneneHus. OJTH  HapamMeTpbl  MO3BOJISIOT
MPOAHAIM3UPOBATh PA3IHYUS B TIOAX0/[aX MOJIECIEH 1
WX BIMSHUH Ha XapaKTEPUCTUKY JIMBHEH. B kauecTse
MEPBUYHBIX YaCTHI WCHOJNB3YIOTCS MPOTOHBI, SIPO
kuciopona (O) u sapa xkene3a (Fe), mokpeiBaromnne
nuanason sHepruii or 10° no 10" 5B. Yposens
HaOII0EHUS — TOBEPXHOCTh 36MJIU C YYETOM BBICOTHI
THOBHC (3340 ™M H©Hag ypoBHEM MoOpsS) U
TEOMarHUTHOTO TIOJIST COIIacCHO KoopawHataMm 29.69
nonrotel U 4745 mmpotel.  Mcnonws3oBaHa
CTaHAapTHasi Monens arMmocgepsl. OOpaboTKH

nmauHblx Corsika BeimmonmHsuiock Ha python [40] ¢
nmrioptupoBanuemM oubmmorek ROOT CERN [41]
JUTSI TIOCTPOIKH TpaduKOB ¥ MOTy4deHUs (PHUTOB.

I'nyouna makcumyMa Xoox

I'myOuna MaKCUMyMa, olpeaeIIIomas
NOJIOKEHUE  TOYKM  HauOompUIed  MIIOTHOCTH
BTOPHUYHBIX YaCTHUI B aTMOC(epe, SIBISIETCS OMHUM U3
HauOoJiee  YyBCTBUTENBHBIX  MapamMeTpoOB IS
OIpeneNeHHs IPUPOIbl IEPBUYHBIX YACTHII.

I'myOuna wMakcuMyma ITUBHS Xper COINEPIKUT
MHPOPMAIHMIO KaK O Macce MEPBUYHON KOCMHYECKOI
qyacTUulhbI, HHHHHpr}OIHeﬁ JJUBEHb, TaK HW O
CBOMCTBax aJpOHHBIX B3aUMOJCHCTBUH,
YYacCTBYIOIMX B TIPOLIECCE PA3BUTUS KacKaza.
Cpennee 3HaueHHE Xpox 3aBUCUT OT DHEPTUHU
NEPBUYHON YacTHLBl £ 1 KOJMYECTBAa HYKIOHOB A B
e€ cocTaBe, YTO BBIPAXKAETCS] YpaBHEHHUEM:

Xnax = P(INE—1nAd)+a, (D)

e f U o 3aBUCAT OT OCOOEHHOCTEH aJpOHHBIX

B3aUMOJCHCTBUM, €CIM  MEpBUYHAs  YacTULA
(ukcupoBaHa. Ot napaMmeTpsl OYEHb
‘IYBCTBI/ITGJ]I)HI)I K N3MCHCHUAM B CCUCHUHU

B3aUMOJICHCTBHSA, MYJIBTHIUIETHOCTH M YIPYTOCTH.
VYpaBuenue (1) MoxeT OBITH BBIBEACHO M3 MPOCTOM
0000IIEHHON KacKaJHOW MOJENH JJisl aApOHHBIX
MEPBUYHBIX YacTUI, HO OHO TaKKe HAaXOJHWTCS B
XOpOLLIEM COIIACHH C OIMUCAHUEM 3BOJIIOUUH Xnax,
npeacKa3aHHON COBPEMEHHBIMH aJPOHHBIMHU
MOJICTISIMH.

VYpaBuenne (1) Takke MOXKHO TPEIACTABUTH B
cienyromei gopme:

Xoar =ER10(12E—1gA)+Xinir, (2)

rme ERiov u X IapameTpsl, 3aBUCAILINE OT
SHEPrMM W HadYalbHBIX YCJIOBUH (OpPMHpPOBAHUS
JIUBHS.

Cpenane 3HaYeHUS TIYOWHBI MaKCUMyMa Xpax
JUISL IByX MOJeENel MOoKa3aHbl B 3aBUCHMOCTU OT
sHeprum Ha pucyHke 1. Kak m oxwupanocs, Gonee
TsokENas epBUYHas yacTuia GOPMUPYET MAKCUMYM
JUBHS Ha MEHBINEH TTyOWHEe 1O CpaBHEHHIO ¢ OoJiee
JIETKO YacTHULIEN.

3Ha4eHne Xyqr 1 HAKIJIOH KPUBOM AJIS IPOTOHA B
moaenmun EPOS wnemuoro Beime, uemM B QGSJET.
AHAIOTMYHO, JUIsl *ejle3a HAKJIOH KPUBOM Takke
Boimie B EPOS, B To Bpemsi Kak 3HaueHUs s
KHMCIIOPO/Ia HAKJIOH KPHMBOH BbIle B dHeprusx 107 n
Huwke ¢ Bozpactanuem o 10", U a1o ckopee Beero
00yCJIOBJICHO  HEJOCTAaTOYHOCTHIO  KOJMYECTBA
WTEepalMy MIPU MOJECIUPOBAHUH, CBSI3U C HEXBATKOM
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mocTosHHON mamsTH. [lomoOpaHHBIE 3HAYCHUS
HakioHa FERjp u mnepexBata Xi; NIPUBEIEHHI B
Tabnure 2.

e EROSP

i . EPOSO,
800 EPQS Fe,,
QGSap
750 QGSN 0,
OGS l'-e‘,_k
700 >
. 650 § - :
& 600! s .
* 850
5001
450
400
10 10™ 10" 10" 10" 10

"7
Log E:’g'uy‘ aV

Pucynok 1 — 3aBUCHMOCTS CpEIHETO 3HAUCHUS Xypax
OT DHEPTHUH TIEPBUYHBIX YACTHI

Taoauna 2 — Haxkinou Xx

UIs  OBYX paccMarpuBaeMbIX  Mofeledl  mpH
BEIOpaHHBIX SHEPTHSIX NEPBUYHBIX YacTHII (TIPOTOHA,
KHCITIOPO U kene3a). XOTs B Mpeapaymux paborax
npu cpaBHeHuH Bepcuit CORSIKA v6990 [42] nns
MIOOHOB Pa3iIniHs MEXKIY IIPeICKa3aHusIMU MOIEIeH
EPOS 1.99 u QGSJET I1-03 065111 3HAaYUTEITHHBL.

Taoauua 3 — KonmuectBo MrooHOB 1g(N)

Mopnens u eV
yacTULA CpeaHee 3HaUeHUE  OTKJIOHEHHE

EPOS —p 0.727826 0.007301
EPOS -O 0.883716 0.000085
EPOS —Fe 0.887186 0.000064
QGSII —p 0.881919 0.000084
QGSII -0 0.870927 0.000229
QGSII —Fe 0.888974 0.000084

Taoauua 4 — KonnuecTBo 3apsyKeHHBIX YaCTHULL
Ig(N)

Mogers i 0 (Xinir) B (ERn) l\fllzél:;baﬂ Ig(N)
qacTtunga cpennee +/- CpeaHee +/- T Cpe;[Hee 3HA4YCHUC OTKJIOHCHHEC
EPOS —p 269.158 115.795  9.98094 2.94801 EPOS —p 0.725499 0.014184
EPOS -O -14.2782  47.6991 16.2519 1.21436 EPOS -O 0.891483 0.001008
EPOS —Fe  -80.1332  76.7562  17.4202 1.95412 EPOS —Fe 0.893778 0.000071
QGSII —p 267.246 89.1434  9.57887 2.26948 QGSII —p 0.890923 0.000024
QGSII -0 131.897 32.0413  12.4484 0.81573 QGSII -O 0.878806 0.000019
QGSII -Fe -37.6379  89.8482 16.2196 2.28743 QGSII —Fe 0.893987 0.000070
Kosn4ecTBO 31€KTPOHOB 1 MIOOHOB
10" [« EPCSH
EPOSO,,
KomnuectBo MIOOHOB B JIMBHE  SIBIISIETCS ) EROS Fel,
KIIFOYEBBIM TApaMETPOM JIIsl U3YYCHHs aJIPOHHBIX L 83;:‘:;(
B3aMMOJICHCTBUH, TOCKOJIIBEKY MIOOHEI 00pa3yroTcs B o CaA o
pesyibTaTe pacraja 3apsHKEHHBIX ME30OHOB (Tabimuibl )
3-4). CpenHue 3Ha4eHHs OOIIETO YHCIA MMEKTPOHOB 2 o
N., MIOOHOB Ny, anpoHOB Nj, a TaKkKe CyMMBl 3 .
SHEpruil Bcex afpoHOB Ej, 3aperiCTPUPOBAHHBIX HA £ 10° i
YPOBHE 3€MIIH, [T MoJieNel B3anmoneictuii EPOS 2 ;
1 QGSJET II moka3zansl B 3aBUCUMOCTU OT SHEPTUU e :
Ha PUCYHKax 2, 3,4 1 5, COOTBETCTBEHHO. i
Bugno, uyto 00e Mopenw JEeMOHCTPHPYIOT %
JIMHEHHYI0 3aBUCUMOCTH JSTUX KOMIIOHEHTOB OT Y T R
SHEPTrUM B JOrapu(hMUISCKOM MaCIITade. 10" 10 18 Energy, 010" 10% 10%

Ha pucynkax 2—5 BUIHO, UTO HET 3HAYUTETHLHBIX
pasnuuuii B pa3Mepe 3apsKEHHBIX YacTHIl JIMBHS,
MIOOHOB, aJIpOHOB U CYMMAapHOH SHEpPTUH agpOHOB
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Pucynok 2 — 3aBUCHMOCTb CPETHErO KOJTUYECTBA
MIOOHOB JIUBHS OT SHEPTUH MEPBUYHBIX YACTHUII
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Pucynox 3 — 3aBucuMoCTb
CpEIHero KOJMYeCcTBa 3apsHKEHHBIX YacTHIL OT
SHEPTUU MEPBUYHBIX CPEIHETO KOIUIECTBO
3JIEKTPOHOB JIUBHS
OT HEPI'UU NEPBUYHBIX YACTHUIL
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PucyHox 4 — 3aBHCHUMOCTH KOJTUYECTBA
aJpOHOB OT PHEPTUU
MEPBUYHBIX YaCTHUI]

Jis anpoHOB 00Iee KOMUYEeCTBO YACTHI, KaK
JUIsl TIPOTOHA, KHCJIOpOAa, Tak W JUId JKelle3a, B
mozemu EPOS oxa3riBaeTcst He3HAUYNTEILHO OOJIBIIE,
gem B QGSJET 11 (pucyHok 4).

OnHako, eciau paccMaTpUBaTh CYMMAapHYHO
SHEPIUI0 BCEX aJPOHOB Ej, 3HAUUTEIbHBIX Pa3Iuduit
MEXJy MOICISIMH C BO3pacTaHHWE »JSHEPruil He
HaOmonaeTcs (PUCYHOK 5).
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Pucynox 5 — 3aBucuMoCTb
CYMMapHO 3HEPTUH aJpOHOB OT SHEPTHU
MIEPBUYHBIX YaCTHUI

PacnpenesieHue aApoHOB U UX IHEPTUHU

Pacnipenenenvue »HEpruu BTOPUYHBIX YACTHIL
TaKXe JEMOHCTPUPYET 3aMETHBIE Pa3Inyusl MEXIY
MOJICIISIMHU.

CpenHee KOIMYECTBO aJPOHOB B 3aBUCHMOCTH
OT YHuCJa MIOOHOB MPEACTABICHO HA PUCYHKE 6 s
IByX Mozenei. HakiaoHbl BceX KPUBBIX MPAKTUUECKU
OIVMHAKOBEI.

10" E « EFOSD
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PucyHnoxk 6 — CootHomieHne
KOJIN4YECTBAa MIOOHOB
Ha KOJIMYECTBO aJ[pOHOB
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IIponosbHOe pacnpeneneHue

[IpononsHOE  pacmpeneneHue yacTul — (MX
IUIOTHOCTD Ha Pa3HbIX PACCTOSHUSX OT OCH JIMBHS)
TaKXXe JEMOHCTPUPYET BIMSHUE MOAETIEH.

Bumumeix  paznmuuit | o0miero  cpeaHero
KOJIMYECTBA 3aperMCTPUPOBAHHBIX AJpPOHOB NS
MEPBUYHBIX YacCTHI] BCEX IATH 3HAYEHUH SHEPIUU

(pucyrkm  7-12)  wMexmy — OBYMS  MOACTSAMH
MPaKTUIECKU HET.
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Pucynox 7 — PacnipeneneHus
KoJTM4ecTBa aJipoHOB OT nentpa LIAJI (a).
YBenmUUeHHBIH yuacTOK MmpaBoii BeTH (0)
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Pucynok 8 — Pacipenenenue konmu4ecTsa aipoOHOB
ot nentpa IIAJI nns sHepruit 10°T3B

Particle Primary Energy 10" GeV
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Pucynok 9 — PacnipeneneHue konmu4ecTsa aipoOHOB
ot uenrpa LHIAJI aus suepruii 107 IT'>B

Particle Primary Energy 10° GeV
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Pucynok 10 — PacnipenieneHre KOnM4ecTBa aJpoOHOB
ot uentpa LIAJT mist suepruii 10® I'>B
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Pucynoxk 11 — PacnipenencHue xonuuecTBa anpoHoB  Pucynok 12 — PacnpeneneHnue Kou4ecTBa apoOHOB

ot uenrpa IIAJI ns suepruii 10° I'>B ot uenrpa LIAJI ais suepruii 10'° I'>B
3akaouenmne Pe3ynpraThl MOKa3bIBAIOT, YTO pPa3InUMA
MEXy MOJEISIMH 3aBUCAT KaK OT SHEPTHH, TaK U
[lomy4eHHble pe3yabTaTbl MO PA3THYUIM OT THIIA IEPBUYHOI YaCTHUIIBI.
mozeneit EPOS u QGSJET II B CORSIKA v77410
YKa3blBalOT Ha IMPOBEACHHYI0 MHOTOIIArOBYIO BbaaropapuocTn
momudukamuio Bepcuit CORSIKA v6990 omnoit
unn obeux Mopeneil, 4YToObl coIacoBaTh MX HanHoe wuccnenoBanue (HUHAHCUPOBAIOCH
MIpeJICKa3aHusl C KCIIEPUMEHTANbHBIMH TAHHBIMHU. Komuretom Hayku MuHHCTEpCTBa HayKH H
U3 rpadukoB BHIHO, YTO Ui MEPBHYHBIX BhIcIIero oOpazoBanus Pecny6nmukn Kazaxcran
poToHoB Mozens EPOS npencka3siBacT HEMHOTO (rpanT N BR21881941 «3DxcnepuMeHTalbHBIE U
Oonbiie MIOOHOB (okojio 2%) nmisi JIMBHEH 10 TEOPETUUECKHUE UCCIISIOBAHUS B 00JIACTH BBHICOKHX
suepruii  10'®B, mpakTHYecKM paBHOE YHCIIO A CBEPXBBICOKMX DJHEPrMil JUIi  pelleHus
271eKTpoHOB (pasuuia menee 1%) mpu 10'° 5B u aKTyaJIbHBIX 3afa4 acTpoQu3uKu H  (QU3MKU
HEMHOTO MEHbIIE MIOOHOB (okoio 2%) mocne KOCMUYECKHX JIyden).

suepruii 10'%3B.
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IRRADIATION OF D-3HE FUEL BY D-BEAM TO ENHANCE FUSION ENERGY GAIN VIA ICF
USING INNOVATIVE WHISTLER WAVE COLLAPSE BY MCNPX SIMULATION

In this article, we used as another new method to achieve higher fusion energy gain. In this approach,
the ultimate goal is to heat the ions to a large amount of temperature to enhance the number of nuclear
reactions. In the design of laser fusion, as much as possible, it is necessary to convert the laser energy into the
energy of fuel ions by various types of laser-plasma interactions. But the main problem is that the electrons
absorb alot of laser energy in the first phase of interaction. The transfer of energy from electron to ion through
collisional processes happens slowly and is not very efficient. Thus, the matter of transferring energy directly
from electromagnetic waves to ions can overcome this basic problem.

Therefore, the aim of this research is to investigate the effective mechanism of energy transfer directly
from the laser to the super dense ions of D3He fuel due to the collapse of standing whistler waves (SWW).

In this article, through the numerical solution of coupled point nonlinear kinetic differential equations
governing this fuel, taking into account the effect of the collapse of whistler waves, we obtained the desired
fuel energy gain of approximately 74 using D-beam along whistler standing waves collapse via MCNPX
simulation, which is compared to the mode of without considering these electromagnetic waves is a high gain.

Keywords: ignition, deuteron beam, collapse, energy gain, whistler waves.

Ceiene HacpuH XocenHnmoTnar
®usnka kadeapacsl, LLnpas punmansl, Mcnam Asag yHusepcuteTi, Lnpas K., MpaH
e-mail: nasrinhosseinimotlagh@gmail.com

MCNPX cumynaumacblH NnakaanaHa oTbipbin, MHHOBALMANDIK bICKbIPbIK TONKbIHbIHBIH, KY1A4blpaybliMeH
MHepUManabIk OTbIHALI Backapy apKbiibl SHEPrUA TMIMANIrH apTTbIpy YiiH D-wosbimeH D-He
OTbIHbIH CayneneHaipy

byn makanaza TepmoAaapONbIK CUHTE3 IHEPTUACHIH BHAIPYAIH, }KOFapbl XblIAAMAbIFbIHA KON KETKI3y YLWiH
*KaHa afic NnanganaHaabl. byn Tacinge Heri3ri makcaT — MOHAAPAb! AAPO/bIK PeakumanapabliH CaHblH apTTbipy
YWiH KOofapbl TemnepaTypara AeMliH Kbizablpy. /lasepnik cuHTe3ai »obanaraHaa, MyMKiHAiriHWe, nasep-
Naa3Manblk dpeKkeTTecyNepaiH, apTypai Typaepi apKplabl Na3ep SHEPruAcbiH OTbIH MOHbIHbIH, SHEPTUACLIHA
TYpAeHaipy KaxeT. [lereHmeH, Heri3ri macene aNeKTPoHAap 63apa apekeTTecydiH OipiHLLi Ke3eHiHae na3epnik
3HepruaHbIH, Ken 6eniriH xyTadbl. COKTbIFbIC MPOLEC apKblabl 3HEPIUAHbIH, 3NEKTPOHAAPAAH MOHAApFa
ayblcybl H6anay »kaHe oHla TMimai emec. Ocblfaiila, SHEPrUAHbI 9NEKTPOMArHUTTIK TONKbIHAAPAAH MOHAAPFa
Tikenen 6epy MyMKiHAIr By Heri3ri maceneHi xKeHea,.

By 3epTTeyaiH MaKcaTbl TYPaKTbl bICKbIPbIK TOAKbIHAAPbIHbIH (SWW) Kylipeyi cangapbiHaH nasepaeH D-
3He OTbIHbIHbIH, Y/bTPA ThbIFbI3 MOHAAPbIHA TiKeNeM sHeprua GepyaiH, TMIMAI MexaHU3MIH 3epTTey 60/bin
Tabblnaabl.

Byn *KYMbICTa OCbl OTbIHAbI CUMATTAWTLIH BipiKTipiAreH 6eMachbI3biKTbl KMHETUKANBIK AnddepeHLManablK,
TeHAeyAep KYMeCiH CaHAbIK Lielly apKblabl bICKbIPbIK TONKbIHHbIH, Kyaay acepiH eckepe oTblpbin, MCNPX
CUMYAALMACBIH NaaanaHbin, TyPaKTbl bICKbIPbIK TONKbIHAAPbI 6oMbiMeH D-cayneciHiH KemerimeH LiamameH
74 OTblH 3HEPTUMACHIHbIH, LWbIFbIMbIHA KO XETKi3ingi. byn OCbl 31EeKTPOMArHUTTIK TOJIKbIHAAPAbI ecenKke
aNIMaFfaH pexmnmae sHeprua eHaipy KoadduumeHTIHEH aliTapbIKTal acbin Tycea,.

TyiiH ce3aep: TyTaHy, AENTPOH WOFbI, KOMAANC, SHEPTMA KO3IPDULMEHTI, bICKbIPbIK TONKbIHAAPSI
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O6nyyenne Tonamsa D->He nyykom D anda ycuneH1a sHepreTmyeckoro NpupocTa CMHTe3a
nocpeacTsom nHepuunanbHoro YTC ¢ Mcnonb3oBaHMEM MHHOBALIMOHHOTO KOMNAMCaA CBUCTALLLEN BOJTHbI
€ nomoLbio mogenrposaHna MCNPX

B mOaHHOWM cTaTbe WCMNO/Ib30BaH HOBbIA METOA ANA AOCTMXKEHUs Hosee BbICOKOrO KoahduuUmeHTa
BbIPabOTKM SHEPTMM TEPMOSIEPHOIO CMHTE3a. B 3TOM NoAxo4e KOHEUYHOW LUEeNbo ABNSETCA HarpesaHne MOHOB
[0 BbICOKMX TEMMNEPATYP A1 YBENIMUYEHUA YMCNA AAEPHbIX peakuuii. [pn NpoeKTMPOBaHMM N1a3ePHOro CUHTE3a
HeobXxoAMMO, HACKO/IbKO 3TO BO3MOMKHO, NpeobpasoBbiBaTb SHEPIUIO fla3epa B SHEPrM0 MOHOB TOMAMBA C
MOMOLLIbIO Pa3NYHbIX TUMOB B3aMMOLENCTBMI Nasepa ¢ naasmon. OfgHaKo OCHOBHOM Npobaemol asaseTcs
TO, YTO 3/1EKTPOHbI NMOMOLWAt0T 6O/bLLIYIO YaCTb SHEPTUN 1a3epa Ha NepPBOM 3Tane B3aumoaencTeus. Nepeaada
3HEeprMm OT 3/NEeKTPOHOB K MOHaM 4Yepe3 MNpPOoLEecC CTO/KHOBEHWN MNPOUCXOAMT MEeANEHHO W He O4YeHb
abdeKkTMBHO. Taknm 06pasom, BO3MOMKHOCTb NPAMOIM Nepeaadm sHeprnm oT 31eKTPOMArHUTHBIX BOJIH K MOHaMm
NO3BO/IAET NPEOoA0NETb 3TY OCHOBHYIO Npobnaemy. Llenb AaHHOro MccaenoBaHMA — nsydeHne apdekTUBHOro
MexaHM3Ma NPAMON Nepeayn 3HepPrnm oT Nasepa K CBEPXMNIOTHbIM MOoHam Tonamnea D-3He 3a cyeT Konnanca
CTOAYMX CBUCTAWMX BOAH (SWW). B AaHHOI CTaTbe C NOMOLLIO YMCAEHHOTO PelleHna CUCTEeMbI CBA3aHHbIX
HENIMHENHbIX KUHETUYECKUX AndPepeHLMaibHbIX yPpaBHEHMN, OMMCbIBAIOLLINX 3TO TOM/IMBO, C y4eToM addeKTa
Kosnsanca CBUCTAWMX BOAH Obla AOCTUTHYT KO3QDUUMEHT SHEpProsblpaboTKM TONAMBa NPUBANIUTENBHO
PaBHbIN 74 NpY NCNONb30BaHMM D-Ny4yKa BAOb CTOAYMX CBUCTALLMX BOJIH C MOMoLbto cumynsaumm MCNPX. 3To
3HAYUTENIbHO NPEBbLIWAET KOIPPULMEHT BbIPabOTKMN IHEPTUM B peRMMe Be3 yyeTa 3TUX 3/IeKTPOMArHUTHbIX

BOJIH.
Knioyesble cnosa:
CBUCTALLME BOJIHbI.

3aXuraHue,

Introduction

Under extreme temperatures and pressures, two
nuclei can overcome the Coulomb barrier and join
together via the tunneling effect to create a larger
nucleus, releasing high amount of energy in the
process. This reaction is known as NF (NF). During
NF, lighter nuclei fuse to produce heavier nuclei and
produce energy, so that the energy of the sun and stars
is also released based on the NF process [1]. NF has
the ability to produce almost super-high energy for
human society because fuel sources are highly
abundant [2] and there is no risk of sudden meltdown.
It also does not produce long-lived radioactive waste
or greenhouse gases. [3]. In this way, the possibility
of building a star on Earth and using the energy from
the NF reaction has been announced as the key to
solving all of the energy problems of human society
[4]. NF was observed before nuclear fission. The first
experiment of NF was performed by Oliphant, Hartek
and Lord Rutherford in 1934. They observed that, by
bombarding deuterium-containing target compounds
with deuterium ions, a new isotope of hydrogen and a
neutron can be produced [5]. They reported that a
"hydrogen conversion effect” had occurred [6] and
this effect was later proven to be the deuterium-
deuterium NF reaction. Although this reaction was
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discovered before World War 11, despite the efforts
made, the use of the fusion reaction as an energy
source was not realized until the 1950s [7].

In the early 1960s, scientific understanding of
nuclear fission reaction energy production methods
led to the rapid commercialization of fission
technology. But in the same period, NF studies was
very slow [8]. However, unlike nuclear fission, which
occurs spontaneously in some cores in nature, NF
only occurs in stars with intense gravitational
pressure and high temperatures. Considering the
complexity of the conditions required for NF, it was
obvious that imitating a star and exploiting the energy
resulting from NF reaction on Earth is a challenging
issue.

Interesting test results were reported by the
Soviet Union in 1965 on a tokamak fusion device. A
tokamak is a donut-shaped device used to confine
fusion plasma using a strong magnetic field. Initially,
the experimental results of the tokamak were ignored
by the NF research scientists. Following that, in the
early 1970s, the effectiveness of the tokamak was
noticed and number of countries developed their own
tokamak devices, which continue to operate today, to
the point where the European Union currently
includes the countries of India, Japan, and Russia. the
United States, South Korea and China are jointly
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involved in the construction of the ITER
(International  Nuclear Experimental Reactor)
tokamak. ITER is one of the most important NF
reactors in the world today. Currently, access to the
first D-D fusion plasma at ITER is scheduled to begin
in 2025, but full-power D-T fusion plasma operations
will begin in 2035.

In 2017, Sano and colleagues investigated the
interaction of a dense plasma with an ultra-high
intensity laser by applying a strong B.,; (external
magnetic field). They found that if the w, (cyclotron
frequency) of the environment magnetic field is more
than the wy (laser frequency), the laser
electromagnetic wave propagates in the form of a
whistle along the field line .Due to the whistler wave
behavior, the laser beam stops inside the compressed
plasma and superheated electrons are created through
cyclotron resonance. As a result, the emission of a
whistling wave with a large amplitude can increase
the probability of heating the plasma and accelerating
the particles in the depth of the dense plasma [9]. In
2018, Sakata and colleagues conducted studies on
how to isochorically heat a pre-condensed fusion
plasma.

This work was done with a short pulse ultra-
intense laser to create states with extremely high
energy density such as ICF. In this research, they used
a B-field of about hundreds of Teslas [10]. In 2019,
Sano and his colleagues, considering the problem that
the energy of laser waves is quickly transferred to
plasma electrons, they focused on the rapid energy
transfer of wave particles to ions caused by the
collapse of SWW through numerical and theoretical
simulations. They concluded that ions in SWW obtain
high energy directly from waves in a very short time
scale compared to wave oscillation period [11]. The
heated T; (ion temperature) enhances proportionally
to the wave amplitude square and becomes much
more than T, (electron temperature) in a wide interval
of fusion plasma conditions. In the same year, Kli and
his colleague researched laser emission in hyperdense
magnetic plasma.

Another method to increase the energy gain of
the D-®He fuel is to irradiate the fuel pellet by a high-
energy deuteron beam. According to this method, the
deuteron (D)- beam is introduced for FI. [12] These

Materials and Methods

NF methods

Although there are several methods for
controlling and restraining fusion plasmas, the two
main methods that are discussed are based on the
concepts of MCF and ICF. MCF reactors use B fields
created by superconductor coils to confine the NF
plasma in a donut-shaped container. One torus fusion

deuteron beams have very high energy to create a hot-
spot (HS).

These deuteron beams can be produced with the
help of a laser-plasma accelerator. Deuterons not only
exhibit ballistic focusing, but also fuse with the
considering fuel (here both D and 3He), and
producing "reward" energy and increasing the energy
gain of fusion. Depending on the desired plasma
conditions, this increase in fusion gain can have a
special role. Therefore, if we can achieve a very high
deuteron flux, a FI D- beam can be very desirable.
[13] In this paper, we use this idea to calculate the
reward energy released by using high-energy
deuterons with the desired fuel ions in the range of
10-190 keV. This reward energy increases the energy
released in the desired system. We use a modified
energy enhancement factor ¢ to estimate the
additional energy in terms of additional HS heating in
the target D+3He fuel. The deposited energy of
deuteron beam is calculated here by MCNPX code.

In addition to obtaining the deposited energy,
they also had studies in the fields of inertial
confinement fusion. In 2020, Sano and his colleagues
conducted research on thermonuclear fusion through
the collapse of SWW [14]. Because in both MCF and
ICF methods, high energy gain has not yet been
achieved and some of the problems have not been
solved. For this reason, in this work we present
another new method for the first time to achieve
higher energy gain in D-3He fusion reactors, which
includes D-beam irradiation D-3He fuel pellet along
with collapse SWW via MCNPX simulation.
Therefore, in order to achieve this goal, NF methods
are briefly introduced. After that, the reasons for
choosing aneutronic fuel D-*He compared to D-T fuel
and major challenges on the way of fusion reactors
are introduced. Also, the sources of 3He in the solar
system is described. Then, we conduct a study on the
heating process of the SWW in creating NF based on
the theoretical model. Also, we write the particle and
energy balance equations to control D-*He fusion.
After that, we present the results of our numerical
calculations with Maple 20 programming. Also,
simulation results via MCNPX are given and finally
we present conclusions.

device is the ITER tokamak, which uses magnetic
coils, which create a primary toroidal B field to
enclose the fusion plasma and a secondary poloidal B
field to drive currents in the fusion plasma. [15].
Another type of tokamak available is the spherical
tokamak device, which has a smaller aspect ratio, and
shows better plasma performance, but it does not have
a simple engineering design [16]. One of the other of
MCF devices is Stellator, which wuses as
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superconductor coils in a helical configuration around
a plasma chamber, creating a helical B field that is
applied to conduct current. Stellators are considered
as a high-potential and long-term solution, and
therefore fusion reactors based on Stellators are
actively being analyzed, but like spherical tokamaks,
they are associated with a great engineering design
challenge [17]. Unlike MCF, ICF researchers are
trying to achieve the higher temperatures and
densities needed to initiate NF by heating and
compressing fusion fuel targets. It should be noted
that in most ICF approaches, ultra-intense lasers are
used to heat and compress the target. Another method
that has been of interest to scientists is magnetized
target fusion (MTF) or magnetic inertial fusion
(MIF). In this method, fusion plasma with higher
density is used compared to MCF, while low power
lasers and other drivers are used compared to ICF
methods.

Selection of D-*He fuel as an alternative to D-
T fuel

NF is a nuclear reaction in which the Coulombic
repulsion between two nuclei is overcome and as a
result producing heavier nucleus and subatomic
particles, releasing a large amount of energy. Some
types of NF reactions to produce energy are those that
use hydrogen isotopes (deuterium and tritium), *He or
1B as reactants:

D+D—>T+p+4.03MeV (a)
D+D - 3He+n+327MeV  (b)
D+T - jHe+n+17.60MeV (c)

D+ 3He - 3He + p + 18.3MeV  (d)

p+ 1iB > 35He + 8.68MeV (e)

3He + 3He — 3He + 2p + 12.86MeV  (f)

Figure 1 shows the NF reactivity for common
fusion reactions in terms of temperature [18,19].

A better option than D-T reactors is to use D-
3He, which includes the main reaction (d) and side D-
D fusion reactions ((a) and (b)). Each of a) and b)
reactions will occur with a probability of 50%, and it
can be seen that even this fuel cycle is neutron
productive, although it creates less energy and
neutrons than the D-T reaction. However, the D3He
target becomes nearly neutron-free [4-7] when the
amount of deuterium is equal or less than the °He.
There are two reasons why the D3He fuel cycle has
never been seriously considered for a fusion reactor.
The first reason, which is also significant, is the
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severe lack of *He in the earth. Fortunately, samples
of moon soil sent back to Earth by the astronauts and
revealed the presence of a lot of ®*He on the moon
surface, which had been deposited on the moon
surface through the solar winds over many years.
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Figure 1 — Fusion reactivity as a function of
temperature [18,19].

