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BuBuena MopdoIiorist BOJIOKHUCTUX CTPYKTYP, SIKI YTBOPHIIHCS B poOounx yacTuHax 3paskiB cmiaBy 01420T i3 BuXigHOO
6iMO/IaJIEHOIO 3€PHOBOIO CTPYKTYPOIO, MPoe(OpMOBaHHX 10 3pYHHYBaHHS B ONTUMAJIbHUX YMOBaX HaAIUIACTUUHOT nedopmaii npu
temneparypi T = 520°C, nanpysxerHi mwnny ¢ = 4,5 MIla. MakcuMaiibHe BUIOBXKEHHS 3pa3KiB, MPoae(hOPMOBAHUX 10 3pyHHYBaHHS O
cximanae 670%. BucynyTo nepenbadeHHs 10 KOHKPETHUH BUIIIST BOJIOKHUCTHX CTPYKTYD, SIKi OyITH BUSIBJICHI B 3pa3Kax JOCIIHPKCHOTO
crutaBy 01420T, BiporigHO 3aleKUTh Bif 00’€My MeTacTaOiIbHOI piaKko-TBepnoi (a3m, sika Oyiaa 30cepeKeHa y BUIIISI BKIFOYCHB
i HOBEPXHEBOIO HATATY, CTYNEHIO AMHAMIYHOTO OKHMCIICHHS PO3IUIABY Ta KiHETHKH PO3BUTKY LbOro mporecy. OcTaTouHHil BUIIAL
BOJIOKOH Ta iX (hopma, BipOTiZHO, 3aJIe)KUTh HE JIMIIE BiJl XapakTepy B’S3KOro IUIMHY PiAKO-TBEpPIOrO MaTepiaily, aie i Bix mpouecy
Horo kpucTasi3anii i 9ac OX0JIO/KEHHs 3pa3ka Ha MOBITPi 0 KIMHATHOT TeMIIepaTypH ITiCIIsl 3aBEPIICHHS] MEXaHIYHUX BUIIPOOYBaHb.
BcTanoBneHo 1110 32 30BHIIIHIM BUIJISIIOM YCi BOJIOKHUCTI CTPYKTYPH, SIKi OyJIH BUSIBIICHI B pOOOYHX YaCTHHAX 3pa3KiB, YMOBHO MOXHA
MOJITUTH Ha TaKi: HWIIHAPUYHI BOJIOKHA; KOHYCOMOMIOHI BOJOKHA; LIMIIHAPHYHI BOJOKHA, HA SKHX € TIOTOBIICHHS a00 K OIHE YU
KiJTbKa KparuienoAiOHUX yTBOPEHb; CTPIUKOMOAIOHI BOJOKHA; BOJIOKHA, SIKI MAIOTh BHJ CTAJaKTUTIB abo cTajarMmiTiB. Po3rmsHyTi
MIPUYUHU YTBOPSHHSI TPILIMH Ha CTPIYKONOMIOHUX BOJOKHAX. [lepenbaueHo 1110 BOHH YTBOPHIIKMCS BHACIIIOK pellaKcaliii BHY TPIIIHIX
Harpy»eHb, sIKi He B IOBHi{ Mipi OyJIv 3BeJIeH] 10 MiHIMyMy B XOJIi pEeKpHUCTai3allil, 110 3AiHCHIOBAJIACH ITi]] 4ac OXOJIOMKEHHS 3pa3Ka.
Po3mIsiHy TI IPUYHMHY YTBOPEHHSI Kparlesib Ha BOJIOKHAaX. BHCyHyTO nepea0adeHHs 1110 BOJIOKHUCTI CTPYKTYPH, CXOXKI Ha CTAJIAKTUTH Ta
CTaJIarMiTH, yTBOPWIINCS 3 B I3KOTO MaTepiaiy, sSIKMi y X0/[i HaAIUIaCTUYHOT AeopMaliil B pe3ysibTaTi MpOXOKEHHs KpUCTai3allii, o
3iHCHIOBAIIACH Y JIOKAJIBHUX MIKP0OOO €Max BOJIOKOH, ITOCTYHOBO IIEPETBOPIOBABCS 3 PiZIKO-TBEPAOTO Y TBEpAO-piakuii. Lle mpuBoanio
JI0 TOTO, IO B 3aKPUCTATi30BAHOMY MIiKpOOO’€Mi IIbOTO BOJOKHA B’SI3KHH OJHOPIIHUH IUIMH MaTepialy BipOTiIHO MEpeTBOPHUBCS
B JIOKAJIi30BaHUU IUIMH, KU XapaKTepHUH AUl UIACTUYHOTO IUIMHY, IO 3IiHCHIOETHCS Y Pe3yJbTaTi MepeMilleHHs AUCIOoKaLiil y
TBepiit ($asi, i IPUBOAUTH O YTBOPECHHS BOJOKOH-CTATArMITIB.