1000

Researchers have stated that there is about 10°
tons of *He on the surface of the moon and up to a
depth of several meters. How to extract and transfer it
to the earth in the article by Schmidt [8] described in
detail. Undoubtedly, extracting *He on the moon will
be a very expensive task, but considering that it
produces high electrical power, it is worth
considering [6]. Another reason is that the < ov >
parameter of DHe is lower than that of D-T, therefore
the reactor must operate at much higher densities and
temperatures compared to D-T. This creates a
fundamental problem for ITER tokamaks because the
beta of plasma cannot be increased by a few percent
and therefore the utilizing of *He requires high B
fields [9]. In fact, the tokamak required for D°He
ignition experiments requires a 13T toroidal B-field
and a 17T transformer. Therefore, such a model for a
tokamak device is very complex, if not impossible.

Challenges governing the realization of NF

power plant
There are many challenges such as science,
engineering and technological in the

commercialization of NF. Basically, to have a D-T
reactor of MCF type, the leading technical issues that
should be considered are [15]:

(i) steady state operation of NF plasmas, (ii)
construction of advanced diverter system, (iii)
development of materials resistant to neutrons, (iv)
providing low-cost tritium production technology,
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and (v) improving reliable magnetic confinement
systems.

Controlling a high efficiency fusion plasma is
critical to the success of any fusion device. The
development of methods to prevent NF plasma
instabilities and disturbances in the
commercialization of power plants is the subject of
many researches around the world and currently the
main focus is on the ITER project [17]. Additionally,
a divertor is required to control the NF plasma heat,
and to remove the helium "ash" created via the
deuterium-tritium reaction itself. Diverters are
specific to MCF power plants, or perhaps even MTF
approaches. Also, special materials must be made to
create a radiation shield to protect the magnets,
diagnostic and control equipment, and allow neutrons
to enter the tritium breeding blanket to maintain the
fusion fuel cycle.

Since the neutrons released from D-T fuel have
high energy, fusion reactor manufacturers must
ensure that long-lived radioactive waste is not created
via the neutrons interaction with the vessel structure
containing the NF core [11]. Excluding special
isotopes, the required materials list for applying in NF
reactors is limited, thus an additional challenge added
to the previous problems [17]. In the construction of
tritium breeding blankets, the materials of neutron
resistant have a special role. Tritium production
blankets pursue the following two important goals: a)
producing new tritium fuel from neutrons interaction
created by the D-T NF reaction with lithium and b)
extracting the energy transferred by neutrons in heat
form. There are many problems in the design,
construction and selection of tritium breeding
blankets. The thermo-hydraulic, tritium breeding
process, and heat removal challenges all create
complex problems, so an integrated solution is
essential.

Although a series of different plans based on the
concept of tritium breeding technology have been
presented, no evidence of the concept of tritium
breeding technology has been presented yet,
however, even if tritium breeding technology is
developed, the challenges related to the sustainability
of the tritium breeding blankets is still standing [17].
Therefore, one of the main reasons that we have
chosen D®He fuel is that there is no need to design a
tritium breeding blanket.

One of the main challenges in NF through MCF
is the development of efficient networks of magnetic
superconductors, which are required to create a strong
B-field in order to confine the NF plasma. To date,
most of the efforts of scientists focused on the
application of low-temperature superconducting
(LTS) magnets which have the ability to carry high
currents and B-fields in the MCF reactors with large-

scale. Today, we are witnessing the development of
high-temperature superconductors (HTS), which are
capable of generating stronger field currents than LTS
and with higher cooling efficiency due to the
operating temperature. The improvement of HTS
systems can lead to the development of smaller and
more efficient NF reactors, because these systems
will be able to work in stronger B-fields [18,19].
These challenges are interdependent and require an
integrated solution [20-23].

The source of *He in the solar system

The 3He isotope is not that abundant in the Earth,
and currently, only 30 kg of it exist on Earth [14]. *He
occurs naturally in the Earth's atmosphere, as well as
in natural gas wells, but the amount is very small, as
described by Ref. [15]. One important aspect is that
the Earth itself does not produce ®He, because it is
only a fusion product of the sun in our solar system,
which only the sun can produce naturally. For this
reason, it can be found in the solar wind, where the
“He/*He ratio is about 500 ppm: the wind has been
depositing *He throughout the solar system for
billions of years, but the Earth's atmosphere cannot
retain it, except to a relatively small extent. Another
way to produce it is as a result of the radioactive
decay of tritium. There are also many interstellar
sources for this isotope, including the Moon, because
the Moon has collected and stored all the *He from
the solar wind during its lifetime. And this has made
the moon a great source of *He. [15]. *He may also
exist on Mars, Venus and Mercury. Studies show that
if we use the *He available on the moon, considering
that deuterium is abundantly available in the ocean
waters, we will have 163 million terawatt hours of
energy available as a result of the D-*He reaction.

Theoretical role of SWW in heating of NF
plasma

The ICF laser driven is divided into two types:
(i) direct and (ii) indirect laser driven fusion. In type
(i) a spherical fuel is directly exposed to very intense
laser radiation .In practice, it is very difficult to
achieve a spherically symmetrical explosion with
laser beams.

A lot of progress has been made in this field and
today, the most energetic laser in the world has 60
beams and it is designed at the Omega center with
direct drive principles. In the NIF, the ICF concept is
also used through a direct drive. This approach is
simple and relatively cheap and has a higher energy
efficiency than the indirect drive. But due to the
significant target sensitivity to the intense variations
of the laser beams and their asymmetry effect, there
is a possibility of destroying the surface of the fuel
capsule and destroying it due to Rayleigh-Taylor

37



Irradiation of D-3He fuel by d-beam to enhance fusion energy gain via ICF using innovative whistler wave collapse...

hydrodynamics instability. The indirect derive is such
that laser beams shine on the surface of a cylindrical
chamber, which is usually made of gold, and excite
the gold atoms, X-rays are released and the fuel
capsule is exposed to radiation. The main drawback
of this method is spending a lot of initial energy to
produce beams inside the chamber. Therefore, the
gain of energy of this approach is not high. Now, in
this article, we use fusion through inertial
confinement and introduce it further below [24].

The plasma momentum of a spherical target
containing an expanding deuterium-tritium fuel is
balanced by the momentum of the interior of the fuel.
This action causes the target to explode and compress
the fuel. Decreasing the explosive target volume is
possible by increasing the temperature within it and
growing the density of the fuel (the process is almost
isobaric). As the volume decreases sufficiently, the
temperature in the center of a carefully designed fuel
pellet reaches values above 10 keV. A HS is created,
which allows for self-ignition of the target. This type
of fuel ignition is called “central HS ignition”.

Since the fusion energy resulting from the
desired fusion reaction (Ey,s) must be greater than the

. . E
laser driven energy (E,s) (ie., G = f“S/El > 1),
as

therefore, the density of the compressed fuel pellet
must be very large, and its mass must exceed a special
limit. Acquiring such a high temperature and density
in a supercritical mass deuterium-tritium target using
the central HS ignition approach requires the use of a
10 ns laser with energy higher than 10°/. Also, it is
technically very difficult to achieve a very high
symmetry of the target illumination and apply several
conditions [25]. To decrease these requirements,
several alternative methods for fuel ignition have
been proposed, including: 1) FI [26]; 2) Shock
Ignition [27] and 3) Impact Ignition [28,29]. Among
these three types of ignitions, FI is a modern laser
fusion approach. This ignition will have the potential
to generate a much higher gain than common ignition
in HS. In the first step, the fuel shell detonates at a
low speed, ideally forming an isochoric compact
core. Then, a laser with significant energy and ultra-
intensity causes ignition in a small area of the
compressed area. This action is performed by
electrons or ions with high energy as a result of laser-
fuel interactions. Since an explosion creates at a much
slower rate than common ignition in the HS, more
mass will accumulate for the same energy of the laser,
and in case of fuel ignition, it will lead to energy
growth. In general, there are two methods of hole
boring and cone guided for rapid ignition, both of
these methods aim to eliminate the large barrier of FI.
This barrier is such that the ignition laser can only
propagate to the extent that the frequency of the laser
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is the same as the frequency of the plasma electrons.
It is not possible to carry out FI by hole boring method
due to the presence of instabilities during
propagation, and the laser light cannot penetrate
much and goes back. There are also problems in the
path of the channel towards the dense center, so that
the beams tend to return to lower densities.

As a result, the densest areas are completely lost
[30]. As a result, the propagation of strong pulses in
this method is complicated. Therefore, in order to
solve these problems, a new method for FI called
"cone guided method" has been predicted. This
method consists of a hollow gold cone with a closed
top, which is placed inside a spherical fuel capsule.
The hollow cone is applied to provide the igniter laser
pulse path to reach the dense fuel [31]. In this case,
the plasma corona with a lower density interacts with
the laser and the explosion occurs around the
compressed plasma at the tip of the cone. The
installation of a hollow cone causes the laser light to
converge and focus within it, and very hot electrons
are created at its tip close to the compressed plasma.

In this paper, the guided cone FI is used. ICF
differs from MCF because in ICF the fuel pellet is
confined and compressed through its inertia at high
fusion densities and temperatures. In both methods of
inertial and magnetic confinement fusion, high
energy gain has not yet been achieved and some of
the problems are not still solved. For this reason, in
this work, we present another new method for the first
time to achieve higher energy gain. In this method,
the main purpose of fusion is to raise the temperature
of the ions to a high level to increase the NF reactions.

In the design of fusion through laser
confinement, it is necessary to transfer the laser
energy to the fuel ions as much as possible via
different types of laser-plasma interactions.[32] But,
the main problem is that the electrons receive a large
amount of laser energy in the first step of the
interaction. The transfer of energy from electron to
ion through collision processes is slow and generally
not very efficient. The development of energy
transfer directly from electromagnetic waves to ions
can overcome this fundamental problem. The
question raised in the FI scheme is how to increase T;
of the explosive plasma [20]. The purpose of the
authors in presenting our work is to investigate how
to transfer energy from the laser to ultra-dense ions
directly and efficiently. Now the question that exists
is what is ion heating and how is it created. In
response, it should be said that ion heating occurs
when circular polarization electromagnetic standing
waves are formed inside the ultra-dense plasma,
where the n,(electron density) exceeds the critical

2
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This newly proposed mechanism stems from
collapse of SWW [33]. In order to propagate
electromagnetic waves in ultra-dense environments,
the existence of an external magnetic field (B') is a
necessary condition. When B’ is greater than the
critical magnetic field, B, = mewo/e, the whistling
branch of right-handed circularly polarized light with
a smaller frequency is seen in the dispersion equation.
Whistling waves are defined as electromagnetic
waves that move along magnetic field lines. This
wave can be propagated in any plasma density due to
the absence of cut-off density. Then it finds the
necessary condition for direct interaction with ultra-
dense plasma. A SWW is essentially generated by the
head-on collision of two propagating whistler waves.
SWW heating appears only in a standing wave.

On the other hand, left-handed light has a cut-off

density N, which is defined by N, = N.(1+5'/p ).
c

However, the SWW can also propagate in ultra-dense
conditions under B’ > B,. Of course, we focus our
studies on whistling waves, because the high density
and relatively weak field intensity and preferred
conditions of plasma core are compatible with our
demand. The appropriate advantage for this FI design
is energy transfer to ions with high efficiency in an
ultra-fast time scale of the order of laser periodicity.
The component of the electric field tangential to the
right and polarized in the direction B’ is right-handed
circular polarization. Thanks to the non-interruption
of the whistler wave, the energy of laser is transferred
to ultra-dense plasma. This allows the direct
interaction of electromagnetic waves with plasma
ions. Electrons behave on the time scale of the laser
frequency, similar to a fluid in a ultra-dense plasma.
If n, is less than N, the standing wave energy is
mainly given to electrons via random acceleration
[23-28].

The appearance of the electromotive force
redistributes the density of electrons and the electrons
tend to move towards the anti-nodes of the standing
waves. Therefore, the longitudinal electric field
component is produced in balance with the E, =
—(v X B),. This electromotive force becomes zero in
the longitudinal direction, (v x B),, wherever the
whistler wave exists alone. Note that v and B are the
tangential components of the electron vibration speed
and the magnetic field of the whistler's special mode,
respectively. It is reminded that based on the behavior
of the SWW, the electromotive force is limited and
the amplitude of the longitudinal force does not
change with time and is sinusoidal in the x-direction
in a half period of the whistler's wavelength. On the
other hand, the electromotive force has no effect on
the ion equation of motion. The ions are accelerated
via the longitudinal electric field component and

move towards the antinodes. Fluctuation of ion
density causes the amplitude of the electric field to
decrease. However, as long as there is a standing
wave, the electromotive force remains unchanged .In
addition, the electron density condensation balances
the longitudinal component of the force in the
electron fluid. Therefore, the longitudinal component
of electric field remains stable in a constant domain.
This positive feedback ensures the acceleration of the
ions in the SWW until the acceleration of the ions is
interrupted by the collapse of the wave.

Therefore, the accelerated ions are completely
heated by this action, and T; is obtained by:
kgT; 2mZ a3
mec? T3 (n—1)2(§7—1)’
Boltzmann's constant, ion charge the laser amplitude,
and refractive index of the whistler mode of the laser,
respectively. The whistling wave amplitude is given

by: ab =2 ao/(n +1) The refractive index of the

here kg, Z, ay, and n are

whistler mode is expressed by the relation n: n =
oy
1+ (B -
of laser gradually decreases with growing density of
target. To reach ion saturation acceleration, a limited
time is needed [23], which is defined through the
— Y
~ i (D)2(B'-1)) 12
Tsat™ (%Zimenlvz—ag) . The
saturation time scale is determined by ion movements
and T, caused by resistive heating is given by:

1))1/ 2. Then, the transmitted energy

relation

kgT. 40V2minA Z Tooa2 2

B 82~( \/_Ttn & nzOEEI)_ . ) / [24, 28],
mec 9 Ao (n+1)%(B'-1)

h —e? is classical elect
where 7, = /(4n60mecz) is classical electron

radius. It can be seen that the T; is heated by the
collapse of SWW and is often higher than T,. What
affects the ions is longitudinal component of electric
field. Therefore, the electric field amplitude which is

(n+1)2(§7_1)51n(2kwx) ShOU|d be

defined as: a,~
maximized.

It can be seen that the maximum value of electric
field amplitude depends on the initial value n, of the
target, external B field, and on the laser amplitude.
Now, if these three items increase, we reach the
maximum electric field, and the ion acceleration
grows. This causes the growth of the n; (ion density)
and the subsequent collapse of the standing wave.
After the collapsing of the ion wave, the ion beams
face to face coexists in many places. Subsequently, a
high amount of accelerated ions energy is converted
into thermal form via two-stream instabilities.
Considering the periodic structure of the longitudinal
electric field component in addition to the small-scale
wavelength of the whistler wave, the significant
advantage of this process is the existence of an
efficient mechanism for the acceleration of ions and
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their simultaneous heating. The main requirement for
SWW heating is the presence of a magnetic field
stronger than the critical intensity. So far, several
research groups have reported how to achieve strong
magnetic fields in the kilo-tesla range in laser labs
[28-32]. In this case, the magnetic field caused by the
laser is compressed due to the explosion, and it is
possible to increase the intensity of this field by an
order of magnitude and reach the critical value B,
Although, the maximum intensity of the available
magnetic field is not enough to propagate whistler
waves in ultra-dense plasma, but soon it will be
possible to use ultra-intense lasers in acceptable
supercritical field conditions to excite relativistic
whistler waves. Moreover, the intensity of the critical
magnetic field is proportional to the inverse of the
laser wavelength. In fact, this process can occur with
a suitable field intensity in the conditions governing
the laboratory plasma [33-35].

We note that in addition to the external B-field,
creating a magnetic field inside the plasma produced
by the laser is one of the important points. This is
especially important when one micrometer lasers are
used. This field, originally proposed by Korobkin and
Servo, is effective in preventing thermal conduction
in the corona of target. They generated a plasma spark
using a focal ruby laser and reported the generation of
a magnetic field through the induced current in the
coil. We know that the efficiency of energy
conversion from whistling waves to ions depends on
the laser and plasma parameters. The method used in
this article is the use of whistler waves. This method
can be considered as a new model for the production
of thermal fusion plasma even with smaller heating
lasers. By using this model, we can achieve higher
energy gain for aneutronic and neutronic fuels.

Balance equations of particles and energy for
NF control

In our research, we used as the balance equations
of particles and energy related to aneutronic DHe
fuel in order to determine the density of consumed
and produced particles, the NF power density and
finally the fusion gain. Therefore, we write these
equations as follows:

Point kinetic nonlinear coupled differential
equations for D®He fusion fuel

dn, Ng
T E + npnay(ov), @Y
an Np
ar =— E — npnsy,(ov) + Sp, 2)
dnape =— ToHe _ NpNay(ov) + S3y., (3)
dt T3He
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dn, Ny
W = —E + TlDTl3He(0"U), (4)
dE_ E

&L + Qp3geNpNape(oV) —
—FPrqa t Paux + Pohmic - 1:’syn (5)

where ng, np, ns,,, and n, are the density of alpha,
deuterium, helium3 and proton particles,
respectively. Control inputs include fueling rates for
deuterium (Sp), helium3 (S3,,), as well as auxiliary
power Py, and Qpsye. = 18.34 MeV.

The (ov) parameter of D3He fuel is a function
of plasma temperature T, which is expressed by:

(ov)(D3He) = C1§_5/662 exp (—3(1/35) +

148 _
+ (exp (— T) X 5.41 x 10715T 3/z). (6)

CaT+CyT?+CT?
Here { =1 — 1+2CaT+‘*CST2+6C7T3 and & = Co/T/3. In
this equation, the parameters a;, C; and r are
determined from Ref [19]. E is the energy density and
parameters 7., Tp, Tsy., Tp and 7y are the
confinement time of alpha, deuteron, helium3,
proton, and energy particles, respectively. The net
heat power of plasma is P = Prysion — Prqq and
fusion power is defined by the following relation:

Pfusion = Qprnpnr{ov). )

In this work, the dissipation radiation, P,,4 ,is
approximately expressed as follows:

gy Wm?
Ab(D3He) =4.85%x10 \/K—W’ (8)

TliZl-Z

Zeff(D3He) = Z n

L
np + 4nsy +4ng+n,

= 9

Ne

e

ne.(D3He) = np + 2nsy, + 2ng, (10)

n(D3He) = 2np + 3nsy, + 3n, + n, (11)

here, Appineyr Zessr Mes N, and T are the
bremsstrahlung coefficient, the effective atomic
number, the electron density, the plasma density, and
the plasma temperature, respectively. The produced
NF energy gain is determined by: G = Efysion/Eq,
where E; is the energy of the laser driven pulses and
Efusion 15 the released fusion energy related to the
desired fusion reaction.
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Results and Discussion

In Figure 2, using equation (6), we have shown
the variations of < v > in terms of temperature for
D-3He fuel. It can be seen that < ov >increases non-
linearly with increasing temperature.

PP
| cal

< ov>
o D3te| g

I kel

Figure 2 — Two-dimensional diagram of < ov >
variations in terms of temperature for D-*He fuel
using equation (6)

In the next step, with the help of MAPLE
programming we solve the point kinetic nonlinear
coupled differential equations (Equations 1 to 5)
numerically for determining the different parameters
such as the density of fusion particles (npand ns,,)

sthe density of produced particles (nyand nsy,),

fusion energy density (E), fusion gain (G), fusion
power density (prysion), bremsstrahlung power
density (prqq) and synchrotron power density (ps, )
have been determined as a function of time and
temperature and we have given their graphs in
Figures 3 to 6, respectively.

It can be seen from Figure 3 that at the initial
time t = 0, the densities of fusion nuclei D and ®He are
Np =16 X 107cm™3 and N3, = 8.5 x 106cm™3,
respectively. These densities gradually decrease with
the increase of time because they perform the fusion
reaction of D-*He and are consumed until in the time
range of 7.2-10ns the density of *He nuclei is equal to
N3ge = 0.09 x 10°cm™3 which is reached to
characteristic of the steady state, while in the time
range of 10-7.2 ns, the density of D nuclei reaches the
value  Np =0.07 x 10*cm™  belong  to
characteristic of the steady state. Also, increasing the
temperature does not have much effect on the
numerical values of these densities.

Figure 4 shows the time and temperature
variations of the D-3He fusion reaction products. It
can be seen from this figure that the densities of N,
and Nare gradually increase with increasing time due
to the increasing of the number of D-*He fusion
reactions until reach the maximum value, then due to

\ l(t'm.'l:l Y

the fact that the number of fusion fuels is reduced, the
density of the fusion products decreases gradually
until its value reaches the characteristic amount of
steady state. Also, since the < ov > of the D-*He
increases with temperature increasing, the amount of
the D-*He NF reaction products increases. It should
be noted that the D-*He NF reaction has the highest
reactivity at the resonance temperature of 190keV. At
this temperature, we have the highest production of
reaction products.

== 10keV
= S0keV
100keV
150ke\
= 190keV

He

= 10ke\

== S0KkeV
100keV
150keV

= 190keV

« 1
: 4
.\nlrm ]

ns)

Figure 3 — Two-dimensional variations of fused
particles densities versus time at various T(keV),
taking into account the production of whistler waves
(For N3y, is top and Ny, is bottom figures)

According to Figure 5, it can be concluded that
the time and temperature variations of the NF energy
density and the energy resulting from the D-*He NF
reaction gradually increase with the increase of time
due to the increase the of NF reactions. After that, due
to the reduction of the initial amount of fuel, it is
gradually reduced until its value reaches the steady
state characteristic value. Also, for this selected
fusion fuel, the amount of E and G increases with
increasing temperature due to its reactivity
increasing, although it should be noted that at the
resonance temperature of T =190 keV, D-*He fuel
has the highest amount of E and G, so that in this
temperature G =69 and E = 6.9 x 10° J/cm3.

41



Irradiation of D-3He fuel by d-beam to enhance fusion energy gain via ICF using innovative whistler wave collapse...

= 1ke\

— S0keV
< 100keV
150keV
= [ 90ke)
3
N { o ‘|
e
= [0keV
- S0keV
“ T0keY
I50keY
= 190keV
N (eni?)
”

15|

Figure 4 — Two-dimensional variations of fusion
products densities obtained from D-*He target versus
time at varies(keV), taking into account the
production of whistler waves.

(For Nyye is top and N,, is bottom figures)
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Figure 5 — Two-dimensional diagram of changes in
fusion energy and fusion energy gain from D-3He
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target versus at various T(keV), taking into account
the production of whistler waves.

It should be noted that the flux of protons and
alpha particles produced from the D-3He fusion
reaction are determined by the relations: ¢, = v,, X
npand ¢, = v, X ng, respectively, where v, and v,
represent the speed of protons and alpha particles,

R R 2E 2E
which are given by v, = /—” and v, = /_a
mp mg

respectively, where m,, and mare the mass of proton
and alpha, as well as E;, and E, are the energies of
protons and alpha particles resulting from D-*He
fusion reaction.
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Figure 6 — Two-dimensional variations of particles
flux produced from D-®He target versus various
T(keV), taking into account the production of
whistling waves.

In Figure 6, we see that the 2D variations of
particles flux produced from D-3He fusion fuel versus
time at various T(keV), taking into account the
production of whistler waves. According to this
Figure 6, it can be concluded that the time and
temperature variations of the particles flux produced
from the D-*He fusion reaction gradually increase
with the increasing of time due to the increasing of
the number of NF reactions, and then it tends to its
maximum value, after that, due to the reduction of the
initial amount of fuel, it gradually decreases from its
amount until it reaches its steady state characteristic
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value. Also, for the desired fusion fuel, with
increasing temperature, due to its reactivity
increasing, the amount of particles flux produced
increases, although it should be noted that at the
resonance temperature T = 190keV of D-*He fuel, we
have the highest amount of produced particles flux. It
is worth mentioning that this flux of produced
particles can be used as a source of protons and alpha
particles in the treatment of cancer tumors.

From the observation of Figure 7, it can be
concluded that with time increasing, the numerical
values of the fusion, synchrotron and radiation power
densities (Prysion, Psyn and Prqq) gradually decrease
until they reach the characteristics values of the
steady state. Because gradually with time increasing
the desired fusion fuel is consumed and decrease. Of
course, with temperature increasing, the numerical
values of Prygion, Psyn and Prqq densities increase
and reach their maximum value at the resonance
temperature T = 190 keV. This is due to the fact that
at this temperature, the largest number of D-*He NF
reactions occur and we have the highest reactivity (<
ov >).

The laser-created D-beam is a interest design for
receiving the required energy for igniting a pre-
compressed target in the FI approach in the ICF. D-
beam creates reward energy via beam-fusion
reactions during the HS creation in the pre-
compressed target. In fact, D-beams are also
considered for Fl. Xiaoling Yang et al investigated an
accelerated D-beam with very high energy deuterons
of about 8 MeV to form the desired HS. Not only
deuterons provide proven ballistic focusing, but also
as they decelerate, they combine with the target fuel
D and ®He, and increase the produced fusion energy
known as "reward " energy. Depending on the plasma
conditions, the additional reward fusion energy can
cause a significant contribution to the amount of final
fusion energy gain of D-He fuel. Therefore, if a high
flux of deuterons can be gained, D-beam FI could be
very attractive. The energetic D-beam is known as a
fast igniter (see Fig.8)

Hot spot
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150keV
— 190keV
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Figure 7 — Two-dimensional variations of fusion
power, synchrotron power and Bramsstrahlung
power density resulting from D-3He fusion fuel

versus at various T(keV), taking into account the

production of whistler waves

W=

Lase beam
Deuteron beam

Converter foil

Pre-compressed fuel

Figure 8 — The pre-compressed target during the HS creation for D-beam driven FI by converter foil

method; L is the diameter of HS

for the deuteron stopping distance.
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In this section we will determine the deposited
energy of D-beam along laser beams based on
selected geometrical fuel pellet (Fig.9) via MCNPX
simulation. In this simulation, we use D- beam
(8MeV) driven FI which provides not only the HS
ignition spark, but also extra “reward” NF energy via
reactions in the fuel pellet. Deuterons would not only
provide proven ballistic focusing, but also fuse with
the target both D and *He as they slow down,
providing a “reward” gain of fusion energy.
Therefore, if we can produce a high flux of deuterons,
FI driven by D- beam can be very attractive. To
produce a deuteron ion beam, we can use the laser
(petawatt) collision mechanism with a converter foil.
Indeed, the additional beam-target-fusion gain with
deuterons is a unique feature that can be used to relax
the required total deuteron flux or intermittently
decrease the required input laser energy [13].

(4]
D'He S
ice X
/Ry
DHe < Ry
&,

D-beam

Figure 9 — Two-dimensional generic cross-section
of a selected ignited pellet. The shell dimensions
R, = 1416um, R, = 407um ,and R3; = 177um
with right-circular polarization (RCP), KrF-laser

energy range 0.2 MJ, and deuton beam with 8 MeV.

In the Figure 10, we have given the logarithm of
the deposited energy in the desired fuel pellet as a
result of our simulation without (Figure 10-a) and
with (Figure 10-b) considering SWW.

From looking at Figures 10a and 10b, it can be
concluded that the maximum value of deposited
energy by the D-beam in the desired fuel pellet with
and without considering the formation of SWW is
equal to 283002.32 and 57.67 erg/mm?3 respectively,
which shows a significant increase due to formation
of whistling waves along with D-beam radiation.
Therefore, the findings of our simulations represent
that the use of D-beam along to the collapse of SWW
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in the desired fuel pellet gives a maximum reward
energy gain of 3.8.
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Figurel0 — The two dimensional deposited energy
in the desired fuel pellet in terms of x and y and z=0
in the desired fuel pellet by direct drive fusion a)
under the irradiation of 190 identical laser beams
with intensity106W. cm~2 and two laser beams
(RCP) symmetric and opposite with
intensity1021W. cm™2 and applying a strong
external magnetic field) considering whistler waves
b) under the irradiation of 192 identical laser beams
centered from all directions symmetrically with the
intensity 1026W. cm™~2,without two laser beams
(RCP) and an external magnetic field using
MCNPX code.

Conclusions

In this research, we presented another new
method for the first time to achieve higher fusion
energy gain. In this method, the main purpose of
nuclear fusion is to heat the ions to the appropriate
temperature to enhance the NF reactions. In the ICF
mechanism using a laser, as much as possible, the
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laser energy should be converted into the energy of
fuel ions through different types of laser-plasma
interactions. However, one of the main problems is
that the electrons often gain laser energy in the first
phase of the interaction. The mechanism of energy
transfer from electron to ion occurs slowly through
collisional processes and is generally not very
efficient. Therefore, to overcome this problem, the
development of direct energy transfer from
electromagnetic waves to ions has a valuable
meaning. The aim of this work is to analyze the
efficient mechanism of laser energy transfer to ultra-
dense ions. The newly proposed ion heating process
is caused by the collapse of SWW. Due to the
problems that exist in the neutron-producing
deuterium-tritium fusion reaction, in this work we use
aneutronic D-*He fuel. We used it to overcome the
problem of producing unwanted neutrons. Finally, by
numerically solving the coupled point nonlinear

kinetic equations, related to aneutronic D-*He fusion
fuel, taking into account the effect of the collapse of
the whistler waves, we determined the energy gain of
the desired fuel. And finally, we found that when we
consider the effect of the collapse of the whistler
waves, the gain increases significantly compared to
the case when we do not consider the mechanism of
the whistler waves, and the D-*He fuel has the highest
gain at the resonance temperature of 190keV, which
is almost equal to 70, while T Ohmura et al reported
a maximum gain of 60 through FI [34], which
indicates that the collapse of whistler waves as a new
design almost increases the gain by 10 units.
Therefore, taking into account the reward energy gain
resulting from the irradiation of D- beam in the target
together with the calculated energy gain resulting
from D-*He fuel caused by SWW collapse in section
6, we will achieve the maximum energy gain is equal
to 74 (at the temperature resonance of 190keV).
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12X18H10T COYNIENEHTEH BONIATTbI «KYPFAK» MAO CAKTAY KE3IHAE TEMMEPATYPAJIbIK
APANBIKTA NIACTUKANBIK AEGOPMALINA OPHATY MNPOLIECTEPI

Byn »kymbicta 12X18H10T mapKanbl TOT HacnanTbiH aycTeHUTTi 6onat yarinepidid, 24 °C, 350 °C aHe
450 °C temnepaTypanapa KbiCKa Mep3iM/j MexaHWKabIK CbIHaKTapFa yllibiparaHHaH KeliHri Oy3biny 6eTTepiH
YKaH-KaKTbl 3epTTey HaTMKenepi yCbiHblAfFaH. 3epTTey yuwiH yarinep BH-350 peaKToOpbIHbIH, yMbIC icTen
HonFaH A4PONbIK OTbIHbIHAH XKacaFfaH.

3epTTey Ken AeHrenni GusmnKaablk Me30oMexaHWUKa TocCini ascbiHAa KYPrisinin, matepuanga apTypAi
TemnepaTypasblK pexumaepae 60naTblH KypAeni NpouecTepi TepeHipeKk TyCiHyre MyMmkiHAK bepai. Atan
alTKaHAa, CblHAy TeMnepaTypacbiHbiH, YKOofapbliaybiMeH 6O0NaTTbiH, NAACTUKANbIFbIHBIH, ©3repyi MyKuAT
TanaHAabl KaHe 6y napameTpain, aedopMalMAHbIH N0KaAN3aUMANaHY *KafaaifapbiHa MaHbI3abl Tayenainiri
aHbikTanabl. CblHAay TemnepaTypacblHblH —KOfapbliaybIMeH MAaCTMKaHbIH - TemeHaeyi aedbopmaums
NIOKanu3aumsanaHy alMakTapblHAa KepHeynepiH KBasnbipkenki TapanybimeH 6alinaHbICTbl eKeHi KepceTing,.
Byn KepHeyfjiH n0KanM3auMANaHfFaH KOHUEHTPauMsa alMaKTapbl MaTepuasn/blH, KeyeKTiAiriHiH apTybiHa
SKe/NreH npouecTepaeH TyblHAafaH, Oyn e3 KeseriHae aHanmanbl TunTeri Gerimaeny npouectepimeH
H6anaHbICTbl 6OAbI.

Ocblnaiwa, 3epTTey maTepuan KypblabIMbIHAAFbl KEPFiNiKTi e3repicTepai eckepy MaHblI34bINbIFbIH
KepceTTi, on1ap NanganaHy WapTTapbl 83repreH Kesae OHblH MeXaHMKa/blK KacMeTTepiHe anTap/ibiKTal acep
eTyi MYMKiH. ANblHFaH HOTWMXKeNnep 3KCTpeManbl Kafhahnapaa KoAdaHblnaTbiH aycTeHWTTi Honatrapaa
60onaTbiH NpoLecTepai TEPEHIPEK TYCiHYre »KaHe AAPO/bIK aHe OacKa [a »KoFapbl KYKTemeni xKyhenepae
KON AaHYFfa apHanfaH CeHIMAIPEK maTepmnangapabl a3ipaeyre biknan eTyi MyMKiH.