Karwuogi cioBa: HagmiactuuHa nedopmariist, 0iMoabHa CTPYKTYpa, FPaHHIli 3epeH, TOPUCTICTh, BOJIOKHUCTI CTPYKTYPH.

Morphology of fibrous structures formed in the course of
superplastic deformation of the 01420T alloy with the original
bimodal grain structure
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Mopdghonoeis eonokHucmux cmpyxmyp, wo ymeopuaucs 8 xooi Haoniacmuunoi depopmayii cnnagy 014207 i3
BUXIOHOT0 DIMOOAILHOIO 3ePHOBOI0 CIPYKIMYPOTO

The morphology of the fibrous structures formed in the working parts of the 01420T alloy samples with the initial bimodal
grain structure, deformed to fracture under optimal conditions of superplastic deformation at a temperature T = 520°C and flow stress
6 = 4,5 MPa is investigated. The maximum elongation of specimens deformed to failure & is 670%. It has been suggested that the
specific type of fibrous structures found in the specimens of the investigated alloy 01420T probably depends on the volume of the
metastable liquid-solid phase, which was concentrated in the form of inclusions at some grain boundaries and made a viscous flow
during superplastic deformation, its shear viscosity , the characteristics of its surface tension, the degree of dynamic oxidation of the
melt, and the kinetics of the development of this process. The final view of the fibers and their shape, likely, depends not only on the
nature of the viscous flow of the liquid-solid material, but also on the process of its crystallization during the cooling of the specimen
in air to room temperature after mechanical tests. It was found that in view, all fibrous structures found in the working parts of the
specimens can be conditionally divided into the following: cylindrical fibers; tapered fibers; cylindrical fibers on which there is a
thickening or one or more drop-like formations; ribbon-like fibers; fibers that look like stalactites or stalagmites. The reasons for the
formation of cracks on ribbon-like fibers are considered. It is assumed that they were formed as a result of relaxation of internal stresses,
which were not fully minimized in the course of recrystallization, which was carried out when the sample was cooled. The reasons for
the formation of droplets on the fibers are considered. It has been suggested that fibrous structures similar to stalactites and stalagmites
were formed from a viscous material, which, in the course of superplastic deformation, as a result of crystallization, occured in local
microvolumes of fibers, gradually turned from liquid-solid to solid-liquid. This led to the fact that in the crystallized microvolume of
this fiber, the viscous homogeneous flow of the material probably turned into a localized flow, which is characteristic of the plastic flow

carried out as a result of displacement of dislocations in the solid phase, and leads to the formation of stalagmitic fibers.
Keywords: superplastic deformation, bimodal structure, grain boundaries, cavitation, fibrous structures.

BCTYII

BcranoBnenHst (i3u4HOi NPUPOAM HAIIUIACTUYHOT
nedopmarlii € ogHi€0 3 HANOLIBII aKTyalbHUX 3aBIaHb
¢izuku MinHOCTI 1 TTactiaHoCTi [1,2]. Cepen marepiais,
SIK1 TIPOSIBIITFOTH €(PEKT HAAIUIACTUIHOCTI, 0COONHBE MicIie
3aiiMaroTh 0AraTOKOMITOHEHTHI aJIOMIHIEBI CTIABH, B SIKUX
y pe3yibTari MPOBEACHHS TEPMOMEXaHIYHOT O0O0pOOKH
MOKHa Cc(hOpPMYBaTH YIBTPAIAPIOHO3EPHUCTY CTPYKTYDY,
cTabinpHY 10 OrpyOiHHS y XOMAi HAAIUIACTHYHOTO TUIHHY
[1-3]. o mux marepiajiB HaJeXaTb i alIOMIHIEBI CIUTaBU
cucremu Al-Mg-Li-Zr, siki MarOTh MiIBUIICHUHA MATOMUHA
MOJIYJIb TIPY’KHOCTI Ta 3HIKEHY Y MTOPIBHSHHI 3 aJIFOMiHIEM
ryctuny [4-5]. Cepex KOHCTPYKLIHHHX aJIOMiHI€BO-
JITIEBUX CIUIaBIB OCOOJMBE Miclie 3aiiMae CIulaB MapKH
01420 [4-6]. BuBuenns ocoOmuBoCTEl TMPOSBY edexTy
Ha/IUIACTUYHOCTI 3pa3KaMH I[OTO CIUIaBY, pO3Modare B
HayKoBUX mparsx [7-10], mpomoBxKyeThcst 1 y Hall dac.
VY mpausx [11-14] OyB BUBYEHHMH CTPYKTYpHHH cTaH i
(a3oBuil CKiIa Ta BCTAaHOBIICHI TEMIIEPaTypPHO-IIBUIKICHI
yMOBH, 3a sKMX 3pasku craBy 01420T 3 BuximHOO
61MOIaTHPHOIO 36PHOBOIO CTPYKTYPOIO TPOSBISIOTH €PEeKT
BHCOKOTEMIEPATypHOi CTPYKTYPHOI HAIIIACTHYHOCTI.
Byno BcTaHOBIIEHO, 1110 B X011 HAAIIACTHYHOT teopmartii
B poOouiif YacTHHI 3pa3KiB IBOTO CIUIABY YTBOPIOIOTHCS
Ta B pE3ynbTari 3IiliCHEHHs B’SI3KOTO IUIMHY PiJKO-
TBEPIOrO  Marepiary
CTpyKTypHu. Born Oynu BUSIBIICHI y pe3yabTaTi MPOBEICHHS
MeTanorpadigHUX  Ta  EJICKTPOHHO-MIKPOCKOIIYHHUX
JOCTIKCHD 1e(hopMaIifHOTO peNbedy, IO YTBOPUBCS Ha
MTOBEPXHI HA/AIUIACTUYHO MPo/Ie)OPMOBAHMX 3Pa3KiB Ta iX
3J71aMiB.

PO3BHBAIOTHCSI  BOJIOKHHCTI

MerTor J1OCHIKEHb, Pe3ylIbTaTH SIKHUX OIHMCaHi B
ctarti, Oymo BHWBYCHHS MOPQOIOTIYHHX OCOOIMBOCTEH
BOJIOKHUCTUX CTPYKTYp, IO YTBOPHIHCS y  XOIi
HAAIUIACTUYHOTO TIUTMHY 3paskiB  cmaBy 01420T 3
BHXI1THOIO OIMOIaIbHOIO 3¢PHOBOIO CTPYKTYPOIO.

METOAUKA EKCIIEPUMEHTY

3pazku I Oymu
BHUTOTOBIICH] 13 TPOMHCIIOBOTO HamiBhaOpUKaTy CIIIaBy
01420T, mo mae Takuit ximiwanit ckian: Al; 5,0-6,0%Mg;
1,9-2,3%Li; 0,09-0,15%Zr; 0,1-0,3%Si; 0,3%Fe; 0,1%Ti;
0,3%Mn; 0,005%Na [4,5]. Bouu Manu goBxuHy pododoi
gactuHU 10 MM 1 TONEpeYHHUil mepepis, IUIOHa SKOTO
cranoBmwia 3,0 x 5,00 mm’. MexaHiuHi BUIIPOOYBaHHS
3paskiB, sk 1 B mpamsx [10-14], mpoBeneHi Ha MOBITPi B
PEeXHMIi TIOB3YyUJOCTi IIPU TIOCTIITHOMY HaIpy>KeHHI TUIAHY.
Bonu Oymu 3milicHeHi
yMOBaX, sKi, sk Oyno moka3aHo B mparpsix [13,14], €
ONITHMAJILHUMHU YMOBaMH JUIsl 3[1HCHEHHS HaIJIaCTHYHOT
nedopmanii cruiapy 014207, a came npu HanpyKeHHi
Ry 6 = 4,5 MIla i Temnepatypi T = 520°C.