TyiiH ce3nep: aycTeHUTTiK 60aT, NAaCTUKaNbIK, akkomodaums, dpakTorpadma, MUKPOKYPbIAbIM

T. Aldabergenova, S. Akayev*, A. Dikov, A. Larionov, L. Dikova
Institute of Nuclear Physics, Almaty, Kazakhstan
*e-mail: s.akayev@inp.kz

Accommodation processes in irradiated steel 12X18H10T during plastic deformation in the
temperature range of “dry” SNF storage

This paper presents a detailed study of the fracture surfaces of 12Kh18N10T austenitic stainless-steel
specimens subjected to short-term mechanical testing at various temperatures: 24°C, 350°C, and 450°C. The
specimens for the study were fabricated from spent nuclear fuel of the BN-350 reactor.

The research was conducted within the framework of a multi-level approach to physical mesomechanics,
which allowed for a deeper understanding of the complex processes occurring in the material under different
temperature regimes. In particular, a thorough analysis of the changes in the steel's plasticity with increasing
test temperature was carried out, revealing a significant dependence of this parameter on the conditions of
deformation localization. It was shown that the reduction in plasticity with increasing test temperature is
associated with a quasi-uniform distribution of stresses in the zones of deformation localization. These zones
of local stress concentration were caused by processes that led to an increase in the material's porosity, which,
in turn, was due to accommodation processes of the rotational type.

Thus, the study demonstrated the importance of considering local changes in the material's structure,
which can significantly affect its mechanical properties under varying operating conditions. The obtained
results may contribute to a deeper understanding of the processes occurring in austenitic steels used in
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extreme conditions and aid in the development of more reliable materials for use in nuclear and other high-
stress systems.
Keywords: austenitic steel, plasticity, accommodation, fractography, microstructure.
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AKKOMOZaUMOHHbIe npouecchl B 061y4eHHoM ctann 12X18H10T
npv NaacTMyeckon aebopmaLmm B TeMNepaTypHOM MHTEpBane «cyxoro» xpaHeHua OAT

B naHHOM paboTe npeactaBneHo noapobHoe uccnenoBaHME MOBEPXHOCTM paspylleHus obpasLos
HepKkaBetolen aycTeHWMTHoM cTanm 12X18H10T, noaBeprHyTbiX KPaTKOBPEMEHHbLIM  MeEXaHWYEeCKUM
NCMbITAHUAM NPKU pas3andHbix Temnepatypax: 24 °C, 350 °C n 450 °C. Ob6pasubl A1a uccaenoBaHusa Obian
N3roTOB/IEHbI M3 OTPabOoTaBLIEro AAepHOro Tonnea peakTopa bH-350.

NccnepoBaHMe BbINOJIHEHO B paMKaX MHOrOypoBHEBOro noaxoda ¢u3MYeckon Me3oMeXaHMKW, 4YTo
No3BO/IMNO [NyB)Ke TMNOHATb CAOMHbIE TMPOLECCHl, MNPOUCXOAAlMe B MaTepuane Mnpu  pPas/iMyHbIX
TemnepaTypHbIX pexKmnmax. B 4acTHOCTU, NPOBeEH TUIATE/bHbIV aHaN3 USMEHEHMA NAACTUYHOCTM CTa I NpU
NOBbILIEHUM TEMMNEPATYPbl UCMbITaHWUM, U BbIABAEHA Ba)KHas 3aBMCMMOCTb 3TOrO MapameTpa OT YC/OBUNA
NoKanusaummn  aedbopmaupin. oka3aHo, YTO CHMMKEHWE MNACTUYHOCTM C YBENMYEHMEM TemnepaTypsl
MCMNbITAHWM CBA3AHO C KBA3WMOAHOPOAHbLIM pacnpefie/leHNeM HaMpPAKEeHWN B 30HAX J10KaAM3aUmm
nedopmaumii. 3T 30HbI NOKANbHOM KOHUEHTPALMW HanpAKeHW Bblan Bbl3BaHbl NMPOLECCaMM, KOTOpble
NpuMBENN K YBEAMYEHUID MOPUCTOCTM MaTepuana, 4YTo, B CBOK o4yepedpb, ObIO 00ycnoBAEHO
AKKOMOZALMOHHbBIMM NPOLIECCamM NOBOPOTHOrO THNa.

Taknm obpas3om, uccieaoBaHUE MPOAEMOHCTPUPOBANO BaXKHOCTb Y4YETa /IOKa/bHbIX M3MEHEHUI B
CTPYKTYype maTepuana, KOTOpble MOTYT CyLLECTBEHHO BANATb HA €r0 MexaHMYecKmne CBOMCTBA NPU M3MEHEHUN
YCNOBUIA 3KCNayaTauuu. [onydyeHHble pesyabTaTbl MOTYT crocobcTBoBaTb Honee rnyboKomy MOHUMaHMIO
NPOLECCOB, NPOUCXOAALLMX B @YCTEHUTHBIX CTaNAX, MCMOAb3YEMbIX B IKCTPEMAbHbIX YCA0BMUAX, M MOMOYb B
pa3paboTke 6onee HaAéKHbIX MaTepUanoB A/1A UCNONb30BaHMA B AAEPHbIX U APYFUX BbICOKOHATPYHKEHHbIX
cMcTemax.

KntoueBble c10Ba: aycTeHUTHaA CTaNb, NNACTUYHOCTb, akkoMoAauma, ppakTorpadma, MUKPOCTPYKTYpa.

Kipicne y3aK Mep3iMii cakTay OpBIHJApPbIH NaliJalaHy/bl
KaMTHIsI [5,6].

Ayctenutti Gomarrap, Meicansl, 12X18HI10T,
JKOFaphl KOPPO3USFa Kapchl >KOHE MEXaHUKAIIbIK
KacHeTTepiHe OaiyIaHbICThI Naii1aJaHbUIFaH OThIH/IBI
caKTay OJIeMEHTTEpiH kacay YIIiH KEHiHEeH
KOJAaHblIaapl. JlereHMeH, y3aK yakbIT —OOWBI
arpeccuBTl caKTay IIapTTapblHa, COHBIH IMIiHAE
TeMIieparypa MeH paJualMsuIbK (pakroprapra acep
eTy Oepinren MeTaJIbIH MeXaHHUKaJIbIK
CUMaTTaMalapblH alTapiblKTali e3repTyi MYMKIiH.
byn esrepictep MINrUTIKTIH  HalapiayblHa,
CBIHFBILITHIKTHIH JKOFapblIayblHa JKOHE
MUKPOXKapBIKTap MEH KEYEKTep CHIKTHI aKaylapbIH
JamMyblHa OKellyl MYMKiH, OyJl 3 Ke3eriHje
MaTepUaNapIblH  CEHIMIUIITIH JKOHE  OJapIblH
naiganaHy KaCUeTTepiH TOMEHICTEII.

byt sxymbIc naiianaHbUIFaH SAPOJIBIK OTHIHABL
(ITS0) y3ak cakTayabl MOACTBACHTIH JKaFdainapra
yIIbIpaFraH ayCTEHHUTTI OonaTTapIblH MEXaHUKAIIBIK
KacHeTTepiH 3epTTeiimi. TemmepaTypasiblK Karmai-

[NaiinananpuiFad sIIPOJIBIK OTBIHBIHABI CAKTay
(ITA0) >xoraps! pagnOaKTUBTIIrIHE, Y3aK JKapThlIai
BIIBIPAY ~ KE3CHIHE  JKOHE  Kayillci3  cakray
KOKETTUIIMHE OailaHBICTBI  aTOM  3HEPreTHKAChI
callaChIHIAFbl HETi3rl 3epTTey OoOBeKTuUIepiHiH Oipi
00JbIlT TaOBUTaABI. MbICAIBI, OCBHI YyaKbITKA JEHIH
12X18H10T coynenenren OonaTTaH MJIACTHKAIBIK
arblHHBIH JaMybl HETi3iHeH KapacTeIpsurasl [1-3].
Ocpbutaiiiia, MEXaHHUKaIBIK ChIHAKTapAbIH HOTH-
xKenepi  JIGHTeWiHAe IKOHE MHUKPOKYPBUIBIMIIBIK
3epTTEYJEPMEH CAIBICTBIPMAibl  TYplAe  Hamiap
YCHIHBUIFaH [4].

[Maiimananeiran OTBIHAB cakTaynsl  (I1510)
IypbIC  YHABIMIACTBIPDY  KOpIIaFraH  OpTaHbBIH
KayiNCi3IiriH KaMTaMachl3 €TyJe JKOHE ajamaapra
panuanMsIIbIK dcep €Ty KayIiH a3aiTyla Menrymi
pen  artkapambl. 3amMaHayd ~—CakKTay — omicTepi
MaTepHajiapFa paaualys, >MXOFapbl TeMIepaTypa
KOHE  KOPPO3WSUIBIK ~ OpTa  CHAKTBI  9PTYpdi
(hakTOpIAPIBIH ocepiHe VIIBIPAWTHIH YaKbITIINA KOHE
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12X18H10T cayneneHreH 6onaTTbl «KypFak» MNAO cakTay KesiHAeri TemnepaTypasiblK apasbiKTa...

Jap MeEH paiMalisUIBIK  9CepIiH — METasIblH
HKEMJUTIrT MeH OEpiKTIK CHIaTTaMallapblHa dcepiHe
0acTbl Hazap ayAapbUiafbl. AJIBIHFAH HOTIDKEIEP
(I1510) naianaHplIFaH OTBIH]IBI caxkTay
KarJaiiblHAa ayCTeHHWTTIK OoyaTTapaa OoNaThIH
MpOIIECTepAl  KAKChl ~ TYCIHyre JKOHE  aToM
SHEpreTHKAachbIHIa MalAaiaHy VIOiH CEHIMIi >KoHe
TYpakThl MaTepUalAapabl JKacayFa MYMKIHAIK
Oepemi. Ocpiran OalIaHBICTBI MaTEpHAITAPIBIH
MaiaamaHbUIFaH OTHIHHBIH OapIbIK cakTay Mep3imi
IIIHIE KOPCETUITCH CHIaTTaMaliap/bl CaKTay >KOHE
YakpIT ©Te Keste Oy3piMay MYMKIHIIIT] TypaJibl Cypak
TysiHAalael.  CoyneneHyl JKOFapsl  0OnaTTapIIbIH
OEpiKTIK cHIaTTaMallapblHBIH ©3repyl Heri3iHeH
paaManUsIIbIK ICIHY/IEH JKOHE SIIPOJIBIK OTHIHHBIH ra3
Tapi3zec bIBIpay eHIMAEPiHIH KHHATYbIHAH OoJca,
a3 CoyJleleHreH OonaTra MOPTTaHy opTypii
CHUIIAaTTarbl axKayJapabIH nanmga 0OJIybIHAH
TYBIHAANU B [7].

AycteHuTTi OonarTap Oip Me3rijme >KeTKITIKTI
JKOFapbl  OEpIKTIK, IUIACTUK JKOHE  IUIACTHUKTI
OipIKTIpeTiH KYPBUIBIMIBIK MaTepHaj. KOppO3HsFa
Te3iMTIri 0ap TYTKBIP KacHeTTepi JKOHE OCBHIHIAN
apHaiibl BICTHIKKA TO3IMIIIN JKOHE MArHUTTIK
emecriri. by kiacc 6onaTrapblH THIMAI Taiaanany
VIIH  JIETUPJIEYII dIeMEHTTepAiH KypaMmblHa,
TEPMUSJIIBIK )KOHEC TCPMUSAJIBIK }J;e(bOpMaI_[I/ISIHBI OHILCY
peKUMIEpiHe OaHIaHBICTBI OJIAPIbIH KYPhUIBIMIBIK-
(hazanplK KYHiHIH KaJBIITACy €peKIIeNiKTepiH Oiry
kaxer [8].

KympIcTBIH ~ MakcaThl — «kyprak» [0
CakKTay[blH TEMIepaTypalblK AUaNa30HbIHA IAFbIH

3aKbIMJIAYIIBl  Jlo3ajlapFa  JICHIH  COyJeNIeHIeH
AyCTEHUTTIK OOJIATTHIH MKEMJIUIITIHIH TOMEHICYiHe
JKOHE CaJIBICTBIPMAJIBI y3apybIHa OKeJEeTIH
MpoIecTeP/Ii AHBIKTAY.

Martepuangap koHe TICiIIED

3epTTey Marepuanbl PETiHIE ayCTEHUTTIK

knactel 12X18H10T mapkansl ToTTaHOANUTHIH OoNaT
TaHJaIpl. 3epTreyre apHainran yiariiep BH-350
PCaKTOPBIHBIH ~ TalJallaHbUTFAH  OTBHIH  KUHAK-
TapblHBIH OerTepiHeH (2-3 cHa) peakTop e3eri
OpTachlHAH KOFapbl ayMaKTapJaH KEeCUIIN aJIbIHIbI.
Yoarinig emmemaepi 20 X 2 x 0,3 MM 00JiabI )KoHE
y3ak Mep3imai «kyprak» [150 cakraynbrH KaabIThl
JKOHE KPUTHKAIBIK O KarJdalblHIA MEXaHUKAJbIK
KacuerTepi Oaranmay yuriH cobikecinme 350 xoHe
450 ° C TemmepaTtypaga Oip OCbTi CO3BLILY JKoHE Oasty
TYPAaKTHI CBIPFY CBIHAKTAPHI )KYPTi3UIdi.

Bonatr ceiHy OeTiH 3epTTey CKaHeplieyl
anekTpoHIbIK Mukpockon Hitachi TM4000 xa0apirst
apKbBUTEI XKYpri3ingi. CEIHBIK OCTiHIH apaMeTpiepiH
Tangay YImH ¢GpakTorpadUsiIbK Talaay omicTepi
KonmaHbuiabl [9-11].
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Harnxesep xoHe TaJKbLIAYIAD

MexaHUKaabIK CO3bLTY CBIHAKTaphl OpPTYPII
TeMreparypanapaa xyprizinui: (24 °C), 350 °C u 450

°C bemme TeMITepaTypachIH/A. CrIHak
TEeMIIepaTypackiHbIH JKoFapbutaybiMed 12X18H10T
0onaTThIH CO3BUIFBIIITHIFBIHBIH TOMEHJICY1

Oaiikanazapl, o1 OY3bUTyFa KaTBICTBI CAIBICTBIPMAIIBI
y3apyIslH TeMeHAEyiMeH KepiHemi. 1-mm cyperte
0ONAaTTBIH CO3BUTFBIIITHIFBIHBIH ~ ©3repy Tpadmuri
Oepinrex.
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1-cyper — OpTypii TeMneparypanapia KepHeyae
ceiHanFal 12X18H10T coyneneHnren 60naTThIH
UKeMIiTiriHiH e3repyi [9]

HinrimTikTig TOMEHJICYiHIH cebenTepin
aHBIKTAy VIIIH ChIHAIFaH YITUIEPIiH ChIHY OeTrTepi
seprrengi (2-cypet). ChIHBIK O€TiHIH KOMbLTY 2B, 3B,
4B cypertepae OepuireH. OpTYpii TemiepaTypaja

CBIHAIFAH  YITUIGpIiH  ChIHY  Makpopenbedi
KYHTIPTTIK TIeH O€TTiH KeIip-OYJBIPIIBIFEl CHSKTHI
CO3BUIFBIINI  CHIHY OeNriiepiMeH  CHIaTTaiajbl.
Herisri  chlHY  JKa3bIKTBIFBI ~ CO3BUTY  OCiHE
MIEPIICHIUKYJISP OarLITTaIFaH. CrIHak
TEMIIEPAaTypaChIHBIH  JKOFapbUIaybl  KYpJIelipek
Makpopenbepke oKenesi, HOTHXKECIHJIe

MaTepHAIBIH IIeTy aiMaKTapsl maiaa oomaasl. by
aliMakTap co3bUTy OciHe mamaMeH 45° OypbllKa
OaFpITTaJFaH KOCBIMIIA CBIHY Ka3bIKTBIKTAPBIH
Kypaiael. Byn aliMakrapislH ayJaHbl KepiHETiH
CBIHY anMarbIHbIH IamaMeH 20% kypaiasl. benmve
TEeMIIepaTypachlHla CHIHAJIFAH YITUIEPIiH CHIHY
OeTiHAE MHUKPOKYBICTapIbIH  (YIKEH  IIYHKBIP-
JapAbIH) CHI3BIKTHI KOCBUTYBI HOTHDKECIHJEC Naiaa
OomaTelH  y3UnicTepAiH — alTapiblKTail  CaHbl
Oatikanmaapl. ChIHAK TeMIIEpaTypachl >KOFapblUIaraH
caliplH  Y3UICTEpAIH  MeJepi  MEH  CaHbl
afiTapnelkTail azasabl. ChIHBIKTApABIH MaKpOpelb-
edinmeri aHpIKTaIFaH aWbIPMAIIBUIBIKTAD CHIHAK
TeMIIepaTypachlHbIH KOFapbUIaybIMEH CBIHY
MEXaHU3MIHIH ©3repyiH KOpCeTe/Ii.
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OpTypii TeMmmepaTypaia ChlHayJaH KeiiHri
00JIaT CHIHYIAPBIHBIH MUKPOKYPBITBIMBI ITYHKBIPJIBI
MuKpopenbedTiH OomypIMeH cumnartaianbl. Herisri
CBIHY JKA3bIKTBIFBIHAAFBl IIYHKBIPIAPABIH IIIiHI
namy gopekeci opTypii miminre wue. Teme-TeH
mIyHKBIpAapaan 0Oacka, 350 xome 450 °© C
TeMIeparypaja ChIHAIFaH OOJaT CHIHBIKTAphIHIA
MaTepHaAblH LIeTy aliMakTapblHAAa OpHAJIACKaH
Kecy IIyHKbIpiaapel ja Oap. IlyHKbIpIapabH

eJeMaepi opTYp, 13 MKD KeTe.
LIyHKBIpIapABIH ~KaOBIpFATaphIHAA KBUDKBIMAIBI
MEXaHU3M  apKbUIbl  INVHKBIPIAPIBIH  OCYiH

KOPCETETIH TOJKBIHABI CBI3BIKTAp KOpiHemi, Oy
MaTepUAJIbIH KOFaphl JKEPTUIIKTI IUIACTUKACHIH
kepceredi. Ipi MIYHKBIpJIApAbIH TYOIHAE OJapbIH
SIPOJaHy OpHBI  OOJBIM  TaOBUIATHIH  JKOHE
IJIACTUKAJIBIK AeopMariys 131 )OK KaJIbIIThI MIITiH/I
00J1aThIH eKiHII (a3anapablH OeeKTepi 00Jabl.
KimiripiM myHKbIpIapaa, MYMKiH, ONapIblH HIBIFY
TeriHiH 0acKa CHIIaThIH, MBICAIbI, AUCIIOKALMSHBIH
KUHAKTATybIH  KOpPCeTyl  MYMKIH  Heri3zeri
KocbIHBLIap *OK. LIIyHKBIpIap ecim Keje )kaTKaHa,
onap Oipikripinim, ceiHy Oetinae emmemi 20-gan 80
MKM-T¢ JIciiH OoJaThIH Y3UTiCTep Il Kypaibl.

350 sxone 450 °C rtemmeparypaja CblHayJIaH
KeiiH y3umicTep Tas3 Ooiaigpl >KOHE MIYHKBIpIap
apacbiHia Kankanap Oomanpl. Kelibip y3imicrepain
imKi KaObIpFanapbIH/ia ChIpFaHay CBHI3BIKTAphl Oap
KOHE OJIap/IbIH HETi31H/e OJapAbIH Naiaa 00y OpHBI
0O0JIBITT TaOBLIATHIH EKIHIIUTK (a3alblK TY3iTicTep
Oaiikayazipl. Y3UTicTep MEH YIJIKEH HIYHKbIpJap
MHUKPOCKOIMSUIBIK TE€H OCBHTI LIYHKBIPIApIBIH Oeiry
KOTaJapblHAH TYpaThlH JKEJTIMEH KOpLIaJFaH.
Kenrteren MUKpOCKONUSUTBIK MIYHKBIPIAPABIH Taliaa
00JTyBI CBIHAK TEMIIEPATYPACHIHBIH KOFapbUIaybIMEH
OJIapABIH 6Cy OPBIHIAPBIHBIH YJIFAObIH KOPCETE.
CeplHaK  TeMmeparypachl JKOFapbUIaraH  CalblH
MUKPOKYBICTBUIAP/bIH Taiiga OoJyblHA KilIpeK
OenekTep Hemece Oacka KYpPBUIBIMABIK aKayJap
KaTeicybl MyMKiH. 450 °C Ttemmeparypaia ChbIHY
MUKPOKYPBUIBIMBIHBIH alpBIKIIA epeKIIeNiri YIKeH
MUKPOKYBICTBLIAPABIH Oeuiny KOTaJIAPbIH
KOPFalThIH LIaFBIH HIYHKBIpIAp Ti30eKkTepi mnaiijga
0O0JIyBI.

24 °C TtemmepaTypaga OOJaTTBIH OY3BLUTYHI
«Oemy» MexaHW3Mi OOWBIHIIA >Kypeadi, OHja
«MaTepHua-0eImexy niekapa OemiMiHzeri
MUKPOKYBICTBIH TYBIHJIAYbI JKOHE ocyi kypemi. by
LIYHKBIpIApAblH — TyOiHme — KadTamama  dasa
OeuIeKTepiHiH O0JIYBIMEH K9HE MUKPOKYBICTapAbIH
KaOBIpFallapbIHIa JCITOKAIMSTHBIH CBIPFYBIH
KOpPCETETiH TOJKBIHIBI CHI3BIKTAPMEH pacTaiajpbl.
Byn Ttemneparypamarbel  AeCTpYKLHMS — HPOLECIH
MHUKpOMEXaHU3M OO#bIHIIIA OIPTEKTI JACM CUIIaTTayFa
6omaze! [12-14].

CemHak Temnepatypackl 350-450 °C-ka neiiin
KOeTepinreHae, ChbIHy OepiKTiri caxramaipl, Oipak
CBIHY MUKPOMEXaHU3MIiHIH e3repyi Oaiikamamsl. by
IIYHKBIpJIAp ~ apachlHAAFbl  KajlKajnapbl  Oap
Y3UTiCTepAiH TOJBIK KANBINTACTIAybIHAH KSHE CO3BLTY
ociHe ~ 45° OypsIIKa OarbITTadFaH KOCHIMINA CHIHY
JKa3bIKTHIKTAPBIHBIH MMalia 00ybIHAH KOpiHei. by
JKa3BIKTBIKTAP TaHTCHITUAJIIBI KepHEYJIepIiH
OCEepIHEH KAIBINTACAbl JKOHE BIFBICYIBIH OY3BLTY
MEXaHU3MIH KepceTemi. JucrokanusuiapablH ojaH
o9pi  CBIPFYBI ©H JKOFapbl BIFBICY KEpHEYJep
JKa3BIKTBIKTAPBI OoiBIMEH Kype/i. Ipi
MHUKPOKYBICTap OeTiHmeri MHKPOCKOTHSITBIK
IIYHKBIpIIap MEH IIYHKBIPIApIbIH OeiHy
JKOTaJIapBIHBIH JKEJTICIHIH nanga 0oysI
TEeMIIepaTypaHblH KOFAPbUIAYBIMEH MaTEPHANIBIH
JKEPrUTIKTI KEeYeKTiNIriHIH >KOFaphlIayblH KepceTei

[15]. bByn wmexaHuKanblK ©picTiH  OipKejki
OonmaysiHa HKOHE JKEPTLTIKTI KepHey
TpagueHTTepiHiH maiina OoiyblHA OKeNlyi MYMKiH,
Oyn o3  Keserinae  MarepuaniblH  OepiKTiK
CHIIAaTTaMaJapblH HalllapiaTabl.

[16,17] YKYMBICTapABIH JiepeKTepiHeH

JKYPTi3ireHaeil yiKeH MUKPOKYbICTapblH OeTiHge
MUKPOCKOIUSUIBIK [IYHKBIPJIAPBIH MMaiga OO0yl
OJIapIbIH TY31Ty TPOIECiHe KilllipeK OemmeKTepaiH
KOCBLIYBIMEH OaiiJIaHBICTBI €KeHiH pacraiiabl. bonar
yirinepinig  OeTki KYpbUIBIMBIH = 3€pTTey Oy
TUIOTE3aHbl  pacTaibl. [18-20] SKYMBICBIHIA
KenTipireHnet  2a, 3a, 4a  cyperrepne
TeMIIepaTypaHbIH JKOFapblIaybIMEH eKIHIII
(hazanmapbiH OeIIeKTepiHiH CaHbI apTaJIbl, OJapIbIH
memmepi 0,2-ger 3 MkM-re neitin xereni. Omnap
HETI31HeH TYHIPIIIK IIeKapatapblHIa KoHE OJapAblH
TYHiCKEeH JKepliepiHae TapanraH. 29, 39, 4o -
CypeTTepAie KOpCeTUIreH ChIHY OpHBIHA YKaKbIH
aiimakra ekiHmi (QazamapnaeiH  OemexTepi e
TabBLIIbI, OipaK oJapiblH eJemaepi mamamen 1-3
MKM?. JlereHMeH ChIHY aiiMarblHIa eJimeMi 1 MKM-
JIeH a3 ycak OemmekTepliH i3xepi TaObumansl. by
Oakpuiay exiHmi (azanelk Oemmexkrep 450 °C
TeMIieparypajia alblHFaH ChIHBIKTap/aa OaiiKalaThIH
MHUKPOKEYEKTUIIKTIH Maiiia 00MybIHa jKaHaMma TypJe
0aliIaHbICTI EKEHIH KOPCETE/].

Jedopmanusimapapig JIOKAJTH3aIIUsCHI
alimarplHa OaliKajaTelH ayCTEHHUT TYHipJepiHiH
y3apysl (4-cyperte) aifHanMaibl Typueri Oenceni
aKKOMOJallusl TporecTepin  kepceremi. [21,22]
colikec, nedopmalusiaHaTEIH JEHENepIiH
OemiKTepiHiH aiHaIMaJIbl KO3FaJbICHl, MBICAIIBL,
TYHIpAIH  Keplijiec — TyHipuiikTepre  Hemece
MaTpullaFa KaTbICTBI ©3 OCiHIH alHajachiHIa
alHaAITYBI ME30JIbJICHT eHIeT1 TUTACTUKAIIBIK
nehopMaIUsSHBIH ~HEri3ri  MeXaHU3MICPiHiH  Oipi
OOJIBIIT TaOBLUIAEL.
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5-cyperte Ti30ek OOWBIHIIA TYHIpIIIKTEPAiH
allHaNABIpy Ke3iHAEe MaTepHalAblH KEYeKTLIIriH
apTTBIPy MYMKIHZITIH TYCIHIOIPETIH AmarpaMma
KOpPCETUITEeH. Konpanpimarein KepHeyJepAiH
oCepiHeH MarepHaia TYHIPIIK alWHATBIMBIHBIH
OacTaiybplHa BIKHAN €TETiH TYHIPIIIK MIEKapPACHIHBIH
CBIpFaHay IMpoLecTepi MHAYKIHsIaHaasl [23-25].
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5-cypet —TyiipmrikTig OYKiN KexeMi OOWbIHIIA
aliHaJly CXEMAachl.

Tyitiprrikke — affHanmyplHAa ~ BIKIAT  €TETIH
KO3FayIIbl ~KYII JIMCIOKALMSIAp  apachIHIAFbl
acepJIeCYAiH CepIiMIUTIK SHEPTUACHIHBIH TOMEHACY1
00ysl MYMKiH [22,26], Oy TyHiprmikTiH OipTiHIEn
aifHanmyplHa oKeneni. bynm mporecc TYHipHIiKTIH
MINIHIH ~ ©3repTy  JKOHE  TYCIpUIreH  KepHey
OarbITBIH/IA Y3apy apKbUIbl ©3repMeNi JKarjainapra
Oeltimaenyi yiiH xypeni. CblHy OpHBIHBIH KaHBIHAA
TYCIpUITEH MHUKPOKYPBUIBIMIBIK —(OTOCYypeTTEpIe
(20, 30, 46) xentipinreH KepHeyJep OaFbIThIHIA
AyCTEHUT  TYHIpJepiHiH  MYHIAl  «CO3BLIYBD»
OaifKaapl. MukpokysicTap TYHIpHIKTEP
IIeKapachlHa J1a KOpiHeIi, olap Ja y3apThUIFaH
MilIiHTe He.

CBIpTKBI ~ OPICTIH  CEPHIMATIK  3HEPTHUSICHI
TeMeHIereH ke3me [27-30], TyHipmnk KoprmaraH
MaTpullaFa KaTbICThl TyTacTal aifHana amajsl. byi
MHUKPOKYBICTAD CHSAKTHl TYHIpLIIK LI€KapachbHbIH

aKayJlapblHBIH ~ ©OCYiHE JKOHE MHKPOCKOISIIBIK
KeyeKTep/iiH maiga OomybiHa okemnemi. CHIHBIKTa
OaiiKanaTbIH MHUKPOCKOTHSITBIK, HIYHKBIpIIap

HeTi3iHae ekiHm (a3anblik TyHOa OeJIIeKTepiHiH
OonmMaybl TYHIpIIIKKE TYTacTall alHAIIBIPy Ke3iHmae
MUKPOCKOIHUSITBIK HIYHKBIPIIAPbIH naitna
OONMYBIHBIH  JKaHamMa pactaybl OoJia  aiajbl
Ocblnaidliia, anblHFaH HOTHIKENEPIiH  KUBIHTHIFBI
CBIHAK  TEMIIEPATYpPACBIHBIH  JKOFapbLIaybIMEH
0OJaTTBIH HWUITIIITICIHIH TOMEHJEYI MaTepHalIIbIH
KEYEKTUIITiHIH JKeprimiKTi ecyiHe BIKNaI eTKeH

TaHTCHIMAIABl ~ KEpHEyJep  OCEepiHeH  CBhIHY
MEXaHU3MIiHIH ~ e3repyiHe OailaHbICTBI OOy
MYMKIH  €KeHiH KepceTeAl. aWHamy  THOTI

AKKOMO/IAIIUSUITBIK TIPOIIECTEP IiH HOTIKECIHIE.
KopbITBIHIBI

Coynenenren OomatteiH 12X18H10T cwiay
OeTiHIH KYpBUIBIMBIH (QpakTorpausiblK 3epTTey
HoTIXenepiH Tangayaan 350 skone 450 °C
TeMIlepaTypajia ChIHy MEXaHH3Mi BIFBICYFa ©3repe/i.
Byn  esrepic  aifHanManbl  aKKOMOJAIMSUIBIK
MPOIIECTEP/IiH YIFAIObIHAH TYBIHIAFaH MaTepHaJ/IbIH
JKEPTUTIKTI KEeYeKTiNITiHIH apTyblHa OailIaHBICTHI.
Hotmxkecinge wmarepu anma SKEprimikTi KepHEY
TpaJIMEHTTEPl KalbIITAca/bl, OYJ MEXaHHKaJbIK
epictiH Oipkenki OonMayplHa JKOHE OONATTHIH
CO3BUIFBIIITHIFBIHBIH TOMEH/ICYIHE OKEJe/i.
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SYNTHESIS OF A NEW ION EXCHANGE MEMBRANE AND ITS SURFACE MORPHOLOGY

Dinitrocellulose (DNS) with a nitrogen content of 10.7 % — 12.2 % was synthesized by nitration cotton
cellulose in this research work. After that, an ion exchange membrane was obtained by modifying the resulting
DNS with aniline (AN). The resulting dinitrocellulose polyaniline (DNSPA) copolymer was dissolved in various
solvents and converted into a porous ion exchange membrane by a special molding method. The produced
substances were synthesized based on different applications of mole ratios of starting materials, reaction
temperature, and reaction time, and the optimal conditions of the process were determined. Based on the
physicochemical results of DNSPA, its application as new ion exchange membranes was studied. In addition,
the composition of the synthesized DNSPA was determined based on the infrared spectrum (IR-spectrum),
and the element composition and surface morphology were determined based on scanning electron
microscopy (SEM) and their data were presented. Nano- and microporous membranes were also obtained
using various solvents and porogens.

Keywords: ion exchange membrane, dinitrocellulosepolyaniline, cellulose, aniline, dinitrocellulose.

tO.LL. Bosopos?, X.X. Typaes!, A.T. Akanunos?, P.B. Aamkynos?,
N.A. Ymbapos?!, b.T. Xautos'’, }.K. Axatos?, H.5. Opanos’
Tepmes memnekeTTiK yHMBEpCUTETI, Tepmes K., B36eKcTaH
2TalKEHT XUMUA-TEXHOOMMA FbIbIMU-3EPTTeY MHCTUTYTHI, TalLKeHT K., ©36eKcTaH
*e-mail: haitovbozor@gmail.com

¥aHa MoH anmacy MembpaHacbiHbIH, CUHTE3I XaHe OHbIH, 6eTKi MopdoaoruaAchi

Byn yCbIHbINFAH 3epTTey KYMbICbIHAA MaKTa Lenna03acbliH HUTpAeY apKbiabl a3oTel 10,7 % — 12,2 %
6onaTbiH anHUTPouenntonosa (DNS) cuntesgenai. OcbligaH KeliH anbiHFaH DNS-Ti aHuamHmer (AN) e3repTy
apKbINbl MOH anmacy membpaHachl AanbiHAanAbl. ANbiHFaH 3aTTap 6acTanKkpl 3aTTapablH, 9PTYPAI MONAPbIK,
KaTblHaCblH, TeMnepaTypa MeH peaKkuuA yaKblTbiH NalAanaHbil CUHTE3AENAl KaHe MNPOLECTiH OHTal/bl
WapTTapbl aHblKTanAAbl. ANblHFAH 3aTTap 6acTanKbl 3aTTapAblH, MOAAPABIK KaTblHACbIH, TemnepaTypa MeH
pPeakuMa yaKbITbIH SPTYPAi KONAAHYAbl eCKepe OTbIPbIN CUHTE34eNAi KaHe MPOLECTiH, OHTalIbl WapTTapsbl
aHbikTanabl. DNSPA GU3NKA-XMMUANBIK HOTUKENEpiHE CYMeHe OTbIPbIM, OHbIH *aHa MOH afiMacy membpaHachl
peTiHae KonaaHbinybl 3epTrensi. CoHbIMeH Katap, MHdpakbi3bia cnekTp (IR cnekTpi) HerisiHae cMHTe3aenreH
DNSPA Kypambl aHbIKTaAbl KOHE CKaHep/eylli 3NeKTPOHAbIK MUKpockonua (SEM) HeriziHAe aneMeHTTiK
Kypambl MeH O6eTKi mopdonorvacel aHbiKTan4pl XaHe onapdplH AepekTepi ycbiHbiAAbl. CraHepaeywi
SNEKTPOHAbIK, MUKPOCKOMMA apKbl/ibl afblHFAH CypeTTepi HaHO- aHe MUKPOKeyeKTepi 6ap cUHTe3aenreH
MmemMbpaHaHblH, H6eTki mopdonorvacel MOH anmacy npoueciHAe KOoNAaHyFa Kapamibl eKeHiH KepceTesi.
CoHpal-aK, apTyp/i epiTKILITEP MEH KeyeKTi Ty3riluTep KoMeriMeH HaHO- KaHe MUKPOKeYeKTi membpaHanap
nanblHoanabl.

TylliH ce3gep: MOH anmacy MembpaHachl, AVHUTPOLENNION03aNOAMAHWUANH, LENN0N03a, aHWIMH,
OVNHUTPOLENN03a.
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CunHTE3 HOBOWM MOHOOHBMEHHOIN MembpaHbl U Mopdonorua eé NoBepXHOCTU

B pmaHHOM wuccnenoBatenbCkoM paboTe MeTOAOM  HUTPOBAHMA  X/JI0MKOBOW  LENto103bl  Obisia
CUMHTe3MpoBaHa AnHuTpouenatonosa (DNS) ¢ cogepraHmnem asota 10,7 % — 12,2 %. MNocne 3Toro noay4eHa
MoHoODOMeHHas MmembpaHa nyTém Moamoukaumm nonydeHHoro DNS aHuamHom (AN). MoayyeHHbIR
CoMnoIMMep ANHUTPOUENA03bl U NonaHuanHa (DNSPA) Obin pacTBOpPEH B Pa3/IMYHbIX PacTBOPUTENSX U
cneumanbHbiM MeToaom GOPMOBaHMA Obli NpeBpalléH B MOPUCTYIO MOHOOOMEHHYD MembpaHy. Takum
0bpa3om, NosyyYeHHble BELLECTBA CUMHTE3MPOBAHbI C MCMOAb30BAHUEM PA3ANYHbIX MOJIbHbIX COOTHOLIEHUM
NCXOAHbIX BEWECTB, TEMNEPATYPbl M BPEMEHU peakuMM 1 onpeaesieHbl ONTUManbHble YC/IOBUA NPOBeAEHMS
npouecca. Ha ocHOBaHUU GUINKO-XMMMYECKMX pe3yabTaToB DNSPA M3yyeHO MX NpUMEHeHME B KayecTse
HOBbIX MOHOOBMEHHbIX MeMbpaH. Kpome Toro, Ha ocHoBe MHbpaKpacHoro cnekTpa (MK-cnektpa) onpeaenex
COCTaB CMHTE3MPOBAHHbIX B paboTe DNSPA, a Ha OCHOBE CKaHMPYLOLLEN 31EKTPOHHOM MUKpocKonmu (CIM)
onpeaenéH afleMeHTHbIM cocTaB M MOPdOAOTMA NOBEPXHOCTM U NPEACTaBAEHbI UX AaHHble. MMpeacTaBNeHHble
n30bpaxeHusa, noaydyeHHble ¢ nomouwpto COM, nokasbiBatoT, YTO MOPPONOTMA  MOBEPXHOCTM
CUHTE3MPOBAHHOM MeMbpaHbl C HAHO- U MMKPOMOPaMM NPUroaHa A1a UCNONb30BaHUA B MPOLECCE MOHHOTO
obmeHa. Take Oblan MoAyYeHbl HAaHO- M MMKPOMOPUCTble MemMbBpaHbl C WMCMOSb30BAHWEM PA3NUYHBIX

pacTBopuTeneit 1 nopoobpasosBaTesnen.

KntoueBble cnoBa: MOHOOOMeHHasn MeM6paHa, ANHUTPOUENNKON03aN0/IMaHUAINH, UeNNo103a, aHWU/INH,

ANHUTPOUEN0N03a.
Introduction

Membrane treatment is a crucial technique for
maintaining and wisely using water resources,
improving water quality, and enabling the reuse of
water in technological processes using physico-
chemical wastewater detoxification methods [1-2].
Because it is simple to use and quite inexpensive,
membrane technology is one of the many methods for
extracting different cations and anions from solutions
[3]. lon exchange membranes are the most popular
and very effective kind of membranes. lon exchange
membranes (IEM) offer a lot of promise, particularly
in the industrial sector where they are employed for
high-efficiency material purification, synthesis of
novel materials, energy production, and mixture
separation [4-5].

lon exchange membranes are also frequently
made using cellulose and its esters as a starting point
for fabrication. Cellulose acetate, ethyl cellulose, and
cellulose nitrate have all been used to generate a
variety of nano and microporous membranes [6].
Nitrocellulose, for instance, is a crucial substrate in
the manufacturing of anion exchange membranes,
which are used to detect and separate proteins from
solutions with low concentrations [7]. Porous thin
films with a kerosene size are formed from ethyl
cellulose, and materials that serve as separators and

conductors are produced by adding the required
ingredients to it [8-9].

Furthermore, an ion-exchange nanocomposite
was created by using an in situ chemical oxidation
polymerization technique to join microcrystalline
cellulose and polyaniline. When it came to the
operations of removing heavy metals and different
dyes from wastewater, this nanocomposite performed
well [10]. Recycled polyaniline-based high ion
exchange membranes with improved electrical
conductivity and ion exchange are used [11-12]. We
modified dinitrocellulose with polyaniline to create a
novel nano- and microporous ion exchange
membrane, taking into  consideration  the
characteristics of the aforementioned materials.

Experimental part
Materials and Methods

The following materials and equipment are
needed to prepare the ion exchange membrane and its
raw materials. Cotton cellulose (CS), nitric acid 68%,
sulfuric acid 98%, aniline (AN) 99%, ethyl ether
(EET) 99%, diethyl ether (DET) 98%, acetone (AT)
96%, ammonium persulfate (AP) 96 %, Glycerin(GL)
96%, N-methyl-2-pyrrolidone (NMP) 98%, Isobutyl
alcohol (IBA) 99%, Ethylene glycol (ETG) 98%,
Hydrochloric acid 24%, and distilled water.
Refractory flasks, a thermometer and a magnetic
stirrer were used to carry out the reaction processes.
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DNS synthesis based on cellulose and nitric
acid

Dinitrocellulose was initially synthesized by
attaching nitric acid to cotton cellulose under the
catalysis of sulfuric acid [13]. According to this
method, nitrocellulose belonging to the colloxylin
family with a nitrogen content of 10.7-12.2% was
produced. First, a 2 L flask was placed in an ice bath,
and then 400 g of 62% HNO; was slowly added. In
the next step, 34 ml of concentrated H.SO. was added
to the flask dropwise over 30 minutes with continuous
stirring. The temperature was raised to 20-23 °C
under ice water until the solutions were mixed and
kept in this state. After mixing all the ingredients, the
substance turned light yellow and the container was
closed and kept at room temperature for a day,
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periodically shaking every 6 hours. At the next stage,
45 grams of cotton cellulose, washed three times in
distilled water and dried, was placed in a raw material
container cooled by bringing the solution temperature
to 15-20 °C and mixed for another 30 minutes. The
obtained raw material was washed in distilled water
until it became neutral. After that, the resulting DNA
was placed in a 5-7% nitric acid solution and heated
at 100 °C for 1.5 hours at a pressure of 4 atmospheres
in an autoclave, and the ready-to-use dinitrocellulose
fiber was obtained by washing it again in distilled
water until it became neutral. The synthesis of
dinitrocellulose was carried out under several
conditions and excipients. Its synthesis reaction
equation is shown in Figure 1.

0
. I H,S0,
+ ’
0 0 n HO/ \ - -H0

0-

7™

0
/

0=N

+

o~

Figure 1 — Reaction equation of DNS synthesis based on nitration of cotton cellulose.

Synthesis of dinitrocellulose polyaniline
(DNSPA) based on the binding of dinitrocellulose
and aniline

DNPA was copolymerized by in situ chemical
oxidation polymerization of dinitrocellulose and
aniline in the presence of ammonium persulfate and
hydrochloric acid as catalysts. First, 5 g of
dinitracellulose was taken and dried at 40-45 °C for
12 hours and placed in a refractory flask. Then 5 g of
aniline was added to the reactor and mixed with
dinitrocellulose at low temperature. At first, a
solution of hydrochloric acid and ammonium
persulfate was slowly added dropwise as a catalyst.
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During the reaction, the substances were continuously
stirred. After the catalysts were completely
incorporated, they were stirred for another 4 hours,
and Dblue-colored DNSPA was obtained and
neutralized by washing with distilled water. Then the
product was dried in an oven at a temperature of 45-
50 °C for 12 hours. During the experiment, reactions
were carried out by introducing aniline and
dinitracellulose  raw  materials in  different
proportions. The synthesis reaction scheme of the
synthesized DNSPA copolymer is shown in Figure 2.
In the reaction of dinitracellulose and aniline with a
mass ratio of 1:1 the yield of the process was 84%

(Fig. 3).
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Figure 2 — The reaction equation for the synthesis of dinitrocellulosepolyaniline (DNSPA) based on
dinarcellulose and aniline.

Mass ratios are in grams Reaction time in hours
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Figure 3 — Effect of the mass ratio of the initial Figure 4 — Effect of time on the reaction
DNS and AN substances on the reaction product yield during the synthesis
during the synthesis of DNSPA raw materials. of DNSPA raw material.
Membrane preparation the reaction flask on a magnetic stirrer, 30 g of NMP

The following procedures were used in the and 6 g of DF were added, and the mixture was
fabrication of the DNSPA membrane. After setting agitated for 35 minutes at 2024 °C. The following
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stage involved adding 3 g of IBS and 2.5 g of PANS
to the mixture and mixing it for an hour at 35-37 °C
to dissolve it evenly. The bulk solution's color
transitioned from white-yellow to light brown at this
point. Next, 0.2 g of the GLT solution was constantly
stirred at this temperature. Next, 10g of AT was added
to the entire mixture. The product was next agitated
for two hours at 40 to 45 degrees Celsius. A polyvinyl
chloride mold created using a casting solution was
filled with the resultant DNSPA membrane solution.
The amount of solution that is injected into the mold
can be adjusted to control the thickness of the
membrane. The resultant sample was then dried in a
special oven at 45 °C and 30-55% air humidity in
order to evaporate the solvent. When the DNSPA
membrane had lost 45-55% of its weight, it was
cleaned by submerging it in DI water. It was then
dried once more for six hours at 45 to 50 °C in the
oven. Additionally, DNSPA membrane production
was carried out using various complements and
circumstances.

Characterization

Infrared spectrum (IR) of synthesized
DNSPA membrane and raw materials

Based on the relevant literature, the study of a
substance's infrared spectrum was first investigated.
The SHIMADZU IR-Fure spectrophotometer, made
in Japan, was used to investigate the infrared spectra

.Y

Ay

of the synthesized DNSPA membrane as well as the
raw materials DNS and PA at 400 and 4500 cm™. The
analysis based on the IR spectrum is presented in
Figures 5-6.

Scanning Electron Microscope (SEM)

A TouchScope electron microscopy (SEM)
campaign from China JEOL Ltd. used JSM scanning
to examine the morphological structure of the
membrane. Using SEM, the porosity and elemental
analysis of thin membranes were ascertained The
analysis of results obtained based on SEM is
presented in Figures 7-8.

Results and Discussion

IR spectroscopic analysis of substances

DNSPA membrane and IR spectrometer of
dinitracelluloses were obtained. The results obtained
are analyzed and illustrated in Figures 5-6.

Valence vibrations of the O-NO2 bonds in the
area interval of 1647.21 cm-1, the C-O-C-bonds in
the area interval of 1271.09 cm-1, and 1116.78 cm-1
are found in the values in Figure 5. Valence vibrations
of the -C-OH bond in the cm-1 region, the >CH-bond
in the 1101.35 cm-1 region, and the >CH2 bond in the
731.02 cm-1 region are all clearly visible. This
suggests that the dinitrocellulose polymer is
responsible for all valence fluctuations in the data.
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Figure 5 — The IR spectrum of synthesized DNS.

In Figure 6's values, the valence vibrations of the -
CH= bonds are located in the area of 2929.87 cm-1,
the valence vibrations of the -O-NO2 bonds are
located in the area of 1722.43 cm-1, the valence
vibrations of the Ar-NH-bonds are located in the
range of 1247.94 cm-1, the valence vibrations of the
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-C-0O-C-bonds are located in the range of 1247.94
cm-1, and the >CH-bond is located in the range of
1205.51 cm-1. Valence vibrations of >CH2 bonds are
visible in the region of 731.02 cm-1. It is evident that
the valence vibrations listed below match the
compounds' chemical formulas.
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Figure 6 — IR-spectrum of DNSPA synthesized on the basis of modification of dinitrocellulose with aniline.

Scanning electron microscopic (SEM) on the surface and cross-sections of the membrane
analysis of DNSPA ion exchange membranes synthesized on the basis of DNSPA. If we look at the

The surface morphology, pore structure, and results, we can notice that small irregular pores of
elemental analysis of the ion exchange membrane different sizes were formed in the membrane with the
were studied on the basis of the scanning electron help of pore formers during the synthesis of this
microscope (SEM) device - showed porous structures  membrane.

Figure 7 — In the SEM photo of the prepared DNSPA membrane: a) a photo taken from the upper part of the
membrane, b) a photo taken from the cross-sectional part of the membrane.
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Figure 8 — Energy dispersive spectrum and compositional element ratios of the ion exchange membrane
synthesized on the basis of polyanilinenitracellulose.

The SEM images show that the surface morphology  micropores is suitable for use in the ion exchange
of the synthesized membrane with nano- and process.
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Conclusion was studied by Infrared Spectroscopy (IR) and its

pores characteristic of ion exchange membranes were

DNSPA membrane was synthesized based on determined by Scanning Electron Microscope (SEM).

dinitrocellulose and polyaniline in different mass Using various solvents and pore formers, nano and
ratios and conditions. The bonding nature of its atoms  microporous membranes were obtained.
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TOMEH TEMMNEPATYPA/bI YALLbIFbI BAP KYPbI/IFAH KPUOTEHAI-KAMUNNAPbIK MKYMEHI
NAMOANAHA OTbIPbIMN, KEPOCUHHIH, FTIR-CNEKTP/IEPIH TANAY XaHE ATY

By *KymbICTa KeMipcyTeKTi MaTepuranaapaslH TOMeH TemnepaTypa MeH atmocdepasblk KbicbiMaarsl FTIR
CMEKTPOCKOMUACHIHBIH, TEXHOOTUACKI BepinreH. by Kypblifbl SpTYPAI 3aTTapAblH ONTUKANbIK KaCMeTTepiH 77—
300 K TemnepaTtypa AManasoHbiHAa BakyyMAbl KonaaHbal KaHe KaHa ipreni aepektep anyabl KaxeT eTrnein
3epTTeyre MyMKiHAIK Bepeni, elTKeHi Byn canagarbl 3epTTeyfiep XeTKinikcis. MakcaTbl Ocbl »afaannapaa
KOeMipCyTeKTi OTbIHHbIH 9PEKEeTTEePI MEH KacMeTTepi Typasbl KaHa ipreni 6inim any 6onbin Tabblnaapl, OUTKEHI
Bya TEXHONOTMAHBI KOMAAHATbIH 3epTTeyaep CanbiCTbipManbl Typae cupek Honbin Kana bepeqi. byn Tacin
QPTYpPAI 3aTTapAblH, ONTUKA/bIK KAacMeTTepiH aTmocdepanblk Kbicbimaa 77-aeH 300 K-re aeniHri Temnepatypa
OMana3oHblHAa BaKyyMAblK OpTaHbl KondaHbail-ak 3epTreyre MyMKiHAK Oepepni. 3eptreyne Pypbe
TYpaeHaipy nHdpakrbizbia (MK) cnektpomeTpi, AuddysnanblK WarblbiCy TIPKEMEC] KaHe eki [btoap blabichl
KemerimeH KemipcyTeKTi Tanaay agici kepceTinreH. bip biabic yArinepai KPMoreHaiK Kanuanapablk HKyMeHiH,
iWwiHAeri CyMblK a30TNeH cankblHAATY YWiH nanganaHbliabl, an eKiHwici yarinep opHanacTbipbliaTbiH VK-
benceHai emec opTaHbl Kacanabl. KepocuHaeri C-H dyHKUMOHaNAbIK TONTapbiHbIH, 6enrini 6ip TOAKbIHAbIK,
AvanasoHaarbl TepbenicTepiHiH, Typaepi MeH KuiniktepiH kepceTeTiH FTIR cnektpaepi anbiHAbl. byn
HaTuKenep aTmocdepanblK KbiCbiMAa KaHe TeMeH TemnepaTypada apTyp/i 3aTTapiblH, apeKeTTepi meH
KaCMeTTepi Typasibl }KaHa ipreni AepeKkTepai any YiliH yKcac TeEXHON0rmANapabl a3ipaeyai KonaanTbiH OCbiHAAM
3epTTeyaepaiH OpbiHAbINbIFbIHBIH A2Aei peTiHae ByKin anem BolblHLA KPUOPU3MKA KaHE KPUOTEXHOIOTNS
3epTxaHanapbiHaa nanaanaHblaybl MyMKiH.

TyiiH ceanep: KemipcyTeKTi MaTepmangap, TOMeH TemnepaTypanap, KpUoreHai Kanuansapabik xyre, FTIR
CNEeKTPOCKOMUACHI, TOMEH TeMmnepaTypasibl YALbIK.

A. Kenbay'?, D. Yerezhep®?", A. Aldiyarov*
1Al-Farabi Kazakh National University, Almaty, Kazakhstan
2Satbayev University, Almaty, Kazakhstan
*e-mail: darhan 13@physics.kz

Analysis and comparison of kerosene FTIR spectra using the developed ¢
ryogenic-capillary system with low-temperature cell

This work introduces a technology for FTIR spectroscopy of hydrocarbon materials at low temperatures
and atmospheric pressure. This device allows to study optical properties of various substances at temperature
range of 77 — 300 K without need of a vacuum and to obtain new fundamental data since there is insufficient
research in this area. The purpose is to obtain new fundamental insights into the behavior and properties of
hydrocarbon fuels under these conditions, as research utilizing this technology remains relatively uncommon.
This approach allows for the examination of the optical properties of various substances under atmospheric
pressure in the temperature range of 77 to 300 K, without the need for a vacuum environment. The study
outlines a method for analyzing hydrocarbons using an infrared (IR) Fourier spectrometer, a diffuse reflection
attachment, and two Dewar vessels. One vessel is used for cooling samples with liquid nitrogen inside the
cryogenic capillary system, while the second creates an IR-inactive environment where the samples are placed.
FTIR spectra of the characteristic C-H functional group peaks in kerosene were obtained, reflecting the types
and frequencies of their vibrations in specific wavenumber ranges. These findings can be utilized in cryophysics
and cryotechnology laboratories worldwide as proof of the feasibility of such research, supporting the
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development of similar technologies to acquire new fundamental data on the behavior and properties of
various substances at atmospheric pressure and low temperatures.

Keywords: hydrocarbon materials, low temperatures, cryogenic capillary system, FTIR-spectroscopy, low
temperature cell.
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AHanus n nonyveHure FTIR-cnekTpoB KEPOCUHA C MOMOLLBIO Pa3paboTaHHOK KPUOreHHO-KanUMANAPHON CUCTEMBI
C HU3KOTEMNEPATYPHOI AYeliKon

B naHHOM paboTe npeacTasneHa TexHonorna MK Oypbe-cnekTpocKonumn yrneBoAopo/AHbIX MaTepnanos
NpWY HU3KKMX TemnepaTypax u aTMochepHOM AaBieHMM. ITO YCTPOMCTBO MO3BOJIAET M3y4aTb ONTUMYECKME
CBOWMCTBA Pa3/IMYHbIX BEWECcTB B AManasoHe TemnepaTyp 77—300 K 6e3 HeobxoaMMOCTU UCMOb30BaHMA
BaKyyma W Mojy4aTb HOBble OyHAAMEHTaNbHble AaHHble, MNOCKOJIbKY WCCNeoBaHWIM B 3ToM obnacTm
HefocTaTouHO. Llenb coctouT B TOM, YTOObI MOAYYUTb HOBble QYHAAMEHTA/IbHbIE 3HAHMA O NOBEAEHUU U
CBOMCTBAx Yrn1eBoAOPOAHbIX TOMAMB B 3TUX YCAOBUAX, MOCKONIbKY WCCNEA0BaHWUA, WMCNOAb3yOWME 3Ty
TEXHONOIMID, OCTAKTCA OTHOCUTENbHO PeaKMMM. ITOT NOoAxXon, MO3BOAAET M3yvaTb ONTMYECKME CBOWMCTBA
Pa3/INYHbIX BELLECTB MpX aTMochepHOM [aBfieHMM B AManasoHe TemnepaTyp oT 77 ao 300 K 6es
HeobXxoAMMOCTM UCMOMb30BaHUA BaKyyMHOW cpeabl. B uccnegoBaHWMM UM3naraetcd MeTo aHanvsa
YrNeBoAopoA0B C Mcnonb3oBaHnem MHdpakpacHoro (MK) dypbe-cnekTpomeTpa, NpUCTaBkM AMbPy3HOro
OoTpakeHusa 1 AByx cocyaos [btoapa. OAMH cocy MCNONb3YETCA ANA OXAaKAeHUA 06pa3LoB KUOAKMM a30TOM
BHYTPM KPWOreHHO-KanuAASpHON CUCTEMbl, a BTOpon co3gaeT WK-HeakTMBHYKO cpedy, B KOTOpOM
pasmelllatoTca o06pasubl. MosydeHbl FTIR-CMeKTpbl XapaKTepHbIX MWMKOB (YHKUMOHaAbHbIX rpynn C-H B
KepocKHe, oTparkatolWme TUMbl M 4acToTbl X KonebaHuii B onpeaeneHHbIX AMana3oHax BOMHOBbIX YMcen. I3Tu
pe3yabTaTbl MOTYT BbITb MCNOJIb30BaHbI B N1abopaTopuax KpUODU3NKM U KPUOTEXHONOMMM NO BCEMY MUPY B
KayecTBe [0Ka3aTe/bCTBa OCYLLECTBMMOCTM TaKMX UCCAeN0BaHWI, Noaaep:Kmeaa pa3paboTKy aHaNorMYHbIX
TEXHONOMMI ANA NONYYEHUA HOBbIX DYHAAMEHTa IbHbIX ldHHbIX O NOBEAEHWM M CBOMCTBAX Pa3/IMYHbIX BELLLECTB
npu atmochepHOM AaBAEHMM U HU3KMX TEMMepaTypax.

Knioyesble cnosa: yrneBoAopOAHblE MaTepuasibl, HU3KME TemnepaTypbl, KPpMOreHHaa KanuanapHasa
cuctema, MK @ypbe-cnekTpockonua, HU3KOTeMNEPaTYpHan AYeika.

Kipicne

CriektpoMeTpust maijga OOJFaH Ke3/le JKoHe
KOMIPCYTEKTi KOCBUIBICTAP/Ibl TOMEH TeMIIepaTypajaa

CIIEKTPOCKOTIHUSIIBIK onicTepMeH 3eprreyre
MYMKIHIIK ~ OepeTiH  TeXHOJOTHWsIap  Taija
OosjraHHaH Oepi MpoOLECC BaKyyMHBIH Taija
OomybIMEH  Karap  OKYpAi, OHCBI3  3aTTBIH

HAHOKYPBUIBIMBIH [1-2] , MOJIeKyTaibIK KypambIH [3-
4], PUBHKATBIK-XUMUSIIBIK, JKBUTY JKOHE ONTHKAIBIK
KacueTTepin [5-9] ayama bUTFANIABIH JKoHE Oacka
KocrmajapablH  OosyblHa ~ OalIaHBICTBl  Carlalibl
3epTITeyre JKoHE TalljlayFa KeJepri KeNTIpeTiH Ke3
KeJIreH CIIEKTPOCKOIHUSUIBIK 9/IICTEpP apKbUIbI, COHBIH
imiage MK-®ypre apKpUibl 3epTTey KUBIH OOJIBI
[10-13].

3aTTapael, aram  aWTKaHAa, KeMIipCYTEKTi
KocbutblcTapblH MK-CIIeKTpOCKONUSIHBI KOJNJaHy IbI
KO3/ICHTIH TOMEH TeMIepaTypaibiK 3eprreyiep [14]
yIbTpa TOMEH KbICHIMHBIH, SFHH BaKyyMHBIH,

OomybrH Ookaiiaer [15-18], COHBIH HOTIDKECiHIE
aTMochepalbiK KBICBIMIAFbI KOMIpCYTEKTi
3aTTap/IbIH ONTHUKAIBIK KACUETTEPIH KOFaPhI CaIlalbl
ipreini 3epTTeyiepiH HOTHXKEJepi oMl Jie oTe cUpek
Ke3Jiecei, eiiTkeHi Oyl xkarmail GipkaTap MaceneMeH
0aitIaHBICThI, MBICAJIBI, aTMOC(EpaIBbIK JKaFaiiapaa
TOMEH TeMIleparypara KOJI JKETKI3yre MYMKIiHJIIK
OepeTiH  CIEeKTPOCKOMUSUIBIK ~ 3€pTTEey  TEXHOJO-
THSUTApBIH  93ipNeydiH,  TEeXHUKAJIBIK  KbI3MET
KOPCETYIIH  JKOHE  KEHIHHEH  KaHFBIPTY/bIH
KYPAENiNiri, CreKTpiepAiH Iy AEHredi TeMeHIIri
MEH CoyJieJIeHy KapKbIHABUIBIFBI KOFapbl OO0JybIHA
0aiyIaHBICTBI JAJIIIKKE KOJ JKETKI3yre MYyMKIHIIK
Oeperin mHepTTi xoHe MK-Oeicenmi emec Hemece
HK-memnnip opransl KypyablH Kypaemimiri [19-20],
COHBIMEH KaTap KaJaMJbIK 3epTTey SIICTEMECiHIH
OomMayHhl.

Kanmer, KemipcyTekTi  3arTtapasl  TeMEH
TeMIeparypaja >oHe aTMoc(epanblK KbIChIMIa
3epTTEHUTIH TEXHOJOTHsIap aiaemae ote a3. Kelibip
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seprreynepae [21-24] armocdepallblK  KbICHIMJIA
XKOHE TOMEH TeMIleparypaia CIEeKTPOCKOMHSITBIK

Taxipudenep EHT13UIreHIMeH, JKOFapbIza
cUNaTTalfaH  Mocenenepre  OalinaHbICTBI Oyl
OarpITTaFbl  FBUIBIMH  3epTTEyJiep  MIeKTeyIIi.

KemipcyTekTi oThIHAApABI aTMOC(hEpaITBIK KBICHIMIA,
Oipak Temen (77 K-re meliin) temneparypana FTIR
(Fourier transform infrared) cnekTpoCKONHSIIBIK
3epTTey TEXHOJOTHSICHIH [25] YCHIHBIN OTBIPMBI3, OJ
BaKyyMHAaH TBIC 3epTTey Ke3iHJe JKOFapblia aTaiFaH
Mocenenep i meniMin oepei.

Ocel MakanmaHblH  MakKcaThl  KOMIiPCYTEKTi
MarepuaniapaplH  artMocdepanblk  KBICBIMIAFbI
TOMEH TEMIIEPAaTypablK KaCHETTEpl Typajbl ipremi
nepekrepai  Oepy Oousbin  TaObLIalbl, OYJ OCHI
OaFbITTaFrbl JKOFAPHI camaibl 3epTTeyJepiH KeliHri
JamyblHa, OFaH  Koca  OCBl  JKaFjaimapna
MOJICKYJIaJIap/IblH OPEKETiHe OalIaHbICThI KOOipek
nonenaeMenepAid OonmybiHa OalmaHBICTBI OfaH opi
JIOJIIpEK OHIeY KaOABIKTapbIH JAMBITYFa BIKMAI 00J1a
aJIaTBhIH >KaFJalibl YCHIHATHIH aca KYHIbI aKmapart.
Ocpunaiima, 6y 3eprrey bipikken ¥arrap YHbIMBI
kabbuimaran Typaktel Jlamy Makcarrapsina [26]

TAM 4 — Canansl 6inim sxone TAM 9 — Uunyctpus,
WHHOBAIlMA  JKOHE  MH(QPAKYpBUIBIMFA  COHKec
MIHJETTepre coiikec kememi. byn skaHa nepexrtepmi
STEM OGarpiThl 6ap TEXHUKAIBIK YHUBEPCUTECTTEPAIH
JKOFapbl ~ OKY  OpPBIHIAPBIHBIH  CTYAEHTTEpiHe
apHaJIFaH OKYJIBIKTap/bl, COHIai-aK NHHOBALMSIIBIK
SHEpreTMKa  cajachlHa  apHAIFaH  TEOPHUSUIBIK
JIEPEeKTepIi a3y Ke3iHjie nainaianyra 00masl.

3epTTey MaTepuaJAapbI MeH JicTepi

ATtMmocdepabix KBICBIMIA  KOMIPCYTEKTi
MaTtepuaIapIbl TOMEH TeMIIepaTypabl
CHEKTPOCKONMSJIBIK  3€PTTEY/iH JKOFaphl Carlabl
HOTIDKEIIepiH ally YIOiH TOeMEH TeMIlepaTypaHbl
OJIICHTIH  YAIMIBIKIEH  KPUOTEH/i-KalUIIPIIBIK
JKYMEHI  KOJNJIAHBIIT — TOKIpUOenep  Kyprizemis.
KemipcyTek CEKTPOCKOMMSUTBIK JePEKTePl Typalbl
HaKThl aKmapaTTsl KaMTaMachkl3 eTy YmiH 0i3
Infraspec-ren 370-7800 cm™ nmanasomemma 0,125
cM ! CHeKTpIK  aXBIPAaTBIMIBLIBIFEL 0ap KOFAphI
nmonikreri opra wHOpPaKe3bl Dypbe TypreHOipy
CIIEKTPOMETPiH KommanaMeI3 (1-cyper).

1-cyper — JJuddy3as! marsuibicy Tipkemeci 6ap «FSM 2203y undpakpizbun @ypbe criekTpoMeTpi

ATMmocdepanbik KBICBIM/IA TOMEH
TeMIIepaTypaibl b dy3abt HIAFBLIBICY
CIEKTPOCKOMHUSACH OOMBIHINIA HKCIIEPUMEHT XKYPri3y
ywin Oisre oOchl Karmaiuiapga  KeMipCYTeKTi
3aTTapsl 3epTTeyre MYMKIiHIIK Oepetin
KOHJIBIPFBIHBI d3ipiiey Kaxker Oomasl. FSM 2203
CIIEKTPOMETPIiHIH KIOBETTIK O6JiriHJe OpHaNacKaH
i GY3UIIBIK  MIAFbUTBICY TipkeMmeciHae (2-cyper)
3epTTENCTIH  YJTHIH  TEeMIIEpaTypachlH  pETTey
MYMKIHITiHE 0acThl Hazap ayJapbuUiajpl.
Temneparypansl 77 K geiiin TeMeHaeTy MYMKiHAIT
epekie MaHbI3bl. JJudPy3usIIbIK MIaFbUIBICY JJIICIH
KOJIIaHy YJITiHI TafbIHAayFa eH a3 TaJanTap/Is! Tajam
eTei JKoHe Teric emec OeTrTep MEH opTypii
JKaOBIHAAP/ABI, COHBIH  INIIHAC  MOJIMMEPIIEPIi
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3epTTeyre MyMKiHAik Oepeni. CoHbIMEH Katap, Oy
oJic KeH ayKbIMJa CIEKTPIIK TajjiayFa MYMKIHIIK
Oepesi, MyHBIH JQCTYPJl OTKI3y OJIIIey 9iCTepiHe
KaparaH/ia apTHIKIIBLUIBIFEI 0ap.

By TipkemeHiH opTanbIK Kypamjaac OemikTepi
allHa  JKYHECIHEH  JKOHE  ChlHAMa  YJriaepi
OpHAJIACTHIPBUIATBIH TAPTHUIATHIH YJT1 YCTaFbIILITAH
Typansl (2-cyper, 4-3aT). MukpomeTpaik Oypanna (2-
cypeT, 1-3aT) yJari YCTaFbIIITBIH TIK OPHBIH ©3repTy
YILIiH TaijanaHbuiagsl, OarbITTaFbIITH (2-cyper, 5-
3aT) OHBIH CBI3bIFbI OOWBIMEH JKBUIKBITY apKbLIbI 013
KeJIZICHEH KYHIi e3repTe anambi3. Tipkemere TYCeTiH
COyJie OHBIH KipiC TECITiHEH OTill, €Ki JKaKThI JKaJIaK
aliHara tyceni (2-cypert, 2-3at). ComaH keiiH Oy
COyJIe DIUTUITUKAIIBIK aifHara Kapaid MaFbUTbICa b (2-
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cyper, 3-3aT), O OHBI TapTBHUIATHIH YCTaFBIIITHIH
ImiHAeTI ChIHAK YATICiHIH OeTiHe OarbITTaimbI.
Ynrinig OetineH AuQQYy3UsITBIK MaFbUTBICKAH COYIIe
OHBI  chepanslk  affHara  (2-cyper,  6-3aT)
OaFrBITTANTHIH DJUTMNITUKANBIK aifHara Kapai KakTta
OarprTTamanel. ComaH KeWiH IIaFbUTBICKAH CayIie
FSM 2203  cmexTpoMeTpiHiH  JETEKTOPIBIK
KaMepachlHa Kipep ajAblHAa €Ki JKaKThl IKa3bIK
alfHaHBIH KapaMa-Kapchl )KaFbIMEH COKTBIFBICAJIBL.

Anpiaran MK-criekTprepaiH anFamksl eHAEY1
FSpec Oarmapnamanblk KYpaJbIHBIH KOMETIMEH
XKy3ere acelppUiaabl, Kedinri Tammay — Origin
OarmapiiaMaiblK  KYPaTbIHBIH KOMETIMEH JKy3ere
aCBIPBLIAIBL.

TipkeMeHiH  TapTBUIATBIH  YCTaFBIIIBIHBIH
YSAIIBIFBIHBIH 1IiHIeri CBHIHAK yIriciHig
TEeMIIepaTypacblH TOMEHAETYre KOJ JKEeTKi3y YIIiH
CTaHJAPTTHl YJTi YCTaFbIIITHIH HETi3iHAE apHaibl
o3ipiieHTeH Moau(UKaus XKy3ere achlpbuiasl (3-

Cyper).

1 — mukpomeTpiik Oypansa; 2 — eKi )KaKThI Teric
aifHa; 3 — JJUIMNITUKAIBIK aifHa; 4 — TapThUIATBIH
YIIT1 YCTaFbIIT; 5 — OaFbITTAyIIBL, 6 — cepanblk aitHa

2-cypet —1udy3usibiK marbUIbICy TipKEMECiHIH
CXEMaJIbIK KepiHici

a) 9) 6)
a) CTaHAApTThl TapTBUIATBIH YJI1 YCTaFbllllbl, 9) JKMHAKTAIFaH HBICAHAAFbl KaHAPTBUIFAH
MaMaHJaHJBIPBUIFAH TApPTBUIATBIH YT  YCTarblllibl, O) OeJIeKTeNreH HBICAHAAFBl JKaHAPTHUIFaH

MaMaHJaHIbIPBUIFaH TAPTHUIATHIH YIIT1 YCTAFBINBL. | — YCTaFBII TYTKACHI, 2 — )KBUTY OKIIAYJIaFbIII YCTAFbIII
KAaKIarbl, 3 — KpHOTeHA1-KallMUISIPIIBIK JKYHe, 4 — TeMreparypa ceHCOophI (TepMornapa), S — KOHTEHHep

3-cyper —TapThUIaThIH YCTAFBIIITHIH YIII ©JIIIEM/II MOZCI

¥YCTarbllTBIH  JKETULIIPUINEH  JU3alHBI Kl
HETi3ri MaTephasibl KAMTHJbI: TOJWIAKTU JKOHE
MbIC. HakTbl yCTarblll KOMIIOHEHTTEpi YILUiH Oy
MaTepuaniap/pl TaHJay OJapJbIH COWKEC >KBUTY
OTKI3TIIITIK KaCHETTepiHe HerizaenreH. JKputyeTkis-
rimriri mamamen 0,11-men 0,19 Bt/mM*K-re neiin
OoJIaTBIH TMONMJIAKTHJl MBIC ©3€KIIere Je, eJIeM
YAIIBIKTapPEIHA ~ OpHANACTBIPBUIFAH  YATiIepre Je
CBIPTKBI TEMIIEpaTypaHbIH KaFbIMCBI3 9CEpiHe KapChl
TYpY YLIIH TaHIAJIIBI.

Yorinepal opHajgacThIpyFa apHalfaH IUJIHH-
JIPIIIK TecikTepi (YmbIKTapsl) 6ap e3ekuie (3-cyper,
5-3aT)  KpMOTCHOIK  KamWUIAPJIBIK  JKYHEeMeH
KaMTaMachl3 eTUITeH TEeMIIepaTypaHbIH >KbUIIAM
JKoHe OiIpKeJIKi TapaaybIHa KOJI )KETKI3Y YIIIH )KOFaphl
JKBUTY OTKISTIINTIrT 0ap MaTepuanjaH >KacaliFaH.

Kpuorenaik KanuuispisiK KyieHiH o3i 1e (3-cyper,
3-3aT) coit cebenTepMeH MBICTaH jKacaliFaH.
3eprrenetrin yarinepai 77 K Ttemmeparypara
JEHIH  CalKbIHAATy  KPHUOTCHII  KalMJUISPIIBIK
’KYHEHIH MBIC TYTIr1 apKbUIbI CYHBIK )KOHE T'a3 TOpI3ai
A30TTBIH  Y3AIKCi3  aFblHBl  apKbUIBl  JKY3€ere
acwIpbUIaabl. MBIC TYTIK, MBIC ©3€K IEH YSIIBIKTAp
apachlHIaFbl THIFBI3 OaiIaHbIC, MBICTBIH JKOFaphI
JKBUTY OTKI3riIITIriMeH 0ipre MaTepHaIblH KaXKeTTi
TeMmreparypara JAediH Te3  CaJIKbIHIATBHUIYBIH
KaMTaMachI3 eTelli. MbIC 03eKIIeHIH TeMITepaTypackl
LakeShore PID (Proportional-integral-derivative)
KOHTPOJIJIEPl apKbLIbl CHIPHIKTHIH OeTiHE OCKIiTUITeH
TepMoIapa apKbeUIbl OakbLIaHaas!l (3-cyper, 4-3ar).
CplHaK YITUIepl KPHOTCHMIK KaNMIISAPIBIK JKyie
apKBUIBI a30T aHAJIBIMBIH TOKTATy apKbUIbI KbI3abl,
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ocbUlaiiia yiri MeH KOpIIaraH OpTa apachbHAarbl
TEPMOINHAMHUKAIIBIK Tere-TeHIIKT1 KaJIIbIHA
kenrtipeni. KpuoreHmik KamuumsIpiIslK >KYHEHIH MBIC
TYTIKTEpi apKbUIbl Q30TThl AHHATABIPY YILiH apHAbI
Jlproap BIOBICBIHAA KBI3IBIPY APKBUIBI  JKOFApBI
KBICBIM JKacajajpl. by mpomecc a30TTHI BIABICTaH
KPHOTEH1  KamWUIAPJBIK  KYHere  IIbIFaphill,
YIITinep i cankplHAaTyFa MYMKIHAIK Oepei.
Kprorenmi kanmmurmspiplK JKyHe >KOFaphima
atanran Jlproap BIIBICEIHA THIFBI3NAIFAH OeEKiTy
XKyHeci apKbUIbI KochlIasl (4-cypeT). byl KOHIBIPFBI
CYHBIK >koHE Ta3 Topizmi azorteiH (77 K) wbic
KanWJUIApJIapbl apKbUIbl TYPAaKTHl aifHAIBIMBI Oap
TOMEH TEeMIIepaTypaibl YSIIBIKTa aTMOC(EpPaIIbIK
KBICBIMJIa YJTUIEpAl CalKbIHAATY YLIIH apHaFaH.
Konpgpiprer [ptoap binbiceiHan (TepMoc) (4-cyper, 1-
3aT), OekiTy skyiecineH (4-cyper, 3-3aT), KbUIy
OKIIIAYJIaFbIl JKa0bIHMEH JKaObUIFAaH MBIC TYTIKTCH
(4-cyper, 4-3at), maHomerpaeH (4-cyper, 2-3aT),
ANEKTP KOCBUIBIMBIH JKOHE KBI3ZIBIPFHIIITAH KEepPHEY
Kely YIIiH 3JCKTPIiK  KBICKBIIIKA apHAJIFaH

KOHTaKTiIepaeH (4-cyper, 6-3aT), TePMOCTBIH ilIiH/Ie
apTHIK KBICBIM/IBI OOJNIBIpMayblHA apHANFaH Kepi
KiananHad (4-cyper, 5-3aT) Typasl.

OKCIIepUMEHTTI 0acTay VIIH KOHIBIPFBIHBIH
naiiianaHyra JailblH eKeHIHe KO3 KETKi3y Kepek:

1) Kprorenmik KamuISIpIIBIK JKyHere KOCBUTFaH
Jbroap BIIBICEI MBIKTAlN >KaObUTFaH, Kepi KiaraHbl
KENTEeIMETeH >KOHe MaHOMETp (KBICBIM CEHCOPBI)
kemiazge 6 psi (0,4 aT™M.) KICBIMIBI KOPCETEMI.

2) Ke3apIprpimTan OepisieTiH KepHEeY BIABICTHIH
iriHgeri OaiIaHpIC AIIEMEHTIHE Oepieli )KOHE KbUTY
KeHeroiHe OalIaHBICTHl  KAMMILIAPIBIK  JKYHEHIH
T HE aifHATATBIH CYHBIK a30TTHI KBI3IBIPAITIBI.

3) Kpicka TtyiibIKTanyasl OonaplpMay  YHIiH
KOHJBIPFBIHBIH ~ 0acka  MeTajul  OejiKTepiMeH
ANEKTPITIK OalIaHbIC KOK

4) Tepmomapa LakeShore PID konTpomiepiMexn
JIYPBIC KYMBIC icTelai

5) TyrikTep a30T aliHAJIBIMBI KE3iHIe KOpIaraH
OpTaMeH XbUTy OTKI3TIMITIKKE >XOII Oepmey YIIiH
JKBUTY OKIIAYJIAFbINI >KAOBIHMEH MYKUST KaObUIFaH.

4-cypet — Kpuorenai kanmuisipibIK Kyiie skoHe proap bIIBICH (TepMOocC)

OKCIEPUMEHTTIH Ta3aJbIFBIH KaMTaMachl3 €Ty
yiriH auddy3apl MIaFbUIbICY TipKEMECiHE YpIIETy
JKyheci canblHabl. Tipkemere as3oT Ta3blH €HTi3y
apKbLIbl YITIIEp MEH MBIC ©3€KTI as3 Ty3UIyaeH
Kopram KaHa Koiimaii, MK-Oencenmi emec opraHbl
KYpPY apKbUIbl TOKipHOEHIH TYTaCTBIFbIH CAKTAHTHIH
WHEpTTI opTa >kacananusl. ToxipuOenik omicreme-
MI3OIH Keleci Kagambl KOFaphla aTajFaH YpJIeTy
JKYHECIH, Ta3JaHIbIPFBIITHL JaWblHAAY — Ta3[aH-
JBIPFBILITHIH TEPMETHKAJIBIFBIH KaMTaMachl3 €Ty,
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ra3AaHbIPFhIII BIIBICHIHA A30TThI KYIO, CAIKBIHIATY
Ke3iHjae yaruiep/e ¢y OybIHBIH TYHOAChIH OOJIABIp-
May yuriH xone iminge UK-cayne etetin auddysast
nrarpuIbIcy TipkeMmecin uHepTTi UK-Oencenai emec
OopTaMeH KaMTamachl3 €Ty YIIiH OHBI CIIEKTPO-
METPAIH KIOBETTIK OeJiirine pe3eHke KyObIpIIeTiMeH
Kocy. ['a3nanabIpreIThl JalibIHAAY TOMEHE erKel-
TeIKeHsIl cunarTairaH:

1. MaHoMmeTpaeri MHe HOINAl KepceTil TypFa-
HBIHA KOHE Ta3JaHIbIPFBILTHIH J{pI0ap BIIBICHIHBIH
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0oCc eKkeHiHe, JXKOHE a30TIIeH TOJTHIPYFa JalbIH
eKeHIHe KO3 KETKi3y, COAaH KeWiH FaHa BIABICTHIH
KAaKIarbIH aIlly.

2. KyOsbIpiek exi Tecikke J1e MBIKTam OeKiTiim,
a30T aFfblll KeTIeC VIIIH CaHbUIayJIapbl OOIMaybl
KEpek.

3. A30T ra3bIHBIH JKaKChl aFbIHBIH KaMTaMachl3
eTy YWiH OapibelKk paguaTopiapAa asi3 KOFbIH
TEKCepy.

4. I'a3maHBIPFBINI TONTHIPYFa TalbIH OOIFAH/AA,
Oacka J[proap BIABICHIHAH a30TTHl OHBIH BIABICHIHA
abaiiman Kyto/iel Oacrtay.

5. BIOBICTBIH KaKmarblH MBIKTal >Kaly >KoHE
OHBIH MaHOMETpPi KOCHIMIIIA KBICBIM KOpPCETETiHiHE
KO3 JKETKi3y.

6. KyOBbIpIiiek YIITbIH a30TThIH KEACPTiCi3 aFryblHa
TEKcepy.

['a3maHabIpFBIITEIH  KYPBUIBIMBL ~ 5-CypeTTe
KepceTiiareH — biabic (5-cypeT, 1-3aT) a30T cakrayra
apHaFaH, eUTKeHi o na [[proap BIIBICE, MAHOMETP
(5-cyper, 4-3aT) BIIBICTHIH IMIHIEC APTHIK KBICHIMIBI
KepceTeni JKOHE a30TTHIH IIAMaMEeH CapKbLIy
YaKbITBIH €CeNTeyre KOMEKTeCeadi, CIEeKTpOMeTpre
KOCBUIFaH pe3eHke KyOwipuiek (5-cyper, 2-3aT)
IuQPy3usanplK  marsuibicy  Tipkemecin UK
CoyJelIeHyre WHEePTTI a30THeH KaMTamachl3 eTel,
a30TTHI TaCHIMAJI/IayFa apHAIFaH KalWUIAPIIBIK TYTIK
(5-cyper, 5-3aT), KBITYBI OTKI3yre apHAIFaH JKOHE
TEK a30T ra3plH Oepyre KOMEKTECEeTiH paauaropiap
(5-cyper,  3-3ar),  a30TTBIH  aFblll  KETYiH
OonaeipMaiiTeiH  Kakmak —(5-cyper, 8-3aT), asor

arbIHBIH peTTeyre apHanran myMek (5-cyper, 6-3at),
apTHIK KBICBIMHBIH aJJbIH allyfa apHaJFaH Kepi
kiaman (5-cyper, 7-3at).

.“"";/4

5-cyper — Uneprti UK-0Oescenii eMec opra yIIiH a30T HIbIFApPaThIH I'a31aHIbIPFbILI

KoHTeliHep  yAIIBIKTapbIHAAFBl  YITUIEPIiH
TeMIIepaTypachl OJIap/Ib a30T  arbIHBIMEH
CANKBIHIATy HEMece a30T AaifHaJBIMBIH TOKTaTy
apKbUIBI KBI3ABIPY Ke3inae esrepeai. Crnekrpai amy
Ke31HJe YAriIepIiH HaKThl TEMIIEpaTypachiH O1yiMi3
Kepek. YJri TemreparypachblH enmey YmiH 0i3
LakeShore Model 325 kpuorenai PID Temmneparypa
perrerimrine KoceUFaH E-TunTi (XpoMenb JkoHE

KOHCTaHTaH) TepMOINapaHsl naiaaitaHambl3. KoHt-
pojutep uHTepdelicineH 0i3 OacTamkel TemIepa-
TypaHbl, 06JIMe TeMIepaTypachiH, TepMoIapa TYpiH,
TEpMOIIapaHbIH TYHpEYilliHiH IIBIFBICHH (A Hemece
B) sxoHe T.0. Tamail anampI3.

Konrtpomnep eki 0ejek MPONOPIHOHANIbI-
uHTerpanablK-TyelHaAsl  (PID)  OGackapy uumkdiin
KamTamachl3 eteqi. PID anroputmi TemmnepatypaHbiH
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OpHATBUIFAaH MOHI MEH 0acKapy CEHCOpbIHAaH Kepi
OaifmaHpIC Heri3iHae 6acKapy IIBIFBICHIH aHBIKTAHIBI.
Ken kenemzi TeHIIey ONIMSIIaPBIHBIH aPKACHIH/A OJ1
KPHOTEH1 CaJIKbIHAATY JKYHeJepiHiH KemuIiiriMeH
’KOHE KOITEeTeH IIaFblH JKOFaphl TeMIlepaTypaibl
remTepMer  yiseciMai. JKorapel  aKBIPaTBIMIBI-
JBIKTAaFbl  OUQPIBIK-aHAJOTTBIK  TYPACHIIPrim
Oipkenki Oackapy IIBIFBICBIH KamMTaMachl3 €Tei.
[atigananymsirap PID MoHzepiH KoiaMmeH opHarta
anmasel HEMece PeTTey MpPOLECiH aBTOMATTHI TYpHe
perTey YIIIH aBTOMAaTThl peTTey (YHKUHUSICHIH
naiianaHa ajgabl.

Kprorenmi KanmwuispiabelK S>KYHEHI YSIITBIKKA
Kocbit, obl FSM 2203 UK ®ypbe-crieKTpoMeTpiHiH

immageri  auddy3apl  mWArbUIBICY  TipKeMeciHe
OpHANACTBIPBIN, 013 ToxipuOemi3ai OacTaMbI3.
KemipcyTekTi 3aTThIH KpHCTaliaHy HYKTeCiHe

KETKeHHEH KeHiH Temmeparypa TOMEHIETeHIiKTEeH,
6i3 opbip Oipueme Oenrimi  Temmeparypana
CHEeKTpIepai amaMbl3. bBi3MiH MaKcaTTapbIMBI3IBIH
0ipi — aTMoc(epaliblK KbICHIMIIAFbl JKOHE a30TThIH
KaifHay TemmeparypacbiHnarsl (77 K) xemipcyrek-
TepAiH (QHU3UKA-XUMISUTBIK KacHETTEepiH 3epTTey
JKOHE OCBI JKarjaiiapia YATUIepIiH CHEKTpJepiH
amy. Ynri TemmepaTypackl ©3iHIH MWHHMAaJIbl
HYKTeciHe xeTkeHne >koHe PID xontpomiepi 77 K
MoHiH kepceTkenze, 0i3 FTIR crnekTpiepin anaMb3
KOHE a30T AaFblHbIH TOKTATy J>KOHE TEpPMOJHHA-
MUKAJBIK TeNe-TeHIKTiH Maiina 60yblHa MyMKIHIIK
0epy apKbUIbI KBI3JBIPY MPOLIECIH 0ACTalMBI3 JKOHE
JIOJI OChbUTall op Oenriyi OipHelie TeMmmepaTtypanaa
CTIEKTPJIEP/Ii aJIaMbI3.

bizre KkaxerTi OapiblK KOHIBIPFBUIAD MeEH
acranTapiblH JaiiblH eKEHIHE KO3 JKETKI3il, TOMEH
temneparypaga (77 K) koHe armocdepaibik
KBICBIMJIa 3€PTTENETIH 3aTTapJblH (KOMipCyTeKTi
KOCBUIBICTAp/IbIH) ONTHKAIBIK KACHETTEPiH 3epT-
Teyre apHallFaH TOXKipubemizai OactaiimMbl3. DKcrie-
PUMEHT XKYpri3y VIIH KeJleci Kaaamaapabl OpbIH-
aiMBbI3:

1-ke3eH: [a3maHabIpFBII TEH KPUOTSHJI
KalMWUBIPJIBIK  JKYWeHl a30THEeH TONTHIPY JKOHE
oJapAbl Aypeic kady. Omapsl Keleci KypblUIFblIapra
Kocy: 1) MHEpTTI OpTaHbI JKacayFra apHaJFaH pPe3eHKe
KyOBbIpIeri 0ap ra3maaHbIPFBIIITEL CIIEKTPOMETPIIH
KIOBETAJIBIK OOJIriHIH KipiciHe Kocy, 2) KpUOTeHi
KamwUBIpiblK  kyeni E  Ttunmi  (xpomens —
KOHCTaHTaH) TepMornapacel 6ap LakeShore 325 PID
TeMIeparypa peTTerilliHe >KoHe TYTIK imIiHIe
A30TTHIH alHaJIBIMBIH KAKCAPTATBIH KBI3ABIPY MEH
KOCBIMIIIA KBICHIM JKacayFa apHaJFaH KbICKBIIITAP
ApKBUTBI CBIMIAPMEH KBI3JIBIPFBIIIKA KOCY.

2 -ke3eH: Texk Mukpomerp OypaHIacel MeH
TaPTHUIATHIH YCTAFBIII YIIIiH IIaFBIH OPBIH KAJJIBIPBIT
camacel sxorapbl MK criekTpiH aixy yImiH KIOBETaHBIH
iminge WK-OenceHni emec MHEPTTI a30T OpPTachlH
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CaKTay VIIH KIOBETAIBIK OOJITiH IOJUMPONUICH
JKOHE TIOMITHIICH TUICHKachIMeH kaly. Aya meH N2
MOJIEKYJIaJIbIK CaJIMaKTaphl CAJIBICTBIPMAlbl YKCAC
OonFaHIBIKTAaH, MYHIAH OpTaHBl CaKTay KHBIH
JKYMBIC €MeC.

3-keseH: Kopmaran opTagaH  bUTFAIIIBI
CIHIPETiH KaJIi OpOMUIIHIH aJ/IbIH aJia YHTaKTaJIFaH
YJITiCiH TapThma KOHTEHHEpIHIH  TasKIIACHIHBIH
OipiHIIl YAIIBIFBEIHA caly, OChUIaWma 013 OHBIH
CIICKTPIH allaMbI3 JKOHE OHBI HEri3 peTiHae
naianaHa OTBIPBII KEHiH OFaH ChIHAK 3aT CIEKTPIH
Oememi3. ChIHAK VATICIH €KIHII >KoHE VIIiHIII
YAIIBIKTAPFa CaTy ’KOHE YCTArblIThl JU(Qy3UsIIBIK
HIAFBUTBICY TIPKEMECIHE caiy.

4 - kezeH: Tik MUKpOMETpIIK OypaHAaHbl 9poip
yamielK yiniH Oenek perrey apksuisl MK coynecinin
€H >KOFapbl KapKbIHIBUIBIFBI 0ap YCTaFBIITHIH OPHBIH
apgpiktay. On TaObuIFaHHaH KeiiH 013 perreyai
TOKTaTaMmbI3, comaH keiiH «FSpec» kemeriMeH
YITUIepAiH CHEeKTpJepiH JKasbim, oiapasl «Originy
OarmaprnamanblK KypasblHIAa Tanjgay YIIH OCHI
MO3HULIMSHBI TaliAaJIaHAMBI3.

5-Kke3eH: YIrinmepai CankplHAATY Ke3iHIE
O0enme TtemmeparypaceiHan (290-300 K) Oacran
a30TTHIH KaliHay TeMIiepaTtypacbina aeiin (77 K) yuri
TEMIIepaTypachlH ILIbIHAWBI ~ YaKbIT PEKUMIHIE
aHBpIKTay YIOIH TeMmIeparypa peTTerilliH JKoHe
BIIBICTBIH IIIIHAETT a30TThl TYTIK apKbUIBI KapKbIH-
IOBIPAaK OKYPridy YIIIH KBI3ABIPFBILITH  KOJJIAHY
apKbUIBI CIIEKTPJIEPAL ally. AHBIPMaIIBUIBIKTAP.IBI 3Pi
Kapail curaTTay YIIiH 3epPTTEJICTiH 3aTThIH (a3aibIK
aypICYbIH XkiOepin anmay >xoHe op (pasama OHBIH
CHEKTpJIEPiH XKa3y MaHbp3Abl. Daszaiblk aybCy
TEMIIEpaTypachblHAaH OTKEHHEH KeHiH opOip HaKThI
TeMmIieparypajaa eH TeMeHri Hykte — 77 K skeTkeHme
OipHele CIeKTpIep/i alaMbl3 JKOHE OCHI HYKTEZIeTi
YJITiepAiH criekTpiaepit xazambl3. OcblAaH KeliH 613
KBI3ABIPFBINTH TOKTATaMBI3, OChUIAMIA a30TTHIH
allHaJIBIMBIH OOCEHIETEMI3 JKOHE JKbUTYJIBIK Tere-
TEHJIKTIH Haiaa 0oiyblHAa MYMKiHAIK Oepemi3. by
CHEKTpJIEpJll aJIFaH Ke3[le YTl KbI3bI, OHBIH
TeMIiepaTypachl korapeiiaTambl. OChImaH KeHiH
YJITiHIH CaNKBIHIATY OHE KBI3ABIPY CIEKTpPIepiH
CAIBICTBIPBIN,  ONApPABIH  aHbIPMAaIIBUILIKTAPBIH
CUIIaTTalMBI3.

6 - ke3eH: bi3re KaxeTTi crieKTpIiep/Ii ajlFaHHaH
KeHiH  YCTarbllUTBl  TIPpKEMEIEH, TEPMOCTaFbI
ANIEKTPIIK KOHTakTuiepni xoHe PID perrerimTin
TepMomapajapblH  aly  apKbUIbl  TaXKipuOeHi
TOKTaTambl3. bIkTrMan Kanaslk kemipcyTek Oynapbl-
HaH KYTBUTy YUIIH CHEKTpOMeTp O6JiMiH a3oT
ra3pIMeH TazalalMbI3 KOHE CONl apKbUIbl TUPPY-
3USUIBIK LIAFBUIBICY TipkeMmeciHiH xoHe FSM 2203
CITICKTPOMETPIHIH iIIiH Ta3aJaiMBbI3.

Ochbigad KeiiH 013 OCHl DKCIIEPUMEHT Ke3iHJe
anblHFaH  CIEKTPJCpAl  Tanjam,  HOTHXeIepai
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pecimaeyimi3 kepek. byn 3eprreynep MeH Toxipu-
Oemep KOMIpCYTeKTI MaTepHalfgapAblH KeITereH
CHEKTPOCKOMMSIIBIK ~ 3epTTeylepl  YmIiH  ipremi
aKmapaT peTiHIe MaizanaHbUTybl MYMKiH, ©HTKEHi
HOTIDKETIEp TOMeH TeMmIepaTrypana, OipaKk aTmo-
chepanblk KpICBIMIa anblHaAbl. bipak OyraH meuin
Oi31iH HOTIXKENepiMi3[i TOMEH TeMIepaTypabl
KOHJBIPFBUIApABI MaianaHblll KOMIPCYTEeK CHEKTp-

3epTTey HITHAKeIePi JKIHe TAIKbLIAY

Toxipube HOTIOKENEpi 6-CyperTe KenTipiireH.
3epTTeneTiH  3aT  KEPOCHUH,  JHEPrETUKANBIK,
TEXHOJIOTHSUTBIK JKoHe OacKa cananapia OThIH HeMece
epITKIII peTiHAe KONJAaHBUIATHIH KOMIPCYTEK OOJIBII
tabpuiaapl. CypeTTe KepOCHMHHIH (PYHKIMOHAIABIK
TONTapAblH TOH WIBIHAApBl, aTam aiftkanga, C-H

JIepiH CUMaTTaraH 0acka JEepeKTEepMEH CaJbICTBIPYy  OaiIaHBICTAPBIHBIH CO3BLIYHI KoHE Hinyl
MaHBI3]IBI. KOPCETIITeH.
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6-cypet — benMe TemrieparypackiHaH CalIKBIHAATHUTFaH KEPOCHHHIH CIIeKTpIiepi (Tek OipHerre
TeMIiepaTypa KepceTijireH)

Temenne Oacka aBTOpiapAbIH HOTIKENepi (7-
CypeT) >koHe Oi3/iH O3KCIEPUMEHTIIEH CaJbBICTHIp-
Manbl Tangay OepinreH. Kepinm OTbIpraHBIMBI3/IAH,
3200-3500 cm?' Tomkemap auamasoneHga C-H
CO3BLIYHI YIIiH aliKbIH TUTICOXPOMJIBIK BIFBICY Oap, C-
H wmimci  (xadimer)  ymin — 1500-1700  cm?
JMANa30HbIHAA 9JICi3 BIFBICY koHE 600-900 cm?
muanasonbiHna  C-H  winmy  (aliHanmmanbel  koHE
XKa3bIKTHIKTAH THIC) VIIIH JEpiiK JKBUDKY MKOK.
KansinTsl skarnaiijia TOJKBIH Y3bIHABIFbIHA COMKEC
KeJleTiH 0acKa aBTOpIapAblH HOTHKEIEPiHE KAThICTHI
yurin: 2800-3000 cmi-ne C-H cossury, 1300-1500
cm! C-H wminy (xaimier) xone 800 cm™ mykrene C-H
uijici (aliHaJIMaJIbI J)KOHE JKa3bIKThIKTaH) [27].

Backa Hotmxkenep 8-cyperte KepceTinreH — Oy
3epTTEyAEri KEPOCUH KAIIBIK KYHOArbic MalbIHAH
aJIbIHFaH OMOU3EIbMEH apajlacKaHbIMeH [ 28], 0i31iH
3eprreyimizgeri kepocuHHiH FTIR cmekrpnepine
colikec KeneTiH OapiblK CUMATTaMajbIK IIBIHIAD,
atan aWtkanga, C-H tepOemici, Gap, Oy Oi3miH

3epTTeyiMi3ie  KONJAHBUIFaH  eOIey  OMICiHIH
OHIMJIIITT MEH THIMIUITIH OaH 9pi pacTtaiimbl. 8-
cyperreri 1750 cM™ TOJNKBIH Y3BIHABIFBIHA COMKEC
KeJIeTiH KochiMIa mbIHBI C-O CO3bLIYbIHA XKaTalbl,
cebebi Onoansennb e oTTeri oap.

Ocpol cananarsl Oacka aBropnapsiy [29] FTIR
criekTpiiepi 9-cyperre kepceriireH. by cyperre
OacThl Ha3zap OCHI JKYMbICTa OIi3[iH HOTHXKe-
JepiMi30€H  CaNBICTBIPBUIBIIT  OTBIPFAH  KEPOCHH
KOCIAChIHBIH YJITICiHE (KepOCHH+OSH3MH) OepiireH.
bi3  amnmeiHFBI  canbICTBIpyJdapAa — OaliKanFaH
cumnaTTaMaiblK IIBIHAApAb, aTam aitkanga C-H
co3burybiH 2800-3000 cm?, C-H mimici (xaiimsr) 1500
cm?t sxone C-H winici (Tepbernic oHe Ka3bIKTHIKTaH
thIc) 800 cml-x1i kepe anambis. Kepocun GensuuMen
apajacKaHbIMeH, Oyi 3artapapiH Oapibirel  C
(xeMmiprek) sxoHe H (cyreri) KOMIOHEHTTEpiHEH
Typanbl, onapAblH TepOemici 0i3aiH 3epTTeyimizze
KapacThIPhLIAIBL.
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Backa aBTOpiapAblH CHEKTpIIEpiHE KaTBICTHI
OI3MiH CcIeKTpiepiMizae OalkamraH THIICOXPOMIBIK
BIFBICY YHTiJEpPIMI3/Ii CANKBIHAATY *KOJBIHBIH HOTH-
xkeciHme OaimanpIcThl. Bykinm toxipube armocde-
pajBIK KBICBIMIA JKYPTi3iIreHIIKTECH, CIIEKTPIICPIiH
BaKyyMJia allbIHFaH Oacka aBTOPJIAPIBIH HOTHKE-
JISPIHGH EpEeKIICIICHETIHI aHbBIK. bi3aiH 3kcmepu-
MEHTIMI3[le YJATIep OpHAJacKaH opTa a3o0TIeH
TONTHIPBUIABI, ajl 0acka aBTopjapma YaTuIep ic
KY3iHIE OpTachl XOK Bakyymaa Oomapl. blreicy
3epTTeNeTiH YITiHIH (KepocwH) CcyHbIK (aszanan
300 K temneparypanan 77 K-re paeiiiH cankpIHIa-
TBUTYyBIHA, (pa3aslblK aybICy/laH ©TyiHe OailllaHBICTHI
FTIR crekTpiHiH COHFBI HOTHXKECIHE ocep eTmeyi
MYMKIiH eMec.

JKorappiga KenTipinreH canbICTRIPMalbl Tajaay
temeH Temneparypana (300 K-gen 80 K-re neiiin)
xoHe aTMocdepaibik KpickiMaa (101 325 I1a, 1 atm)
ToxipuOenepimisae KONJAaHBUIFAaH TOMEH TeMIIe-
patypanbl YAIIBIFBI MEH KPUOTCHII-KATWIIISPIIBIK
Kyheci 0Oap KOHABIPFBIMBI3IBIH OHIMIUIIN MEH
THIMIUTITIH JOJIEIIeIi.

KopbIThIHABI

Byn wMakamaga keMipcyTeK KOCBUIBICTapbIH,
ocipece KepoCHHII, a30TTBIK YpJIETy JKyieci,

Ta3[JaHABIPFBIII  XKOHE  KOFaphI QXKBIPATHIM-
meuteikTarel FTIR - criekTpoMerpi 6ap KpuOTeHII
KanuJUISIPJIBIK KyHeHi ImaiiTanaHbIIl, TOMEH

TeMIeparypaja >oHe aTMoc(epanblK KbIChIMIa
3epTTeyre apHaIFaH TOKIPUOETiK KOHIBIPFHI KOHE
eIIey SJiCTeMeci CHUIaTTaliFaH. bi3miH KOHABIPFBI
apkbutbl ansiiFaH kepocuHHiH FTIR cnextpriepin
Oacka 3eprreymiiniep xabapmaran FTIR coekrp-
JEpiHiH  HOTWKENEPIMEH  CalbICTBIPY  apKBUIBI
JKYPTri3iIreH TeKcepy JKaKkchl Koppemsinus 0ap JereH
KOPBITHIHBIFA OKeJeIi.

¥YChIHBIIFAH ~KOHABIPFBIHBIH ~ aTMOC(epabIK
KBICBIM/]a TOMEH TeMIIepaTypajsl YATLIep i 3epTTey
MYMKIHJIIT1, 9/IETTECH ThIC XKaFAainapia KOMipCyTeKTi
3aTTapAblH KacHeTTepi MeH KYpPBUIBIMBI TYpaJbl
TyOereiini kaHa ipreni AepeKTep aiy >KOHE OHBI
aTMocQepallblK KbICBIMIa KPHOTEHAIK 3epTTeyliepre
apHaJFaH >KaHa XYMBIC 1CTEHTIH KYPBUIFBI PETiHIC
FBUTBIMA KOFaM/IACTHIKKA YCHIHY MYMKIHJIIT1 CHUSIKTBI
Oipkarap apTHIKIIBLIBIKTAPHI Oap.

AunFbIc €03
3eprreyai Kasakcran PecmyOmukacel Feuibiv

JKOHE JKOFaphl OLTIM MHHHUCTPIIriHIH  FhUTbIM
komuTeTi (TpanT Ne AP19678245) xapKbUTaHABIPIBL.
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SYNTHESIS, STRUCTURE AND HIRSHFELD SURFACE ANALYSIS
OF THE COMPLEX COMPOUND BASED ON Cd(Il) SALT AND O-PHENYLENEDIAMINE

In this paper studying the synthesis, crystal structure and Hirschfeld surface analysis of a new complex
compound containing [Cd(OPD)sS04]-H,O obtained based on o-phenylenediamine (OPD) are given. The
molecular and crystal structure of this complex compound was determined using the RTT method. In the inner
sphere of the complex, two molecules of OPD in the chelate state and one molecule of OPD in the
monodentate state are attached to the central atom. The complex compound forms a distorted octahedral
shape in space. [Cd(OPD)3S04]-H,0 complex compound syngonia is monoclinic, space group P21/c and crystal
parameters are g = 22.5631(5)A, b=8.1292(2) A, ¢ =11.6094(4) A. In the crystal structure of the complex,
5 Cd-N (2.350(5) A - 2.448(5) A) and 1 Cd-0 (2.355(5) A) bonds form an inner sphere. The crystal structure of
the molecule is formed by intra- and intermolecular hydrogen bonds of the type N---H...O and O---C...0O. In the
Hirschfeld surface analysis of [Cd(OPD)3S04]-H,0 complex compound, the main interactions are H...H (54.4%),
0...H/H...0 (26.7%) and H...C/C...H (16.7%) organizes.

Keywords: o-phenylenediamine, complex compound, hydrogen bond, Hirshfeld surface analysis, crystal
parameter.
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Cd(l1) Ty3bl MeH o-beHUNeHANAMWNH Heri3iHAET KypAeni KOCblbICTapAblH, 6eTiH
Mpwdenbg, 60MbIHLIA CUHTE3I, KYPbIIbIMbI K3HE Tanaaybl

Byn ycbiHbINFaH XKymMbicTa o-beHnneHanammuHeH (OPD) anbiHFaH [Cd(OPD)sSO4] H,O 6ap *KaHa Kypaeni
KOCBI/IbIC CMHTE3I, KPUCTaNAbIK KYPbLIbIMbI aHe Xupwdenba 6eTTiK TanaayblHbliH HaTUKenepi bepinreH. byn
KYPAEN KOCbINIbICTbIH, MONEKYIANbIK aHe KPUCTaNAbIK Kypblabimbl RTT a4ici apKplibl aHbIKTanabl. KelweHHiH,
iWKi chepacbiHAa OpTanblK aTOMFa xenat KymiHaeri eki OPD mosieKynachl }kaHe MOHOAEHTTIK KyMaeri 6ip OPD
Mmonekrynacbl OekiTinreH. KelweHai KOCbIIbIC KeHICTiKTe OypmanaHfaH OKTasAp ik niwiHA4i  Kypanabl.
[Cd(OPD)3504] H20 KOMMAEGKCTI KOCINBIC SKYMECi MOHOKNMHUKANbIK, KEHICTIKTIK Tobbl P21/c, an KpucTanapix,
napametpnepi a=22,5631(5)A, b=8,1292(2) A wore c=11,6094(4) A 6Gonbin Tabbinagpl. KeleHHiH,
KPUCTanapIK KypbiabiMbiHaa 5 Cd—N Gaitnarbicsl 5 Cd =N (2,350(5) A - 2,448(5) A) skeHe 1 Cd — 0 (2,355(5) A)
HalinaHbIChl iWKi chepaHbl Kypanabl. MoiekynaHblH, KpucTanabik Kypblibimbl N---H...O xaHe O---C...O TunTi
iWKi KoHEe MoJIeKyfaapanblk CyTekTik 6alnaHbicTap apKbiabl Tysineadi. [Cd(OPD)sSO4) H,O  kypaeni
KOCbINbICTbIH, 6eTTiK Xnpldensa TangaybiHaa Herisri e3apa apekeTtrecynep H...H (54,4%), O...H/H...O (26,7%)
*oHe H.. .C/C...H (16,7%) 6onbin Tabblnagpl.

TyliH cespep: o-GeHuNeHAMaMMH, KOMMAEKCTI KOCbIbIC, CyTeKTiK Oainanbic, Xupwdenbs OeTiHiH
aHanM3i, KPUCTaNabIK NapameTp.
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Synthesis, structure and Hirshfeld surface analysis of the complex compound on Cd(ll)...
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CWHTe3, CTPYKTYpa 1 aHa/IM3 MOBEPXHOCTM No Xuplwidensay
KOMNNEKCHOro coeanHeHua Ha ocHose conu Cd(ll) n o-beHnneHanammHa

B paHHOW paboTe npwuBedeHbl pe3y/abTaTbl CUMHTE3a, KPWUCTAN/IMYECKOW CTPYKTYpbl M aHaausa
MOBEPXHOCTU MO Xupludenbay HOBOIO KOMMEKCHOro coeamHeHusn, codepskalero [Cd(OPD)sSO4] H,0,
NOJIY4EHHOrO Ha ocHoBe o-peHuneHanamuHa (OPD). MosekyasipHaa U KpUCTanimMyeckan CTPYKTypa 3TOro
KOMM/IEKCHOro coeauHeHust Gblia onpeaeseHa ¢ UCNonb3oBaHMemM meToga RTT. Bo BHyTpeHHen cdepe
KOMM/eKca K LeHTPasbHOMYy aToMy MnpucoeauHeHbl ABe Monekynbl OPD B XenaTHOM COCTOAHMM U OAHa
monekyna OPD B MOHOAEHTaTHOM COCTOAHWMW. KomniekcHoe coeAMHeHue obpasyeT B MPOCTPaHCTBe
NCKaXeHHY0 oKTasapuyeckyto dopmy. CUHTOHUSA KomnaekcHoro coeamHenusa [Cd(OPD)sS0O4] H20 senaetca
MOHOK/IMHHOM, NPOCTPAaHCTBEHHaA rpynna P21/c v napameTpbl KpUCTasna cocTasasioT a = 22,5631(5) A,
b=8,1292(2) A n c=11,6094(4) A. B KpucTannnyeckoin cTpykType Komnnekca csaseit 5 Cd -N (2,350(5)
A -2,448(5) A) n cBasb 1Cd—0 (2,355(5) A) obpasytoT BHyTpeHHIOW chepy. KpucTannmueckaa CTpyKTypa
MOJIEKYbl 06pa3oBaHa BHYTPU- U MEKMONEKYNAPHbIMM BOAOPOAHbIMK cBA3AMM Tuna N---H...O n O---C...O.
Mpn NoBepxHOCTHOM Xuplidenba aHanmse KomnaekcHoro coeamHeHusa [Cd(OPD)sSO4] H,O ocHOBHbIMMK

B3aumogenctamamm asnaotca H...H (54,4%), O...H/H...0 (26,7%) n H...C/C...H (16,7%).
KnioueBble cnosa: o-peHnneHanaMmH, KOMNAEKCHOe CoeMHeHne, BOAOPOAHAaA CBA3b, NOBEPXHOCTHbIN

aHaAu3 Xmplidenbaa, napameTp Kpucraana.

Introduction

The OPD molecule is important in the chemistry
of organic and complex compounds due to its easy
oxidation and reduction properties [1]. Complex
compounds obtained on the basis of O-
phenylenediamine are used in medicine to obtain
drugs against cancer cells and against malaria [2,3].
In addition, OPD is used as sorbents in industrial
wastewater treatment [4]. It is known that OPD and
its complex compounds have been used as fungicides
and herbicides in agriculture for many years [5,6]. It
has been proven that the amino group in OPD
participates in an active oxidation-reduction reaction
due to easy protonation or deprotonation [7]. Also,
due to the adjacent arrangement of amino groups in
OPD, it increases the possibility of forming chelate
complexes with its metal atoms [8]. Jan-Teller effect
is observed in the [Cu(SO.)(CsHsN2)2]H2.0 complex
formed by OPD with Cu(ll) ion. When studying
single crystals of this complex compound by RTT
method, it was found that the length of N—H bonds
is 0.92 A, Cul—N2 2.014 A, Cul—N4 2.020 A,
Cul—N12.022 A, Cul—N3 2.023 A, and Cul—O1
2.2433 A [9]. A conformation phenomenon is
observed in some complex compounds of OPD. For
example, the complex compound [Ni(opda)2(NCS)-]
forms yellow and purple complexes. Both
monocrystals have spatial group P21l/c and the
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presence of N-H---S hydrogen bonds in the crystal
structure. Yellow single crystals are heated in the
temperature range of 110-120°C and quickly turn into
purple crystals [10]. Thermal and solution stability of
[Ni(CaHgNz)z(HzO)z](C1oHeOaSz) Complex for-med
by OPD of Ni(ll) ion was proved. In the structure of
this complex, 2 OPD and 2 water molecules are
located in the inner sphere. The disodium salt of
naphthalene 1,5-disulfoacid is located in the outer
sphere [11]. Chelate complexes are more stable than
monodentate complexes [12].

[Cd(CsHsN2)4](C10Hs0sS2) complex obtained
on the basis of Cd(ll) ion and OPD also forms a
chelate complex. The central atom is surrounded by 4
OPD molecules. 2 OPD molecules are connected to
the central atom in bidentate and 2 OPD molecules in
monodentate state [13].

The aim of study the crystal structure of
substances by X-ray diffraction is to determine the
position of its atoms in space [14,15]. If the exact
position of the atoms in the substance is determined,
it will be possible to determine the distance between
atoms, bond angles, bond energies and other
parameters. X-rays are generated through an X-ray
tube [16]. The free electrons coming from the heated
cathode in the X-ray tube have a high potential
between the cathode and the anode and fall to the Cu
or Mo electrode anode. In this process, X-rays are
generated with high voltage. The anode is always
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cooled by a cooling device. Generated X-rays are
processed automatically [17,18].

We used an automatic Xcalibur® Oxford
Diffraction  diffractometer  (graphite  mono-
chromator, Cu-Ka-radiation 1=1.54184 A) to
determine the structure and composition of the single
crystal obtained in this research work.

Experimental part

This complex compound, [Cd(OPD);SO4]-H:20,
was synthesized by reacting o-phenylenediamine
with cadmium sulfate crystalline hydrate in a 1:3
molar ratio (M:L) (Fig.1).

First, 0.176 g (0.5 mmol) of cadmium sulfate
crystalline hydrate salt (CdSO,4-8H;0) was taken and
a 0.1 M aqueous solution was prepared. 0.054 g (0.5
mmol) of OPD ligand was taken and its solution in
0.1 M ethanol (96%) was prepared. The reaction
mixture was first stirred at room temperature and then
at 60<C on a magnetic stirrer for 80 minutes. At the
end of the process, the reaction mixture was brought

NH,
CdSO, - 8H,0 + 3@ ——
NH,

4000 31500 1000 2300 2000

to room temperature and left for 10 days in a
thermostat with constant temperature (28+1°C).
Dark-yellow single crystals obtained by slow
evaporation method were obtained with 80% yield
and the crystal structure was studied using the RTT
method (Fig.2). The elemental analysis of the
obtained [Cd(OPD)3S0O4]-H20 complex is as
follows: determined (%) Cd 20.36, C 39.27, H 4.72,
N 15.27, O 14.56, S 5.82; found (%) Cd 20.34, C
39.19,H 4.71, N 15.21, O 14.45, S 5.79.

Asymmetric and symmetric valence vibrations
of NHzgroups in o-phenylenediamine are in the
doublet state at 3385 cm™, 3361 cm™, 3282 cm™ and
3180 cm?, and the deformation vibrations of this
group are at 1631 cm™ and 1591 cm™* observed. The
frequencies of valence vibration of the C-N bond are
observed in the region of 1273 cm™. In the 3063-3057
cm* region of the spectrum, there are bands caused
by the valence vibrations of the C-H bonds of the
aromatic ring. We can observe the valence vibration
of the aromatic ring along the plane of the ring in the
range of 1776-1919 cm™ (Fig.3).

Figure 2 — IR spectrum of OPD
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Figure 3 — IR spectrum of [Cd(OPD)3S0O4]-H.0O complex compound

In the analysis of the IR spectrum depicted in the
picture above, we can conclude that there are OH
groups located in the outer sphere of the molecule in
the high-frequency 3392 cm short region of the
spectrum. In the part of the spectrum in the doublet
area of 1456 cm? and 1506 cm?, we see the
deformation vibration of the NH;, group. Aromatic
rings vibrate due to overtone frequencies in the
absorption regions of 1653 cm™ and 1683 cm™ along
the ring plane. We can see the valence vibration of S-
O groups between the absorption areas of 1363 cm*
and 1417 cm™,

Crystal structure

In  the crystal structure  of  the
[Cd(OPD)3S0O4]-H20 complex compound (Fig.4),
there are three OPD molecules a sulfate anion in the

inner sphere, and one water molecule in the outer
sphere. Two of the OPD molecules are in the chelate
state and one is in the monodentate state attached to
the central atom. The coordination number of the
central atom is 6. Nitrogen atoms are connected to the
central atom with the help of donor-acceptor bonds,
and the oxygen atom forms a covalent bond. In the
supramolecular structure of the molecule, the distance
between atoms attached to the central atom is Cd—O1
2.355(5) A, Cd1-N1 2.373(5) A, Cd1-N2 2.403(6)
A, Cd1-N3 2.448(5) A, Cdl— Ny is 2.375(5) A,
Cd1-N5 is 2.350(5) A. Also, O1-Cdl1-N1
98.96(15)°, O1-Cd1-N2 166.88(16)°, O1—-Cd1—N3
103.79(17)°, O1-Cd1-Ns 77.97(17)° form in the
molecule. In the crystal structure of the molecule,
there are internal and intermolecular hydrogen bonds
of the type N---H...O and O---C...O (Tab. 2).

Table 1 — Crystal parameters of the [Cd(OPD);S0.]-H2O complex

Parameters Values Parameters Values
[Cd(OPD)3S0s4]-H,0O
Formula [Cd(OPD)sS0O4]-H20  Crystal Size, mm 0.00 x 0.00 x 0.00
Molecular Weight 551.46 Temperature T, °K 293
Syngonia monoclinic Theta Min-Max [Deg] 0,° 4.0, 76.1
Space group P21/c Dataset h,k,| -27: 24 ;-10: 8;-13: 14
a, 22.5631(5) Total reflexes 8493
b, A 8.1292(2) The number of independent 4265
c, 11.6094(4) Rint 0.063
o’ 90 F2>20(F?) 3349
B 99.340(3) No. of reflections 4265
' 90 No. of parameters 284
V, A® 2101.17(10) R1, wR2(1>20(1)) 0.0538, 0.1395, 1.03
Z 9 Apmin/maxeA_3 -1.67,1.84
Dyg/sm? 1.742
u(CuK,), mm? 9.645
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a)

b)
Figure 4 — (a) Molecular structure of the complex [Cd(OPD);SO4]-H-0 and (b) Plotting of the complex
compound [Cd(OPD)sS04]-H20 along the c axis (blue lines depict hydrogen bonds)

Table 2 — Geometry of hydrogen bonds of complex compound [Cd(OPD)3;SO4]-H.O

D-H-A D-H A H+AA D44 DHA, burchak
N1---H1A...O3 0.8900 2.1200 2.986(8) 164.00
N2---H2A...02 0.8900 2.3100 3.085(8) 145.00
N2---H2B...O1 0.8900 2.2200 3.024(6) 150.00
N4---H4B...05 0.8900 2.0600 2.947(9) 174.00
N5---H5A...02 0.8900 2.0800 2.915(8) 156.00
N5---H5B...02 0.8900 2.5700 3.345(8) 146.00
N5---H5B...03 0.8900 2.3100 3.137(7) 154.00
05---H5C...03 0.8500 1.8800 2.713(9) 167.00
0O5---H5D...02 0.8500 2.2900 3.118(9) 165.00
05---H5D...04 0.8500 2.4900 3.139(10) 134.00
N6---H6A...0O1 0.8700 2.3200 3.019(6) 137.00

Symmetry codes: X,3/2-y,-1/2+z # X,1/2-y,-1/2+z # 1-X,1-y,2-z # X,3/2-y,112+z # x,1/2-y,1/2+7 # X,1+y,z
# 1-X,-1/2+y,5/2-z # -X,1/2+y,3/2-7 # 1-X,1/2+Yy,5/2-7 # -X,-1/2+Yy,3/2-7 # X,-1+Y,Z

180°
<2

NI—HIA...O03

N

| N2--H2B...O1

05—-HSD...04

Figure 5 — 3D Hirshfeld surface of the complex compound [Cd(OPD)3;S0.]-H20 by dnorm

Hirschfeld surface analysis allows visualization
of weak interactions within a molecule. It also
represents the share of the particles in the molecule in
the total structure of the molecule through electron
densities [19,20]. Hirschfeld surface analysis of this
complex compound was performed using Crystal
Explorer 21.5 software. The red spots on the

Hirschfeld surface represent interactions close to the
surface of the molecule. Also, these spots represent
hydrogen bonds in the crystal structure of the
molecule. In the complex compound
[Cd(OPD);S0.]-H,O, there are N1---H1A..0O3
hydrogen bonds between the third oxygen atom
located in the inner sphere and the NH2- group of the
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molecule. Also, between the water molecule located
in the outer sphere of the complex and the inner
sphere of the molecule, there are intermolecular
hydrogen bonds of the type O5---H5D...O4. In the
inner sphere of the complex compound, there are
internal hydrogen bonds of the N2---H2B...01 type
between the sulfate anion and the NH2 group. On the
Hirshfeld surface of the complex compound, the
standard sizes of red and blue spots according to
dnorm are -0.6676 and 1.2204, respectively. On the
Hirschfeld surface, the van der Waals radii of the red
colour molecule indicate close interactions. The blue
spots show interactions far from van der Waals radii
[16]. In this complex compound, hydrogen bonds

H.H S34%

WU TU T TR

form the main part of the red spots located on the
surface of Hirshfeld. The Hirshfeld surface area of the
complex is S=414.80 A2 and the volume V= 517.63
A3 (Fig.5). Also, the interaction of internal particles
in the structure of the molecule was determined using
the two-dimensional functions di and the interactions
on the crystal surface. The main interactions in the
molecule are H...H (54.4%), O...H/H...O (26.7%) and
H...C/C...H (16.7%). These interactions create spikes
with tip and side growth in the two-dimensional
fingerprint image (Fig. 6). Usually, the percentage of
hydrogen bonds is higher on the sides of the
fingerprint image [21, 22].

" O H/H..0 26.7% =

Y ITIT IR T D e au e s mra e s

H.CC_HI67%

TR U TUTS TR TR I 2T AR

0.0CC..007%

I IT I EUETU TZ TV TE TR

Figure 6 — 2D fingerprint diagram of the [Cd(OPD)3SO4]-H,O complex

Conclusion

In short, for the first time, a complex
compound with the composition
[Cd(OPD)3S04]-H,0 was synthesized based on OPD
and its single crystals were obtained. The molecular
and crystal structure of the obtained single crystals
was studied using the RTT method. The bond angles,
the distance between bonds, spatial shape and other
crystal parameters of this complex compound were
determined. Hirshfeld surface analysis of the obtained
complex compound was performed in the Crystal
Explorer 21.5 program. In the crystal structure of the
complex, hydrogen bonds are represented by red
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spots in the Hirshfeld surface analysis. The
interaction of the particles in the molecule and the van
der Waals radii were determined. Also, in the IR-
spectrum analysis of the formed complex compound,
the deformation vibration of the OH group in the 3392
cm?® region and the doublet state deformation
vibration of the NH; group in the lower frequency
1456 cm™ and 1506 cm-1 regions of the spectrum is
observed.
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PRODUCTION OF MELAMINE USING THE ELECTROLYSIS METHOD

Melamine is the most important raw material in the paint industry and in the production of plastics.
Melamine is also widely used in electrical engineering and textiles. Such widespread use has led to rapid
growth in melamine production worldwide. The products of the organic synthesis industry are used in many
fields and differ from other industrial products due to their different structure. Currently, the synthesis of
melamine is carried out at high pressures and high temperatures or in the presence of catalysts, which
complicates the technology.

In this article, the technology of obtaining melamine using the electrolysis method is studied. The
characteristics and schematic structure of the experimental device are presented. The synthesized melamine
was analyzed using IR spectroscopy and NMR spectroscopy to confirm its chemical composition and structural
properties. The IR spectra revealed characteristic peaks corresponding to primary amine groups and the
triazine ring, confirming successful melamine synthesis. The study demonstrates the feasibility and advantages
of using electrolysis for melamine synthesis, including reduced environmental impact and simplified
technological processes. This innovative method holds significant potential for industrial application, offering
a more economical and eco-friendly solution for the production of melamine and other organic compounds.

Key words: melamine, electrolysis, urea, ammonium chloride, IR spectrum, power source.
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D/IeKTPO/IU3 dAiciMeH MelaMUH eHaipy

MenamnH bosay eHepKacibiHAEri }aHe NaacTMacca eHAipiciHAeri eH MaHbI3/bl LWWKI3aT 60nbin Tabblnabl.
MenamnH sNeKTPOTEXHMKA MEH TOKbIMa 8HepKacibiHAe Ae KeHiHeH KonaaHbliaabl. MyHaal KeHiHeH KonaaHy
BYKiN anemae menaMmH eHAIPICIHIH, Kblngam ecyiHe akenai. OpraHuKanblk CUHTE3 eHepPKaCiBiHiH, eHIMAgePI
KenTereH cananapfia KOAAAHbINAAbl »KIHE KypblbIMbl 3pTypAi HonfaHApIKTaH 6Gacka eHepKacinTiK
eHiMOepAeH epeKkweneHeai. Kasipri yakblTTa MeNamMmH CUMHTE3i »KOFapbl KbICbIMAA XOHE Kofapbl
TemnepaTypaZa Hemece KaTa/nM3aTopaapAblH, KaTbICybIMEH Ky3ere acblpbliagbl, Oyn TexHONOrMAHbI
KMblHAATaabl.

byn MaKanaga 31eKTpOAM3 dAiCiMeH MelaMWH  afly TexXHONOrMACbl 3epTTenedi. IKCNepuMeHTTIK
KYPbINFbIHbIH CMMaTTaManapbl MeH CXeMasblK KypblabiMbl HepinreH. CuHTe3aenreH MenamuH XMMUANbIK
KypPambl MeH KypblabIMAbIK KacnmeTTepiH pactay YwiH WMK-cnekTpockonua xaHe AMP cnekTpocKonuAcsl
apKbinbl TangaHabl. VK cnektpaepi menammHHIH, CTTI CMHTE3iH pacTalTbiH BacTanKpl amuH TONTapbl MeH
TPUA3MH CaKMHaCbiHa COMKeC KeneTiH cunaTTamasblK WhiHAAPAbl aHbIKTaAbl. 3epTTey MenamuHAj CUHTe3aey
YWiH 31eKTpoan3ai nanhganaHyablH OpPbIHAbIAbIFbI MEH apTbIKLWbIAbIKTAPbIH KepceTedi, COHbIH, iliHAe
KOpLUafaH opTafa acep/i a3alTy KaHe OHaWNaTblAFaH TEXHONOMMANBIK TexHoNorMANap. byn MHHOBaAUMANBIK,
94iC MeNammH KaHe Backa Aa OpraHMKablK KOCbIIbICTapAbl OHAIPY YWIiH YHEMA] KaHEe 3KONOTUANbIK Tasa
WeLlim YCbIHa OTbIPbIN, BHEPKICINTIK KONAAHY YLWiH alTap/ablKTal aneyeTke ne.

TyliH ce3fep: MenammH, aSNeKTPONN3, MOYEBUHA, aMMOHUI xnopuai, K cnekTpi, KyaT Kesi.
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Mpoun3BoACTBO MelaMMHA METOA0M 31EKTPONM3a

MenammH ABNAETCA BaXKHEMLIMM CbiPpbEM B JIaKOKPACOYHOW MPOMbIWAEHHOCTU M MNPOM3BOACTBE
nnactMacc. MenammuH TaKkKe LWMPOKO MUCMONb3YETCA B 3/IEKTPOTEXHMKE U TEKCTUIbHOW MPOMbILLAEHHOCTY.
Takoe WKMPOKOe NPUMEHEHME NpuMBENO K ObICTPOMY POCTy MPOM3BOACTBA Me/fiaMMHA BO BCEM MUpE.
MpoAayKuMa NPOMbILAEHHOCTU OPraHMYECKOro CMHTE3a MCMNOb3YETCA BO MHOTMX 061aCTAX M OTAMYaeTCA OT
APYrUX MPOMbILLJEHHbIX MPOAYKTOB CBOEM WMHOM CTPYKTYpol. B HacTosllee Bpemsa CUHTE3 MenamuHa
OCYLLECTBNAETCA NPU BbICOKMX AaBAEHUAX N BbICOKMX TeMMepaTypax UAM B MPUCYTCTBMM KaTasM3aTOPOB, YTO
YC/IOXKHAET TEXHONOTUIO.

B f@aHHOM cTaTbe M3y4YaeTca TEXHOIOMMA MNOAyYeHMA MeNaMMHa METOAOM 31eKTPOAM3aA. TpeacTaBieHb!
XapPaKTEPUCTUKM U CXEMATMYECKAA CTPYKTYPa IKCNEPUMEHTANbHOIO yCTpocTBa. CUHTE3MPOBAHHbIN MeNammH
6bl1 NpoaHaNM3MpoBaH ¢ nomollbto MK-cnekTpockonum n AMP-cnekTpoCcKoNMM ANnA NOATBEPXKAEHMA €ro
XMMMWYECKOTO COCTaBa M CTPYKTYPHbIX CBOMCTB. MIK-CNeKTpbl BbIABM/IM XapaKTepHbIe MUKW, COOTBETCTBYHOLLIMNE
NepPBUYHBLIM aMUHOTPYMNMNaMm M TPUA3MHOBOMY KOJIbLly, YTO MNOATBEPKAAET YCMNELWHbIM CMHTE3 MeNamuHa.
NccnepoBaHme Ae@MOHCTPUPYET OCYLLLECTBUMOCTb U MPEMMYLLIECTBA MCNOIb30BaHMUA 31EKTPOAN3A ANA CMHTEe3a
MeNaMMHa, BK/IOYAA CHUMKEHME BO3AEWCTBMA HA OKPYMKAIOLYHO cpeay WU ynpoLeHWEe TeXHOMOrMYEeCKMX
NPOLECCOB. ITOT WMHHOBALMOHHbLIA METOA, MMEET 3HAUMTE/IbHbIM MOoTeHUMan AA8 NPOMbILLAEHHOTO
npuMmeHeHuns, npeanaraa 6osee sKOHOMUYHOE W 3KOJIOTMYHOE pelleHMe AnA NPOM3BOACTBA MeflamuHa U
APYTNX OPraHNYECKUX CoeANUHEHNIA.

KntoueBble cioBa: menamuH, 31eKTPON3, MOYEBMHA, XN0PWA aMMOHKA, MK-CNeKTp, MCTOYHMK NUTaHKWA.

Introduction

Melamine is a key organic chemical
intermediate with a wide range of uses. Melamine is
the most important raw material in the paint industry
and plastic production [1,2]. Products based on
melamine-formaldehyde are used for paper
production and furniture. The main use of melamine
in the wood industry is more than 70% of the total
consumption (Fig.1) [3]. The development of this

industry is determined by the availability of domestic
market capacity and the ever-increasing demand for
this product. Melamine is also widely used in
electrical engineering and textiles. Such widespread
use has led to rapid growth in melamine production
worldwide [4-8]. The chemical formula of melamine
(2,4,6-triamino,1,3,5-triazine) shows its structure and
shows some similarity with the benzene nucleus.
Both the benzene and triazine rings are characterized
by their stability [9].

Figure 1 — Furniture made on the basis of melamine
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Production of melamine using the electrolysis method

Melamine was first synthesized in 1834 by Lee
Bishi. Initially, the dicyandiamide method was used.
In this case, calcium cyanamide (CaCNy) is prepared
from calcium carbide (CaC,), calcium cyanamide is
hydrolyzed and dimerized into dicyandiamide, then
heated and decomposed. Due to the high cost of
calcium carbide, this method is not currently used. At
present, industrial synthesis mainly uses urea as a raw
material [10,11].

6(NH2)2CO = CzHeNg + 6NH3 + 3CO»

According to different reaction conditions,
synthesis processes can be divided into high-pressure,
low-pressure and atmospheric-pressure methods.

1. In the production of melamine by the high-
pressure method, dissolved urea is usually sent to the
compression breaker under a pressure of 8-9 MPa and
then enters the synthesis reactor: in addition, liquid
ammonia is under a pressure of 8-9.5 MPa [12]. The
temperature is heated up to 400 °C. A catalyst is not
involved in this.

2. Inthe production of melamine through a low-
pressure process, the reaction takes place under a
pressure of 0.1-1.0 MPa. The temperature will be up
to 170-200 °C. Catalysts are used in this.

3. In the production of melamine by the
atmospheric pressure method, ammonia gas from the
synthetic ammonia section, pressure 0.10-0.15 MPa,
is sent directly to the melamine section. After
preheating to 350-400 °C with steam and molten salt,
ammonia is used as gas fluid layer carrier. A catalyst
is also used in this method [13,14].

Materials and Methods

These methods complicate the technology
because they are carried out at high pressures and
high temperatures or in the presence of catalysts. In
addition, secondary products released after the
reaction, toxic gases and dirty water cause
environmental pollution.

The method we recommend involves the use of
electrolysis in the synthesis of melamine. The
structure of the device is shown in Fig. 2.

Graphite, a material with good electrical
conductivity and easy processing, was used as the
cathode and anode electrodes. Urea and ammonium
chloride are poured into the electrolyzer and the
process of obtaining melamine at different current
densities is studied.

Results and discussion

In the experiment, the composition and structure
of the synthesized substance was studied using IR-
spectroscopy and NMR-spectroscopy method.
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IR-spectroscopy analysis

IR-spectroscopic analyzes were carried out on a
Shimadzu IR Tracer-100 instrument manufactured in
Japan. The presence of various functional groups in
the samples was studied in the frequency range of
400-4000 cm™? [15,16]. IR spectroscopic analysis is
widely used to determine the presence of appropriate
functional groups in substances. The greater the
amount of these functional groups, the higher their
intensity.

NMR spectra were determined on a JNM-
ECZ600R spectrometer made in Japan at 600 MHz in
DMSO-d6+CCl, solutions for *H. TMC (0 ppm) was
used as standard in *H NMR spectra. For C, it was
determined at a frequency of 150 MHz. In NMR
spectra, the chemical shift of the solvent was taken
into account as a standard. *H NMR and *C NMR
spectral analysis are two important analytical
techniques used to study the structure of organic
compounds. The melamine peak was seen at 5.47;
3.4; and 2.5 ppm because of rapid proton exchange
with the solvent proton on the NH> groups. The high
signals at 149.8 and 159.9 ppm in the *C NMR
spectrum may belong to the triazine moiety of
melamine. The results of this analysis confirm the
formation of melamine.

The IR-spectrum of the substance obtained by
the electrolysis method is presented in Fig. 3. It can
be seen that the valence vibrations of the primary
amine groups of melamine are located in the region
of 3468 cm™ and 3417 cm™. The valence vibrations
of the NH bonds located in this interval are intense
and have a narrow band in the independent state.
Vibrations of the 1,3,5 triazine ring are observed in
the region of 1622; 1525; 1463 and 1431 cm™. The
results of this analysis confirm the formation of
melamine.

wun

1 is electrolyzer, 2 is reactive substances, 3 is
cathode, 4 is anode, 5 is ammeter, 6 is voltmeter, 7 is
power source.

Figure 2 —Schematic structure of the device
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Figure 3 — IR spectrum of melamine synthesized by electrolysis method

NMR-spectroscopy method

This method is a radiospectroscopic method
that studies the interaction of matter with
radiofrequency radiation. This method is based on the
phenomenon of magnetic resonance, the phenomenon
of resonant transitions between the magnetic energy
levels of atomic nuclei in an external magnet [16,17].
The PMR method is used to study the molecular
structure, dynamics of intermolecular interactions,
chemical reaction mechanism and quantitative
analysis of substances. The substance to be studied by
the NMR method must have diamagnetic properties.
The nucleus of the atoms of matter must have
magnetic properties, that is, the nuclear spin must be
different from zero.

NMR spectra were determined on a JNM-
ECZ600R spectrometer made in Japan at 600 MHz in
DMSO0-d6+CCl, solutions for *H. TMC (0 ppm) was
used as standard in *H NMR spectra. For *3C, it was
determined at a frequency of 150 MHz. In NMR
spectra, the chemical shift of the solvent was taken

into account as a standard. *H NMR and *C NMR
spectral analysis are two important analytical
techniques used to study the structure of organic
compounds. The melamine peak was seen at 5.47;
3.4; and 2.5 ppm because of rapid proton exchange
with the solvent proton on the NH; groups (Fig.4).
The high signals at 149.8 and 159.9 ppm in the *C
NMR spectrum may belong to the triazine moiety of
melamine. The results of this analysis confirm the
formation of melamine.

Conclusion

Synthesis of melamine using the electrolysis
method has several advantages over traditional
methods used in industry. We don't need high
pressure or high temperature. We do not use complex
multi-step technology.

Therefore, in the future, it is necessary to
introduce the use of the electrolysis method in the
synthesis of melamine and other organic substances
on an industrial scale.
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Figure 4 — NMR spectrum of synthesized melamine
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AN ACCURATE AND EFFICIENT THEORETICAL ASSESSMENT
OF THE THERMODYNAMIC PROPERTIES OF NON-POLAR GASES

Investigation of the intermolecular interactions and thermodynamic properties of real nonpolar gases is
of high importance and can be evaluated through virial equation of state. A new, practical and general
analytical method is obtained for the evaluation of the second virial coefficient (SVC) with Morse potential,
which is significant for the investigation of all thermodynamic properties of gases. The first derivative of SVC
with Morse potential analytical formulae is also established since it appears in the thermodynamic expressions.
One of the significances of obtained formulae is their validity of all ranges of parameters providing accurate
and precise results quickly. The accuracy of the applied method is tested by the calculations of SVC of Ne gas
for a wide temperature range with both experimental and analytical data for comparison and Boyle
temperature (Ts) of He, Ne, Ar, Kr, Xe, H,, N,, and O, gases with included highly accurate corresponding
literature data for the comparison and proved to be consistent. In this study, we also used the acquired
analytical formulae to obtain the changes in entropy, enthalpy, internal energy and free energy per pressure
for the gases of He, Ne, Ar, Kr, Xe, H,, N», and O,. The results of (AS)/P, AH/P, AE/P and AF/P are compared with
literature data that utilizes most commonly used potential Lennard-Jones (12-6) to acquire thermodynamic
properties of gases for SVC calculations. The results proved that including previously ignored higher order term
in the (AS)/P formula improved accuracy but still can be disregarded due to small contributions.
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Monapnbl emec razgapAblH, TEPMOIUHAMUKANLIK KacueTTepiH
N3N XaHe TUiIMAI TeopuAnbiK baranay

HakTbl nonapnbl emec rasfapAblH  MOJEKYyNaapanblK oSpeKeTTecynepi MeH TepMOAMHAMMUKANbIK
KaCUeTTepiH 3epTTeyAiH MaHbi3bl 30P KaHEe OHbl KYWAiH BUpUanablk TeHaeyimeH baranayra 6o1aabl. Mopse
noTeHumansl 6ap ekiHWwi BUPYCTbIK KoabduumeHTTi (BKK) BaranayablH, »KaHa, NPAKTUKaNbIK aHE Xanmnbl
aHANUTUKANbIK 3Aici anblHAbl, Oyn ra3gapabiH 0apAblK TEPMOAMHAMMKANLIK KACUETTepiH 3epTTey YLliH
MaHbI3abl. Mop3e noTeHUMaNblHbIH aHaAUTUKaNbIK dopmynanapbl 6ap SVC BipiHLWi TybIHAbICH! 1@ aHbIKTaNFaH,
ONTKEHI 0N TEePMOAMHAMMKaNbIK ©pHeKTepae Kesaeceni. AnbiHFaH dopmynanapablH, MaHAepiHiH, Bipi
ONap/blH NapameTpaepain, 6apablk Anana3oHaapbiHa KoagaHy MyMKiHAir 6oabin Tabblnaapsl, Oy Aan KaHe
HaKTbl HOTUXKENEPAi KblNJaM KamTaMachi3 eTeai. KongaHfaH aaicTiH, AN4IMNH canbICTbIpy YLWiH Taxipnbenik
YKOHE aHaA/IUTUKA/bIK AePEKTEPMEH KeH Amana3oHbl YWiH Ne rasbiHblH SVC ecenTeynepimeH TeKkcepinesi aHe
He, Ne, Ar, Kr, Xe, H,, N, xkaHe O, razgapablt, boinb Temnepatypacsl (Ts) *KoFapbl A9NAiKTEri Calikec aaebueT
nepekTepi bapmeH canbICTbipbliaabl *KaHe e3iHiH KYHAbINbIFbIH AanenaeHai. byn 3eptreyae 6i3 coHaan-aK He,
Ne, Ar, Kr, Xe, H,, N, aHe O, rasfapbl YLiH KbiCbiMfa HalNaHbICTbl SHTPOMMUAHBIH, SHTANbMMAHbIH, iLKi
3HEPrUsAHbIH, aHe 60C 3HEePruaHbiH, e3repicTepiH any YWiH anblHFaH aHaAUTUKaNbIK bopmMynanapbiH
KondaHAablK. SVC ecenTeynepi yiliH ra3gapapiH TEPMOANHAMUKaANbIK KacueTTepiH any yuwid (AS)/P, AH/P, AE/P
WoHe AF/P HaTUKenepi eH, ui KonaaHbinatoiH SleHapa-AoHc (12-6) noTeHumanbiH NnanganaHatbiH aaebuer
AepeKTepiMmeH canbicTbipbiagbl. Hatuxenep (AS)/P dopmynacbiHa BYpbiH eneHbereH »kofapbl PeTTi TepMUHAI
KOCY A2/ 4IKTi *KaKCcapTKaHblH, BipakK wWafbiH yaectepre 6aiaHbICTbl 911 Ae eneHbeyre 601aTbiHbIH KOPCETTI.

TyliH ce3nep: Mop3e noTeHUManbl, ekiHWi BUpManabl KOSOPUUMEHT, TEPMOAMHAMMKANIK KacMeTTep.
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TouHasA n adpdeKTUBHAA TEOPETUYECKAA OLEHKA
TEPMOANHAMMYECKMX CBOMCTB HEMONAPHbIX ra30B

NccnenoBaHWe MEXMONEKYAAPHbBIX B3aMMOAENCTBUMIA UM TEPMOAMHAMMYECKMX CBOWMCTB pPeasibHbIX
HEeMoONSPHbIX ra30B UMEeeT H0/1bLIOE 3HAYEHNE M MOMKET ObITb OLEHEHO C MOMOLLIO BUPMAbHOMO YPaBHEH WS
COCTOAHMA. B cTaTbe Nosy4yeH HOBbIM, MNPAKTUYHbLIN M OOLMIA aHANUTUYECKMIN METOA, A4 OLEHKM BTOPOro
BMpUanbHoro KoadduumeHta (SVC) ¢ noTeHumanom Mop3e, KOTOPbIM BaxeH ANsS UCCNeAoBaHMA BCex
TEPMOANHAMMUYECKUX CBOMCTB ra3os. MNepsan npomssogHas SVC ¢ aHanMTUYeckumm dopmynamm noteHumana
Mop3e TaKKe yCTaHOBJIEHa, MOCKO/bKY OHa MOABAAETCA B TEPMOAMHAMMUYECKMX BblparKeHnax. OgHuMm u3
3HAYEeHUN MOJMIYYEHHbIX GOPMYS ABAAETCA WX MPUMEHMMOCTb A8 BCeX AMarnasoHOB MapameTpoB, 4To
obecneymBaeT TOUHble pe3ynbTaTbl ObICTPO. TOYHOCTL NPUMEHAEMOro MeTo/la NpoBepeHa pacyetTamm SVC rasa
Ne AnAa WWMPOKOro AManasoHa TemnepaTyp C 3KCAepPUMEHTaNbHbIMM M aHAUTUYECKMMM AaHHbIMW AR
cpaBHeHua 1 TemnepaTypoin Boins (Tg) rasos He, Ne, Ar, Kr, Xe, Ha, N2, 1 O, C BKAKOYEHHbBIMW BbICOKOTOYHbIMM
COOTBETCTBYIOLWMMN INTEPATYPHBIMMU AaHHBIMW O] CPAaBHEHMWA M A0OKa3ana CBOK COCTOATE/IbHOCTb. B 3TOM
nccnenoBaHMM TaKKe MCMNOo/b30BaHbl MOJYYEHHbIE aHaAUTUYeckne GopmMybl ANA MONYYEHUA UIMEHEHWI
SHTPOMUN, SHTANbMNU, BHYTPEHHEN 3HEeprMmM U cBOHOAHON 3HEPrnn B 3aBUCUMOCTM OT [aB/ieHUA A5 ra3os
He, Ne, Ar, Kr, Xe, Hy, N,, u O,. PesynbTatel AS/P, AH/P, AE/P, n AF/P cpaBHMBaOTCA C AUTEpPaTypPHbIMU
OaHHbIMW, KOTOPble UCMO/b3YIOT Hanboiee YacTo UCNOb3yeMmbld noTeHuman fleHHapaa-AxoHca (12-6) ans
Nosly4yeHma TEPMOAMHAMMUYECKMUX CBOMCTB ra3oB Ana pacyetos SVC. Pe3ynbTaTbl A0Ka3a/uM, YTO BKAKOYEHUE
paHee UrHOPMPOBAHHOTO YfieHa Hosiee BbICOKOro nopsaaka 8 dopmyny AS/P NoBbICMAO TOYHOCTb, HO BCE ellle
MOMKET ObITb MPOUTHOPUPOBAHO N3-3a MaslblX BK1310B.

Kniouesble cnoBa: noTeHuman Mop3e; BTOpPOM BMPManbHbIA KOIGOUUMEHT, TEPMOAMHAMMYECKME

CBOMNCTBA.

Introduction

Investigation of the interatomic interactions and
thermodynamic properties of interacting atoms and
molecules depends heavily on the right choice of
interaction potential used for virial equation of states
via virial coefficients to achieve accurate
thermodynamic properties of substances [1-7]. Both
Morse and Rydberg potentials provide reliable data
for thermodynamic properties, particularly at high
temperatures, as their exponential representation of
repulsive forces makes them well-suited for
generalized chemical models in plasma studies [8].
Although Morse potential displays slightly more
attraction than the Rydberg, its relative ease of
analytical calculation and good representation of
anharmonic oscillator made it commonly used
potential in the literature for various fields of research
such as DNA denaturation [9], drug design [10],
liquid transport properties via molecular dynamics
simulation [11], crystal properties of cubic metals
[12].

The most reliable Morse potential parameters
used in this study were obtained by Matsumoto
through  analytical  calculations  with  an
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approximation [13]. Mamedov et al. also established
an exact analytical formula for SVC with Morse
potential without any approximation but taking its
first derivative is a difficult task producing more
complicated mathematical formulae to establish
related thermodynamic properties [14].

The limitations of applying the Morse potential
at low temperatures and the quantum corrections
resulting from the high density of materials are
discussed in the literature. Although analytical
guantum corrections using the Morse potential have
been calculated [15], they were not applied in this
study because low-temperature conditions were not
considered. Analytical solutions, being
mathematically expressed, provide a transparent
insight into how individual variables and their
interplay influence the outcome. Backed with strong
statistical theory background by including molecular
interactions [16], the analytical solution of Virial
Equation of State truncated at the second virial
coefficient using Morse potential is used for this
study to provide accurate and efficient thermo-
dynamic properties of non-polar gases.

In this study, a simple and practical analytical
formula of SVC with Morse potential and its first
derivative are established, which is very significant to
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obtain thermodynamic properties accurately. To our
knowledge, this study is the first one in the literature
to obtain the simplest analytical solution of SVC with
Morse potential and its first derivative and apply them
to calculate thermodynamic properties of real systems
accurately by comparing the results with the literature
using Lennard-Jones (12-6). While Lennard-Jones
(12-6) is defined as widely used, two parameter
potential for describing van der Waals interactions,
Morse potential was designed to represent two body
interactions with three parameters making it more
convenient for real systems [17].

Methods
Definitions and analytical expressions

The virial equation of state as a power series
expansion of number density (p) can be expressed as
[18]:

p 2

RTp—Z—1+B(T)p+C(T)p +-, D
where Z is the compressibility factor, R is the
universal gas constant, B(T) and C(T) are the
temperature dependent second and third virial
coefficients, respectively.

The second virial coefficient is very important to
establish thermodynamic properties and can be given
as [19]:

B(T) = —2nN, f (e=UM/ksT — 1)r2qr (2)

0
where N, is the Avogadro’s number, kg is the
Boltzmann constant and U(r) is the intermolecular
interaction potential which is chosen to be Morse
potential in this study in the following form as [20]:

Uy =0, ((1-exp(-0-1)) -1) @

where D, is the potential well depth which is used in
calculations as D, /kg = D; in Kelvins, 7, is the
equilibrium distance and B is a parameter
determining potentials’ curvature at 1,.EQ.(2)
becomes Eq.(4) by applying integration by parts to
Eq.(2), using Eq.(3) as intermolecular potential:
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where U =e """ Eq.(4) becomes Eq.(6) after solving
the integrations in Eq.(4) and utilizing following
series expansion given as [21]:
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The first derivative of the SVC with Morse potential
(Eq.(6)) is defined as B;(T) = dB(T) and displayed
in Eq.(7)
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where the generalized hypergeometric and regula-
rized generalized hypergeometric functions appea-
ring in Eq.(7) can be defined as, respectively [22]:
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o) X (8)

pﬁq( PYTEITE: P o S o B ):
q(al,az,...,ap;bl,bz,..., by; X) (9)
T (b)..T(b,)

where I'(z) is the gamma function. A simplification
of representation demonstrated in Eqs.(10)-(11) is
made in Egs.(6,7) for the generalized hypergeometric
and regularized generalized  hypergeometric
functions since a; =a; =--=a,=a and b; =
b, =+ =bg =b.

Fﬂl(a;b;X)Equ(alan ap’bl b,,.. ,q, ) (10)

N2
i) =2 L

Before introducing related thermodynamic functions,
a unit conversion of B(T) and B,(T) is necessary to
convert units from cm3/mol to cal/mol.atm
considering that 1 cal = 41.293 cm®.atm. The changes
in entropy, enthalpy, internal energy, free energy per
pressure in terms of B(T) and B, (T) can be given as
following, respectively [23]:

(11)

A_S:S—SO:_RInP_Bl(T)_(B(T))zPJr 12)
P P P T 2RT? 7
AH H-H°
5 P =B(M)-B/(T)+.. (13)
S ame (14)
AF F-F° RTInP
5 p T p +B(T)+ (15)

EQs.(12-15) represents the deviations of real gases
from their ideal state (the superscript small zero) per
pressure at temperature T. The last term in Eq.(12) is
neglected in Ref.[17] but included in this study to
improve accuracy. Our last calculations include the
Boyle temperature at which the SVC value is zero
meaning that intermolecular attractions and
repulsions are equal and the gas behaves like an ideal
one and this temperature value is specific to each gas
[24].
Results and Discussion

Table 1 — Morse potential parameters obtained
from Ref.[13]
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The accuracy of calculated B(T) results of
Eq.(6) are compared with the bot experimental and
numerical SVC data using Morse potential for Ne at
Ref. [25] and confirmed to provide good consistency
for the low temperature range of 50-2400 °K as
presented at Fig.1(a). For an accurate comparison, Ne
potential parameters are considered as D; = 44.6 °K,
1, = 3.0446 Aand g = 1.85 A~ for the Eq.(6) data
for the Figure 1(a) as used in Ref.[25]. Another
successful data verification of Eq. (6) is displayed in
Fig.1(b) for the Ne, by comparing calculated Eq.(6)
data with another analytical B(T) data using Morse
potential from Ref.[13] which is already calculated in
Ref.[14] for the high temperature range of 8000-
25000 °K that neutral Ne gas atoms still exist at some
proportion depending on temperature value [26].
Morse potential parameters of Ne gas and other gases
for the Fig.1(b) is displayed in Table 1.

(a) Ne
20

s
E
ﬂg o
£ .20 -+ Equ.(6)
@ - Ref.(25)
-30 4+ Exp
40+
0 500 1000 1500 2000 2500 3000
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(b) Ne
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] X
E X
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; “
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X
§ ENN——
0 10000 1 SDL'IEI' 20000 EE-DDD
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Figure 1 — (a): B(T) values of Ne gas for the low
temperature range of 50-2400 °K using Eq.(6),
experimental and numerical values from Ref.[25].
(b): B(T) values of Ne gas for the high temperature
range of 8000-25000 °K using Eg.(6) and another
analytical method using Morse potential at Ref.[13].
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D, K 1, A B AT
He 12,6 292 2197
Ne 513 3.09  2.036
Ar 118.1 413  1.253
Kr 1490 449  1.105
Xe 2269 473  1.099
H, 49.4 329  1.923
N, 93.4 443  1.166
0, 1524 375 1542

The calculated thermodynamic property values
of He,Ne, Ar, Kr,H,,N,,0, and Xe displayed in
Figs. (2-5) are compared with another analytical
study using Lennard-Jones (12-6) potential [27]
which neglected the higher order term in Eq.(12) for
AS/P. In general, the calculated values using Morse
potential demonstrated good agreement with
available literature data using Lennard- Jones (12-6)
potential and including the higher order term in
Eqg.(12) in to the calculations lowered the AS/P
values and provided slightly more consistent data
with Ref.[27]. It is another fact that, the presence of

the higher order term (—(B(T))ZPIZRTz) in

calculations slightly improved data reliability but can
be neglected since its minor contributions to AS /P for
both lower and higher temperature ranges and each
graph in Fig.2 includes data without the higher order
term in Eq. (12) for the comparison. For instance, the
value of AS/P for H,at 500 K is AS/P = -
0.0000974842 without the higher order term in
Eq.(12), however, when the term is included the value
is AS/P = -0.000104203.

The same calculation for H, is repeated at 5000
K without including the higher order termis AS/P =
0.0000155641, however, when the term is included
AS/P = 0.0000155255, both not showing a
significant change.

The most noticeable graphs in all figures belongs
to Helium since the data of AS/P (Fig. 2), AH/P
(Fig.3), and AE/P (Fig. 4) don’t display any
maximum. A quick analytical evaluation of this work
indicated that thermodynamic properties of AS/P
and AH /P have a maximum around 400 °K and AF /P
has a maximum around 200 °K for the He which is
less than our temperature investigation region due to
lack of comparable literature data.

Another notable data differences at Fig. 5
become apparent for the AF/P data of
He,Ne, H,, N, and 0, at high temperature region. At
the high temperature region, the AF/P values diverges
more from each other for the Morse and Lennard-
Jones (12-6) potentials. The reason for this fact arises
from Eq.(15) which displays direct dependency of
SVC value (without the unit conversion factor) at the
given temperature for a constant pressure value of one
atmosphere which is used in this study.

Keeping in mind that the lower SVC data is
interpreted as more intermolecular attraction between
atom and molecules. Thus, the closer AF/P using
Morse potential data to negative values as seen in
Fig.5 at high temperature region means more
dominant intermolecular attraction comparing to data
using Lennard-Jones (12-6) potential, which is
appropriate for atoms and molecules having tendency
for the chemical bonding [1].

Therefore, the obtained thermodynamic
properties of gases of H,, N, and O, results of this
work at high temperature region are more suitable
rather than results of noble gases especially for
He and Ne. Similarly Fig.5 also displays more
positive values for H,, Ne, Kr and Xe gases at lower
temperature region since the closer AF/P using Morse
potential data to positive values means that
intermolecular repulsion is more dominant. This is
due to the Morse potential’s exponential
representation structure of both for the description of
intermolecular repulsion and attraction.

Fig. 6 represents the temperature dependence of
the changes in entropy, enthalpy, internal energy and
free energy per pressure for the Ar gas. The data are
calculated by using the Egs. (12-15) obtained in this
work and all of the calculations are completed by
using Mathematica 10 programming software.

Table 2 includes the calculated Ty values of
different atoms-molecules and compares them with
corresponding data of T values using artificial neural
network (ANN) with hundreds of available
experimental SVC data [24, 28] and another data
arising from the fitting the equations from National
Institute of Standards and Technology (NIST) [29]
with low average root-mean-square errors of SVC
being 2.94, 3.36 and 3.12 respectively (calculated
data only for the relevant gases in table 2 obtained
from Ref (24)).

Another analytical results of Tz using SVC with
Lennar-Jones (12-6) potential is also included in
Table 2 [30]. Our results indicated good consistency
with highly accurate literature data.
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Figure 2 — The temperature dependence
of changes in entropy (cal/mol. atm.K)
per pressure for the gases of He, Ne, Kr, Xe, Ho,
N2 and O,, respectively.

Eq. (12) is used for the calculation of AS/P using
Morse potential and data using Lennard Jones
(12-6) taken from Ref. [27] for the comparison.
AS/P calculations are also included using Eqg.
(12) without the higher order term
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Figure 3 — The temperature dependence of
changes in enthalpy (cal/mol. atm) per
pressure for the gases of He, Ne, Kr,Xe, Hz, Ny
and O, respectively.

Eq.(13) is used for the calculation of AH/P
using Morse potential and data using Lennard
Jones (12-6) taken from Ref.[27] for the
comparison
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Figure 4 — The temperature dependence of
changes in internal energy (cal/mol. atm) per
pressure for the gases of He, Ne, Kr,Xe, Hz, N>

and O, respectively.
Eq.(14) is used for the calculation of AE/P using
Morse potential and data using Lennard Jones (12-
6) taken from Ref. (27) for the comparison
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Table 2- The Calculation of Boyle Temperature of some non-polar atoms and molecules using SVC with
Morse potential and corresponding literature data from Refs.[24, 28] being the result of ANN, ata from NIST
(Ref.(29)) and Ref.(30) is the analytical one using Lennard-Jones (12-6) potential for the comparison

Tp Ref. Ref. Ref. LTj (f{gng)
this work [24] [28] [29] Ref [30]
He 28.704 22.86 18.89 23.10 34.93
Ne 120.867 121.97 119.67 119.20 121.678
Ar 407.749 409.06 410.69 411.73 410.151
Kr 566.076 581.92 559.7 600.04 584.466
Xe 775.663 774.97 705.9 773.79 751.944
H, 115.262 109.73 116.93 109.9 126.463
N, 323.783 325.6 3455 327.01 N/A
0, 418.875 401.19 413.57 404.47 403.316
Conclusion
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Figure 6 — The temperature dependence
of changes in entropy, enthalpy, internal energy and
free energy per pressure for the Ar gas.
The calculations were made based on
the Egs. (12-15).

Analytical B(T) calculations are proved to be
consistent with literature both for high and low
temperature ranges. The accuracy is also proved by
the calculations of Ty with this analytical method
using SVC with Morse potential and the results are
compared with the highly accurate Ty calculations
using ANN with numerous available experimental
data of SVC from literature. The thermodynamic
results of AS/P, AH/P, AE/P, and AF /P for the
He,Ne,Ar,Kr,Xe, H,,N, and O, gases are also
compared with the literature data using Lennard-
Jones (12-6) potential for SVC calculations [27] and
found to be slightly improved for the entropy values.
In this study, this term is included in calculations
leading to slightly more accurate and precise data
with simple analytical formulae. The calculated
results indicated good consistency with both for
experimental and analytical literature data and
provided reliable thermodynamic properties without
any parameter restrictions and experimental data
limitations by using Morse potential for the SVC and
its first derivative in analytical thermodynamic
calculations for the first time in literature. Further
investigations will be made to achieve second
derivative of SVC to obtain more thermodynamic
properties.
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APXUTEKTYPHAA N CXEMOTEXHUYECKAA MOZE/1b THCC+UHC
HABUTIALIMOHHOIO YCTPOUCTBA

PaboTa nocBAlleHa CO3/aHNI0 MaKeTHOro obpasla HaBUraUMOHHOIO MOAYAA, NpeaHa3HaYeHHoro Ans
Hay4YHOM paKeTbl rPa*kKAaHCKOro HasHavYeHus. MiccnegoBaHmMe OXBATbIBAET NPOLLECC NMPOEKTUPOBAHMA, HaYMHaA
OT BblbOpa annapaTHbIX KOMMOHEHTOB WM 3aKaH4YMBasA pPa3paboTKOM 3/EKTPUUYECKMX CXEM M MOAYAbHOM
APXUTEKTYPbI YCTPOMCTBA. B OCHOBE NMPOEKTa NeXUT UHTerpauma rnobasbHOM HaBUTraUMOHHOW CMYyTHUKOBOM
cuctembl (THCC) v MHepumanbHOM HaBuraumoHHoW cuctembl (MHC), 4To Mo3BOAAET AO0CTUraTb BbICOKOM
TOYHOCTW B ONpeaeneHnn KoopaMHaT U NaPaMeTPOB ABUKEHWUA PaKeTbl B PeasibHOM BpeMeHU. ApXMTEKTYPa
Mmozyna 6asnpyeTca Ha MCMoJb30BaHMM MUKPOKOHTponepa STM32F777VI, obecneumBatowlero ob6paboTky
OaHHbIX, ynpasieHue nepudepuinHbiMKU  YCTPOMCTBAMMU U MHTerpaumio ¢ FHCC-moaynem UM980 wu
nHepunanbHbiM aAaTinMkom LSM6EDSV32X. Cuctema gononHeHa pagmomoaynem E22-400T33S ana nepenayun
TenemeTpuu, CBeTOAMOAHOM UHAMKaUMEN n nHTepdericamm ceasn, Takumm Kak UART 1 SPI. [1na ctabuibHOM
paboTbl 0becneyeHO MCNOAb30BaHWE NOHMMKAOLLMX NPecbpasoBaTeneil NMTaHUA, KBapLEBOro reHepaTopa u
3alUMTHbIX 3/1EMEHTOB OT 3/IeKTPOCTAaTUYECKUX pPa3pAnoB. Pa3paboTaHHbIM MaKeT MOo3BOAET W3yyaTb
GYHKUMOHANbHOCTb CUCTEMBI, TECTMPOBATb MHHOBALMOHHbIE MNOAXOAbl B PAKETOCTPOEHMM W MPOBOAMTH
Hay4Hble 3KCNepUMeHTbI Ha BblicoTax A0 50 Km. MpeacTaBneHHaa paboTa ABAAETCA OCHOBOW A1A Aa/ibHENLLINX
3TanoB — Ka/MBPOBKM, MONAEBLIX UCMbITAHN M aAanTauMmM Nod KOHKPETHbIE YCNOBMA IKCMAyaTaLmm.

Kntouesble cnosa: MTHCC, MHC, makeTHbI 0bpasel, apxMTEeKTypHana MOAe/lb, CXema NOAKNOYEHUS.
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GNSS+INS HaBMraumAibIK KYPbINFbICbIHbIH, APXUTEKTYPabIK aHe cynbanbik moaeni

KYMbIC a3amaTTblK MaKCaTTafbl fbl/IbIMK 3bIMbIpaHfa apHanfaH HaBUrauWAabIK MOAY/bAIH MaKeTTiK
YATiCiH Kacayfa OafbiTTanfaH. 3epTrey kobanay npoueciHiH 6apnblK KeseHAepiH KamMTuAbl: annapaTtTbik,
Kypamaac 6enikTepai TaHaayAaH H6actan KypblafbiHbIH 31EKTP CXemManapbl MeH MOAY/bAIK apXUTEKTYpachlH
a3ipneyre aeniH. Moba Fanamablk HaBUraUMANbIK COYTHUKTIK KyheHi (GNSS) KoHe WHepuumanbik,
HaBuraumanblk KymeHi (INS) 6ipikTipyre HerisgenreH, 6yn HakTbl yaKbliTTa 3biMblpaH KO3Fa/bICbIHbIH,
KoOpAMHATTapbl MeH napameTp/aepiH Kofapbl ASNAJKNEH aHblKTayfa MYyMKIHAIK 6epeni. MoaynbaiH
apxutektypacbl STM32F777V]I MUKPOKOHTPONNEPIH NaldanaHyfa HerisgenreH, o AepeKkTepai eHaeyni,
nepuobepusnbik Kypbiifblnapabl 6ackapydbl, coHaar-ak UM980 GNSS moaynimeH x»aHe LSM6DSV32X
MHEPUMANBIK CEHCOPbIMEH MHTErpaLMAHbI KaMTaMachi3 eTesi. yine TenemeTpuaHbl TapaTyFa, *KapbIKAMOATLI
MHAMKaumsaFa koHe UART neH SPl cusikTel 6alnaHbic  MHTepdelicTepiHe apHanfaH E22-400T33S
pagnomMmoayniMmeH KabaplkTanfaH. TypaKTbl XKYMbIC iCTey YUWiH TeMeHAeTyLWi KyaT TypAeHAaiprilTepi, KBapy,
OCUMANNATOPbI KIHE 3/1EKTPOCTaTUKabIK pa3pAaTapdaH KOPFaMTblH 31eMeHTTep KoAAaHblAFaH. O3ipaeHreH
NPOTOTMN KyMeHiH, OYHKUMOHANAbIFbIH 3epTTeyre, 3biIMblPpaHTaHy CafacbiHAaFbl MHHOBAUMANBIK TacCiNAepAi
CblHayFa »aHe 50 KMm-re AeniHri BUIKTIKTe FbiAbiMK TaXKipubenep Kyprizyre MymkiHaik 6epegi. YcbiHblAFAH
KYMbIC Kefeci KeseHAepre — Kanubpneyre, Aananblk CbIHAKTAPFa KOHE HaKTbl MKYMbIC KafgalnapbiHa
benimaenyre Heris 6onaabl.

TyliH cesnep: GNSS, INS, MaKeTTiK yAri, apXMTEKTypanblK YArici, Kocblay cynbachl.
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ApxuTeKTypHas 1 cxemoTexHuyeckan mogens THCC+MHC HaBMraumMoHHOro ycTpoicTea

B.A. Karibayev*?*, N. Meirambekuly?, N.Sh. Uzbekov?
Al-Farabi Kazakh National University, Aimaty, Kazakhstan
2G. Daukeev Energy University, Almaty, Kazakhstan
*e-mail: beibitkaribaev7@gmail.com

Architectural and circuit model of GNSS+INS navigation device

The work is devoted to the creation of a prototype of a navigation module intended for a civil scientific
rocket. The study covers the design process, from the selection of hardware components to the development
of electrical circuits and modular architecture of the device. The project is based on the integration of the
global navigation satellite system (GNSS) and the inertial navigation system (INS), which allows achieving high
accuracy in determining the coordinates and parameters of the rocket's motion in real time. The module
architecture is based on the use of the STM32F777VI microcontroller, which provides data processing, control
of peripheral devices and integration with the UM980 GNSS module and the LSM6DSV32X inertial sensor. The
system is supplemented with an E22-400T33S radio module for telemetry transmission, LED indication and
communication interfaces such as UART and SPI. For stable operation, the use of step-down power converters,
a quartz generator and protective elements against electrostatic discharges are provided. The developed
model allows studying the functionality of the system, testing innovative approaches in rocket engineering and
conducting scientific experiments at altitudes of up to 50 km. The presented work is the basis for further stages

— calibration, field testing and adaptation to specific operating conditions.
Keywords: GNSS, INS, prototype, architectural model, connection diagram.

BBenenne

CoBpeMeHHOE pa3BUTHE TEXHOJIOTUH B 001aCTH
pPaKeTOCTpOeHHsT W  CIIyTHUKOBOH  HaBUTAlMU
OTKPBIBAET LIMPOKHE BO3MOXKHOCTH [UIS CO3JAHHS
KOMIIAaKTHBIX M 3()()EKTUBHBIX PAKET I'PaKJaHCKOTO
HasHaueHus [1-3]. Takue pakeTbl, HCTIONb3YIOIIUECS
JUTSI HAYYHBIX B 00pa30BaTeNbHBIX IIeJIeH, 3aHIMAIOT
Ba)XHOE MECTO B HCCJEIOBAaHUSIX BEPXHUX CIIOEB
aTMocdepsl, TEeCTUPOBAaHMH HOBBIX TEXHOJIOTHH, a
Takke B OOYYeHHWH OyIylmMX WHXEHEPOB W
cneunanuctoB. OcoObli WHTEpPEC MNPEACTABISIOT
paKeThbl, OCHAIIEHHbIE WHTEIPUPOBAHHBIMU HABUTa-
IUOHHBIMH CHUCTEMaMH, KOTOpBIE O0ECICUUBAIOT
BBICOKYI0O TOYHOCTh HW3MEpPEHHH U YyIpaBJIeHHUE
TIOJIETOM B YCJIOBHSIX PEaJIbHOTO BpeMeHu [4,5].

OmHOMt W3 KIIOYEBBIX 3aJa4 TpPU IPOEK-
TUPOBAHWM TaKWX pakeT SBISETCS pa3padoTka
HaBUTAIMOHHBIX MOJYJIEH, coueTalommx B cede
TEXHOJIOTHH rJ100aIbHON HaBUTAIIMOHHOM
cnytaukoBor cuctemsl (I'HCC) u mHepumanbpHOMI
HaBurauonnoi cucremsl (MHC) [6]. Dtn mMomynu
MO3BOJISIIOT ~ HE  TOJIBKO  ONpPENeNATh  TOYHBIE
KOOPJMHATHI U MapaMeTphl IBMKEHUSI PaKeThl, HO H
CIly’)KaT ~OCHOBOW JUI  TIPOBEJCHUS HAay4YHBIX
OKCHEPUMEHTOB,  CBA3aHHBIX C  HM3MEpPEHUEM
aTMOC(EPHBIX  YCIIOBHH, IPOBEPKOH  paboTo-
CIIOCOOHOCTH  TEJIEMETPHUYECKUX  CHUCTEM U
TECTHPOBAHHEM DKCIIEPUMEHTATBHBIX TEXHOIOTHH.

Hayunble pakeTsl Tpa)XIaHCKOTO Ha3HAYCHUS
00J1aZat0T XapaKTepUCTUKaMU, KOTOpBIE JEar0T UX
BaXXHBIMH OOBEKTaMH JJIs1 UccaenoBanuit [7,8]. Ouu
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OTIIMYAIOTCA KOMITAKTHBIMHA pa3MepamMi M JIETKUM
BECOM, YTO o0ecrmeumBaeT WX MOOWIBHOCTE M
JIOCTYITHOCTh IS 3aITyCKa U3 CIICIUAIN3UPOBAHHBIX
II0MaI0K. MoybHAs KOHCTPYKIIUSI TaKUX pakeT
MO3BOJISIET OCHAIIATh WX CHEIHATU3UPOBAHHBIMU
OTCeKaMM JIIsi Pa3MEIICHUS HAyYHBIX MPUOOPOB,
CUCTEM TeIEMETPUU U TIOJIE3HOH  Harpy3KU.
WuTerpanyisi  BBHICOKOTOYHBIX ~ HAaBUTAIMOHHBIX
cucTteM, ocHoBaHHBIX Ha TtexHosorusx I'HCC u
HNHC, obecrieuriBaeT MUHUMAIIbHBIE ITOTPEITHOCTH
MIPH OTCIIS)KUBAHUN TPASKTOPUH TTOJIETA.

B 1aHHOM craThbe paccMaTpUBAIOTCS ATallbl
MPOSKTUPOBAHUSA MAaKETHOro o0pa3lia HaBUTra-
LUOHHOTO MOZYJIS 7151 HAYYHOU PAKEThI, a TAKIKE €ro
APXUTEKTypa M CXeMa PACIOJIOKEHUS OCHOBHBIX
komroHeHTOB.  Ocoboe  BHHMaHHWE  VACICHO
pe3yiabTaTaM CXEMOTEXHHUYECKOIO MPOESKTUPOBAHUSA,
BKJIFOYasi BBIOOP KOMIIOHEHTOB, MX HHTETPAIHI0 U
pa3paboTKy HYHKIIMOHAIBHON CTPYKTYPbI CUCTEMBI.

MartepunaJibl 1 METOABI
BJiok-cxema HABUTAIIMOHHOTO MOAYJIsI

Ha 6nok-cxeme, mpeacTaBIeHHON Ha pUCYHKE 1,
IOKa3aHa apXUTEKTypa pa3pabaTbiBaeMoOro
MakeTHOro oOpas3lja HaBUTallMOHHOTO MOJYJ,
MIPEIHA3HAYCHHOT O IS Hay4YHBIX paker
IrpaXJaHCKOTO  HazHadeHMd. JlaHHas  cxema
UJUTFOCTPUPYET B3aNMOJcHcTBHE KJIFOUEBBIX
KOMIIOHEHTOB ~ CUCTEMBl, HUX (DyHKIHOHAJIbHOE
Ha3HauYeHHE U CIIOCOOBI OAKIIOYCHUSI.
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Pucynok 1 — biiok-cxema HaBUTAIIMOHHOTO MOIYJISI

LleHTpabHBIM DIIEMEHTOM MOJIYJIS  SIBISICTCS
MukpokoHtpoiuiep STM32F777V1 [9], xortopsrii
BhIMOJIHSAET PpyHKIMK 00padoTku gaHHbIX oT ['HCC-

momynms  UM980 w  wHepruamsHOrO  MOIYIS
LSM6DSV32X, ympasienuss mnepudepuiiHbIMU
yCTpOHCTBaMU ¥ HHTepdericamMu, a  TakKe

obecrniedeHus nepeadn JaHHBIX Yepe3 OCHOBHBIE U
BCIIOMOTaTeIbHbIE KOMMYHUKAIIMOHHBIC KaHAJIbI,
MUKpPOKOHTpPOJUIEp — MOMJCPKUBAET HHTEPQEHChI
UART s oomena naraeivu ¢ Moxyisismu UM980 u
ONMIUOHANBHBIM  TiepenaTankom  E220-400T30S,
I2C/SPl mns cBsI3M ¢ WHEPIHUATBHBIM JIaTYHKOM
LSM6DSV32X u PPS (Pulse Per Second) mms
cunxponuzauuu ¢ 'HCC.

I'HCC-monyns UM980 sBisieTcsi OCHOBHBIM
WCTOYHHKOM JIAHHBIX O MECTOIOJIOKEHUHA U
BpemMeHn. OH TOJKIIOYEH K MHKPOKOHTPOJUIEPY
gyepe3 wuHtepdericei UART u PPS, a cpenu
JIOTIOJIHUTENIBHBIX OCOOCHHOCTEH IPELyCMOTPEHO
ucronp3oBanne SMA-KOHHEKTOpa Ui ITOJAKIIIO-
YeHHs BHEIIHEN aHTEHHBI U HAJIMYUE CBETOIUOIHBIX

uaaukatopoB (PPS LED, ANT LED) s
0TOOpaKeHUS cTaTyca paboTHI.
WNuepuunanbHbii MOJYJIb LSM6DSV32X

o0OecrieurBaeT HW3MEPEHHE I[apaMeTpoB  YIJIOBOH
CKOpOCTH W JuHeiHoro yckopenua. Cea3p ¢ MCU
ocymectisiercs uepe3 uarepgdeiic [2C/SPL
Monyne E220-400T30S mnpennazHadyeH s
nepeayn JTAaHHBIX TeJIeMETPHUH W YIpPaBIEHUS IO
paanokanany. Ero ucrnosip3oBaHue IpeyCMOTPEHO
KaK JOIOJIHUTENbHAasT BO3MOKHOCTE. CBsa3p ¢ MCU
ocymiectBisiercs uepe3 uHTepderic UART/SPI,
MOKIIIOYEHHE AaHTEHHBI OCYIIECTBISIETCS dYepes

SMA-korHekTOp. WHAnkanwst cocTosHUsS paboTHI
obecrieunBaetcs cetoauogom COM LED.Moaynb
MOJACP’KUBAECT NUTAHUE B JWAIa30HE HANPSHKEHUH
1248 B, xoTopoe moctrymaer udepe3 pasbem Main
Conn. /[lns oOecriedeHus] MUTAHUS KOMIIOHEHTOB
WCTIONB3YIOTCST  TIOHIIKAIOIIUE — MpeoOpa3oBaTenu:
LMR50410 (3.3 B) — nuraeT MUKPOKOHTPOJIIEP U
uudpoBsle kommnoHenTel, LMR50410 (5 B) -
o0ecrieyrBaeT MUTaHNUE BCIIOMOTATEIbHBIX MOIYJICH.

CucremMa  BBOAA-BBIBOJA  HABUTALIMOHHOTO
MOJIyJsl O0ecreynBaeT IMOAKIYEHHE K BHEIIHUM
yCTpoOICTBaM M Tiepeliavy JaHHBIX Yepe3 HeCKOIbKO
untepdeiico. USB-pazbeM ucnonb3yercs JUIs
COCAMHEHHSI MOIYJISI ¢ KOMIIBIOTEPOM MU JPYTUMH
ycrpoiictBamu 1 3amuiieH cxemoir ESD Protection,
MPEJOTBPAIAloONIe MOBPEKACHUSI OT  AJIEKTPO-
crarnmueckux paspsnoB. OCHOBHOW pazbeM Main
Conn ciy>XuT Ui IOJAYU MUTAHUS M OPraHU3aLiH
obmeHa ganHbIMU. [ moakmouenus anTenH I HCC
U ONUIMOHAIBHOTO PaJIuOMOIYJS TMPELyCMOTPEHBI
SMA-pa3bsembl, 00ecTIeunBaIONIHE HAICKHOE COCIH-
HEHHE ¥ MUHUMHU3AIUIO TOTEPh CUTHAIIA.

CucreMa HaBHTallMOHHOTO MOJYJIS OCHAIleHa
CBETOAMOJIHBIMH ~ MHIUKATOpaMH, o0ecreunBaro-
IIMMH BU3YallbHBI KOHTPOJIb 32 €r0 COCTOSHHEM.
WNupnkaropsl oToOpaxaroT Mojady MHUTAHHS, COC-
TOSIHAE WHEPUUATBHOTO MOIYJSl, CHHXPOHU3ALHIO
I'HCC, craryc antennst [10, 11] wu paGory
OILMOHAJIBHOTO pafguomonynd. s obecrieueHus
CTaOMIBHONH PabOTBl MHUKPOKOHTPOJJIEpA HCIOIb-
3yeTcss KBapLEBBIH TeHEpaTop, KOTOpPHIA TapaH-
THPYeT TOYHYIO O0OpabOTKy HMaHHBIX W CHHXPO-
HU3ALMIO BCEX KOMIIOHEHTOB CUCTEMBI.
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Pe3y.m>TaT1>1 H 06cym}1efme

CxeMoTexXHHYECKAas MOJIeJbL KOMIIOHEHTOB U
MOYJIb MAKETHOT0 00pa3ua

CxeMOTeXHHYECKHE MOAEITN KOMITOHEHTOB M HX
MOJKJIIOUEHHS pa3padOTaHbl B MPOrpaMMHON cpefe
Altium Designer. Ha pucynke 2 mnpejacTaBieHa
CTPYKTypa HaBUTAIIMOHHOTO MOIYJIA c
3JIEKTPUYECKON MPUHLUNHUAIBHON CXEMOW, BKIIIO-
Jarouien HWHTETPaLuIo I'HCC-npuemHuka ¢
nepudepuiiHBIMH ~ YCTpOIICTBAMH W CHCTEMaMu
muTaHus. ba3oBBIM JIIEMEHTOM CXEMBI SBISAETCS
Monyiabr UMO980, otBewaromuii 3a 00paboOTKy
HABUTAIMOHHBIX JaHHBIX W B3aMMOJCHUCTBYIOIINN C
cucremoit uepe3 unrepdeiicel UART u SPI, a Takxke
JUHAW  yOpaBleHus, Takue Kak PPS  gns
cuaxponnsamur, EVENT u RESET. OcnoBnoe
MMUTaHUE MOJYJS OCYIIECTBISIETCS Yepe3 BBIBOIBI
VCC (+33 B), a pesepBHOE MHUTaHUEC
noanepxuBaercs auHueirr VBAT s coxpaHeHus
JAHHBIX O CITyTHHKAaX MPHU OTKIIOUYEHHUH OCHOBHOTO

A2

rucTouHuKa. [ pUabTpaluy CUTHAIOB U 3aIUTHI OT
JJIEKTPOCTATHUECKUX  Pa3psAAOB  HCIOJNB3YIOTCS
JJIEMEHTHI, TaKWe Kak KaTyllKa WHIYKTHBHOCTH,
koHaeHcatopel u guony  PESDO0402. Cucrema
MOJICP’KUBACT TOJKIIOYCHUE BHYTPCHHEH WM
BHeIIHeW aHTeHHBI depe3 mHTepdeiicel ANT_IN u
EX_ANT, a nmuaus ADET obecneumBaeT aeTek-
TUPOBAaHUEC HAJIWYUS AHTCHHBI, MPEJOTBpaIas
BO3MOXHBIC HEHCIpPaBHOCTH. JIMHMM ympaBieHus,
Bkmouas GPS RESET mis copoca m 1PPS s
CUHXPOHHU3AllMU C BHEIIHUMHU  YCTPOWCTBaMH,
JOMNOJHEHbl  CBETOAMOAHONW  HMHIMKALMEH, 4TO
MO3BOJISICT BU3YalbHO OTCICKUBATH COCTOSHHUC
curHaoB PPS u ADET. Taxke B cxemy
HHTETPUPOBAH JOMOJHUTENbHBINH Moayh GPS (A3),
obOecrieunBaromuii  AyonmupoBaHue (QYHKOHA U
MOJJICPXKKY BHEIIHUX QHTEHH, C MOIKIIYCHUEM K
pe3epBHOMY muTaHHMIO. [l cTaOMIbHOW pPabOThI
JUHAWA  yhnpaBlieHHS W (QUIBTPAIlMA  CUTHAJIOB
3aJIcHiCTBOBAHBI  PE3UCTOPBI,  TPAH3UCTOPHI W
KOHJICHCATOPBI, YTO TapaHTUPYET HaJACKHOCTh
paboThI CUCTEMBI.
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Pucynok 2 — Cxema noaxmouenuss THCC monyna

Ha pucynke 3 mnpejicraBieHa 3IeKTpUYECKas
MPUHLMUIHAIBHAS CXeMa MOJKIIOUEHHUs] HHEPLUallb-
Horo patuuka (akcenepomerpa) ADXL372BCCZ-
RL7 x MukpokoHTpoiuiepy uepes uarepdetico 12C u
SPI, a Takxke WHTErpamus BCIIOMOTATEIbHBIX
KOMIIOHEHTOB. OCHOBHBIM ~ DJIEMEHTOM  CXEMBI
seisieTcst akcenepomerp (U3), KoTopblii m3Mmepser
YCKOPEHHUSI 10 TPEeM OCSIM H B3aHUMOJICHCTBYET C
MHUKPOKOHTpOJUIEpOM 4epe3 uHTepdeiick 12C nmm
SPI, 4To mo3BOMNAET aAANTUPOBATH MOJAKIIIOUECHUE B
3aBUCUMOCTH OT TPEOOBaHMM CUCTEMBI. J{J1s1 CBSI3H 1O
12C  wucnonesyrorcss muann SDA um SCL ¢
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pe3ucTopaMH  HOATSDKKM I CTaOMJIM3aliuu
cur"anos, a mua SPI sageiictBoBansl muauu CS, SDI,
SDO u SCK ¢ pe3uctopamu 1Jisi OTpaHUYEHUS TOKA
M TIOBBIIICHUS HAACKHOCTH INepeaadyd JaHHbBIX.
[MuTanue akcenepomeTpa OCYIIECTBISICTCS OT JIMHUU
+3.3 B, cTaOunu3upoBaHHON KOHJIEHCATOPAMU IS
MMOJIABJICHUSI BLICOKOYACTOTHBIX IToMeX. JImauum
npepsiBaamii INT1 u INT2 obecrieunBator nmepegaqy
CHUTHAJIOB MUKPOKOHTPOJLIEPY, MO3BOJISS
aKcenepoMeTpy HH(POPMHUPOBATh O 3HAYMUTEIIBHBIX
HW3MEHEHHUSAX YCKOPEHUH WM APYTrUX COOBITHSX B
pEaNbHOM BpEMEHH.
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Pucynok 3 — Cxema noaxmouenust MTHC momyns
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Pucynok 4 — Cxema MoKIIOUEHUST MUKPOKOHTPOJIIEpA

Ha pucynke 4 mnpenacraBieHa cxeMa IMOJ-
KIIIOYeHUs] MHUKpOKoHTpoiuiepa STM32F723ZET6,
00€eCIeYMBAIOIIEIO yIPaBICHUE BCEMHU IPOIeccaMu
CUCTEMBI. [Muranue MHUKPOKOHTpOJLIEpa
OCYIIEeCTBIsICTCST 4epe3 ocHoBHbie JimHuU VDD ¢
HaIpsHKECHUEM +3.3 B, JTIOTIOJTHEHHEIC
KOHJICHCATOpaMH JUIS (UIBTPAIIMA W YCTPAHCHHUS
IIIYMOB, & PE3CPBHOE MMUTAHUE MOJAKIIIOYACTCS Yepes3
muanto VBAT, dro momaepkuBaer paboTy mpu
OTKITIOYEHUHN OCHOBHOI'O HMCTOYHWKA SHepruu. Jlns
AHAJIOTOBBIX Merel wucronbdyercss auaus VDDA,

CTaOMIIM3UPOBaHHAS (WIBTPYIOUMMH 3JIEMEHTaMHU,
a muaus VREF+ 3amaer omopHoe HampspkeHHE IS
aHaAJIOTOBBIX oneparui. TakToBas qacToTa
MHUKPOKOHTpPOJIJIEpPa 3a/1aeTCsl BHEITHUM KBapILEBbIM
reHepatopoM Ha 24 MI'L, MOIKIIOYEHHBIM 4epe3
KOHJCHCATOPBl Il o0ecrieueHust  CTaOMIBHOU
pabotel ocumnisTopa. Jluaus NRST obecrnieunBaeT
¢$yHKIMIO cOpoca MHKPOKOHTpOJIEpa, a KOHTAKT
BOOTO mo3BomsieT KOH(PHUTYpUPOBaTh PEIKUMBI
3arpy3kd. s crabunuzanuy  BHYTPEHHHX
HampsDKEHUH  MCIIONB3YIOTCS  KOHIEHCATOPBl  Ha



ApXUTEKTYpPHasA 1 cxemoTexHuueckas mogens MTHCC+MHC HaBMrauMoHHOro yCTpOoMCTBa

muausax VCAPL1 u VCAP2. Cucrema ¢unbTpanmumu,

BKIJIIOUAIOMIAasl  APOCCeTM W KOHIEHCATOPHI,
MUHUMH3UPYET IIOMEXU U TapaHTUPYET CTAOWMIBFHOE
NUTaHWEe  BCEX  Iemed  MHUKPOKOHTpOJUIepa.

[IpencraBnenHas cxema oOecredYnBaeT HaIEKHYIO
paboTy ¥ TOYHOE YIIpaBIIEHHUE CHCTEMOM, UTO JeTaeT
eec 0a30BOM 4YACTBIO BCTPOCHHBIX TMPUIOKCHUH,
TPeOYIOMMX BBICOKON CTaOWIBHOCTH M TPOU3BO-
JIUTEIBHOCTH.

Ha pucynke 5 mpencraBieHa cxeMa HOIKIIO-
yenust pamuomonayns E22-400T33S, obGecrneun-
BaOIIEro OECIpPOBOAHYIO Tepeaady MaHHBIX C
MaKCHMAaJIbHOW MOIIHOCTBIO M3TydeHus +33 dBm.
Monayne B3aUMOAEUCTBYeT ¢ mepuepuiHbIMH
LEMsIMU  4epe3 JIMHUM YIpaBJIeHUs U OOMEHa
nMaHHBIMH, Takue kak MO u M1 ams nmepekmodeHus
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pexumoB padotel, AUX 11 KOHTPOJST COCTOSHHS
moaymsa, a Takke RXD um TXD mia mepemaum u
npuema nanueix mo UART. Ilonkimrodenne K aHTEHHE
ocymrectBisercs yepe3 pazbeM ANT, coerHEeHHBIN
¢  o¢wmTtpyromuM  anemeHtoM  RF50 s
MUHHMHU3AIMKA TIoMeX. JIMHUM mepenadn u mpuema
JAHHBIX JOMOJHEHBI CBETOIUOJAMH C PE3UCTOPAMH,
YTO MO3BOJIET BU3YAIIBHO OTCJICKUBATh AKTUBHOCTh
UART-untepdeiica. Jlnsg MOBBIIIEHUS HAICKHOCTH
paboThl  UCIONBL30BAHBI  PE3HCTOPHI B JIMHUSIX
YIPaBJICHUS U MEPEeadyr TaHHBIX, 00CCIICUMBAIOIINC
(GWIBTpallMI0 CHTHAJIOB W CHIDKCHHE ITOMEX.
[Mutanue  paguoMOAyNst  OCYHIECTBISETCS  OT
crabunpHOM JuHMM +3.3 B, a 3a3emieHue uepes
pasbem P4 npenoTBpaiacT BOSHUKHOBEHHUE TTapa3nT-
HBIX CUTHAJIOB.
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Pucynok 5 — Cxema moAgKIIOYSHUS PaTAOMOTY IS

Ha pucynke 6 mpencraBiieH MakeTHBIN 0Opa3el]
HaBUTAIIMOHHOTO MOJAYIIs, pa3pabOTaHHBIA JuIs
WHTETPaIH B CUCTEMBI HABUTAIIUK U OECIIPOBOIHOM
cBsa3u. Ilmata oObenuHSET KIIIOYEBBIE ammapaTHbIE
KOMIOHEHThl. OHa BKJIIOYAET MUKPOKOHTPOJLIED,
HaBUTAIIMOHHBIA ~ MOJAYNb,  PaJUOMOIYIb |
nepugepuiinple HHTEpQEchl, KOTOPbIE MO3BOJISIOT
o0OpabaTbiBaTh JaHHBIE B pPEAITLHOM BPEMEHH, a
TaKkxke 0OMEHHBATHCSI UMH C BHEITHUMU CUCTEMaMH.

OCHOBHBIM  DIIEMEHTOM  IJIaThl  SIBJISIETCS
MUKpOKOHTpoiuiep STM32, KOTOpBI BBINONHSAET
(YHKIMU TICHTPaIBHOTO YIPABICHUS CHUCTEMOH H
00paboTku JaHHbIX. OH MOJydYaeT JdaHHBIE OT
HaBHUTAIITHOHHOTO MOAYJIS Quectel L80,
obecneunBatoniero pabdory c¢ GNSS-cucremamu.
3TOT  MOAYNb  TOJJIEPKUBACT  OMpeJesieHHe
KOOpJWHAT c BBICOKOM TOYHOCTBIO u
CHHXPOHM3ALMIO BpeMEHH OJarogapsi BCTPOCHHOMY

KBaplieBOMYy TIeHepaTtopy. PesepBHoe IuTaHue
peann30BaHO C WCIOJB30BaHMEM OaTapen, 4To
MO3BOJIAET  COXPAHATh  JaHHBIE  CIYTHUKOBOU

nHpopMaruu 1 3peMepun gaxe MpU OTKIFOYCHUU
OCHOBHOT'O MCTOYHHKA ITUTAHHSL.

Ha mnmate ycranoBmeH paguomonyib E22-
400T33S, npemHa3zHaueHHBIA IS OCSCIPOBOIHON
nepesayd JaHHBIX M0 paguokaHady. OH moamep-
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XKHUBaeT THOKWE PEKUMBI pabOThl, KOTOpPBIE
MEPEeKIIoYaloTCesl yepe3 WHTep(elCh ypaBieHus,
takue kak MO u M1. i moaxi rodeHus] BHEIIHEH
aHTeHHbl ucnonb3yorcs SMA-pazsembl. Caero-
JUOAHBIE MHIUKATOPHI, MOAKIIOYEHHBIE K JIMHUSIM
nepeayd W OpUeMa JIaHHBIX, [PEJOCTaBISIOT
BO3MOXHOCTb MOHUTOPHHI'a aKTUBHOCTH OECTIPOBOI-
HOTO HHTepdeiica.

PucyHok 6 — V3roToBiIeHHBII MakeTHBINM 00pa3el]



B.A. Kapnbaes u ap.

DJeKTponUTaHuEe BCEX KOMIIOHEHTOB CTalu-
JMU3UPYETCSl C WCIIOJNIb30BaHUEM KOHIEHCATOPOB,
PaCHOIOXKEHHBIX 10 JINHUHM MUTAHWUS, 9TO TTO3BOJISIET
MUHUMH3UPOBaTh MmoMexu. [lius paboThl CHCTEMBI
TaKTHPOBAHMUS UCTOIB3YETCs KBAPIEBBI TEHEPATOP
Ha 24 MIm, xoTopslii oOecrieunBaeT CTaOWIHHYIO
paboty mukpokonTposepa. Pazsemer USB u UART
MO3BOJIIOT WHTETPUPOBATh MOJAYJIb C BHEIIHHMU
YCTpOMCTBaMH, BKIIIOYAsi KOMITBIOTEPHI U CHCTEMBI
TEJIeMETPHH.

Takum o00Opa3om, pa3paOOTaHHBIH MaKETHBIN
obpasenr mpencTaBiaseT co00H HMHTETPHPOBAHHOE
pelieHre, mpeaHa3HadYeHHOe ISl TECTHPOBAaHUS H
nocjeayonel peaan3anii B IPOSKTaX, CBSI3aHHBIX C
HaBUramnuel, OecrpoBOJHON CBs3bI0O M COOpOM
TEJIeMETPUIECKUX JTAHHBIX.

3akaoyeHue

Pa3zpaborannbIit MaKeTHBIH oOpa3zery
HaBUTAIIMOHHOTO MOAYJS SIBJISAETCS  pEICHHEM,
00BbEIUHAIOLIIM TEXHOJOTHU CILyTHHKOBOH
napuraimu [HCC u HMHC. B pamkax pabotsi
BBIIIOJIHEHB! ~ TPOCKTUPOBAHWE M peasiu3alus
(YHKLMOHAIBHOW CTPYKTYpBl MOZYNSA, a TaKxke
pa3paboTKa CXEMOTEXHHUYECKHX pEILIeHui, obecrie-

YUBAKOMIMX e€ro 0a30Byl0 pabOTOCIOCOOHOCTD.
Paccmotpennast Giok-cxemMa OTpakaeT MOIYIHHYIO
CTPYKTYpPY YCTpOICTBa, Tie Kaxmas TOICHCTEMa
BBITIOJIHSIET OMPECIICHHYIO 3afady. ApXUTEKTypa
obecrieunBaer mHTerparuio TexHoioruit 'HCC wm
WUHC 11 nmocTmkeHWs  BBICOKOW — TOYHOCTH
HaBUTAIIMH U HAJCKHOCTU paboThl cucTeMbl. Takoe
pEIICHUE MOXET OBITh aJalTHPOBAHO IS PA3JINd-
HBIX 3a/1a4, BKIIOYas HAy4YHbIE OKCIIEPUMEHTHI,
TECTHPOBAHWE TIPOTOTHIIOB W OOpa3oBaTeNbHBIC
npoektel. OgHaKO Ha JaHHOM JTane paborta
OTPaHUYMBAETCS CO3/IaHMEM MaKEeTHOTO o0Opaslia, U
(hyHKIIMOHATBHBIE UCTIBITAHHS WA TECTUPOBaHHUE B
pea’mbHBIX  YCIOBHUSAX €II€ HE IPOBOIMIUCH.
IlpencraBineHHbII MaKET CIY>KUT OCHOBOM ISt
JMANBHEHIINX UCCIIEAOBAaHUH, BKITIOYAs KaTMOPOBKY,
UCIIbITAHWA W OINTUMH3AlIMI0 1104 KOHKPCTHBIC
YCIIOBUS SKCILTyaTaI|H.

BaarogapHocTh

PaGora BbmomHeHa mpu  (QUHAHCOBOH
nojaepkke Komurera Haykn MuHUCTEpCTBA HAYKH
u BeIcIiero oOpazoBaHus Pecmybnmukn Kazaxcran
(rpant Ne AP23487878)
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