[ToBepxHIO poOOYOi WacTHHM 3pa3KiB NDTiQyBaIN
Ta MeXaHiyHO moiipyBanu. OcCTaToyHe TOJipyBaHHS
MMOBEPXHI  3pa3KiB  3MIMCHIOBAIM 3 BHKOPUCTAHHSIM
aIMa3Hol MacTd, 3epHHUCTICTh sikoi Oyna 1/0. Pemepni
PHUCKH Ha BIAINOJIPOBaHY MOBEPXHIO 3pa3KiB HAHOCWIIU 3
BHKOPHCTaHHSM aimaszHoi mactu 10/7.

Jns o0 TpaHWIll  3epeH
BUKOPUCTOBYBAJIHM YHIBEpPCAIbHUH XIMIYHMH TpPaBHUK,
sikui MaB Takuii ckian: 17 mn HNO,, 5 M HF, 78 M H,O.

MiKpoCTpyKTypy  3pa3KiB  JOCHI/DKyBalId 3
BUKOPUCTAHHSIM CBITJIIOBOI Ta pacTpoOBOi ENEKTPOHHOT
Mmikpockorii. CepenHidi po3Mmip 3€epeH BU3HAYaIU 3a
MikpodoTorpadissMu, OTPUMAHUMH 3 BHKOPHCTAHHSIM
cBiTIIOBOTO Mikpockonia MIM 6, ocHamieHOro nugppoBoOO
¢dortokameporo Pro-MiscroScan, 3a METOZOM BHITaIKOBUX
ciunux [15]. BuBuenns ocobmuBocted aedopmariitnoro
penbedy 3paskiB Ta MOpdoorii BOJIOKHUCTUX CTPYKTYP,
110 YTBOPIUTUCS y XO/Ii HAATIIACTUIHO]T iepopMaltii, a TAKOK
BH3HAYEHHS XIMIYHOTO CKIIAAY JIOKAJHHHUX TUISHOK 3epeH
Ta BOJIOKHMCTHX CTPYKTYp BHKOHAHI 3 BHKOPHCTaHHSIM
pacTpoBHX eneKTpoHHHX Mikpockonis JEOL JSM-840

MEXaHIYHUX  BUIPOOYBaHb

B TEMIEpaTypHO-IIBUIKICHIX

TOTO BUABUTH
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B.I1 Houoa, /I.€. Muna, A.B. Ilotioa, C.I. [lempywenko

ta Tescan VEGA 3 LMH, sxuil ocHaleHuii mpucTaBKoro
JUISl TIPOBE/ICHHS €HEProANCIIEPCIHHOTO PEHTIeHIBCHKOTO
mikpoanamizy Bruker XFlash 5010.

PE3YJIBTATH TA iX OBTOBOPEHHS

Hapuc. 1 mpeacrasnene 300pa)xeHHsI OHOTO i3 3pa3KiB
crmaBy 01420T, nHaaminacTHyHO MpoOIEPOPMOBAHOTO B
ONTHUMAJILHUX YMOBaxX /0 3pyHHYBaHHS Yy TOPIBHSIHHI
3 HeaedOPMOBAaHMM 3pa3koOM. 3a 30BHIIIHIM BHIOM
oro pobouoi YacTWHU MOKHA CTBEPDKYBAaTH, IO Ha
MaKpOCKOIIYHOMY pIiBHI HaIIIACTHYHHUN I[UIMH 3pa3ka
OyB cTaOUIEHUM 1 BiOyBaBCSl aX 10 HOro KBa3iKPHXKOTO
3pyWdHYBaHHS 0€3 TMOMITHOI JioKami3amii aedopmarrii.
Bignocue
ctanoBuTh 670%.

Crnig 3a3HaYATH IO HAMIUIACTHYHA JeopMallis
3paskiB cmiaBy 01420T, mo Oymu mpomedopmoBaHi
JI0 3pyHHYBaHHS B ONTHUMaJbHUX YMOBaX, BIPOTiIHO
3IIHCHIOBAJIACh CTAOLTBHO 3aBISKH TOMY, IO TICPEBaXKHA
OUIBIIIICTE 3epeH y pOOO0Uiil YaCTHHI 3pa3KiB, [iATOTOBICHUX
JI0 BUNIPOOYBaHHSA, Oy yIbTPaApiOHUMHU 1 pIBHOBICHUMHU
(,E[I/IB. pHc. 2, a). Cepez[Hiﬁ p03Mip YJIBTpa,Z[pi6HI/IX 3epeH

}'!1 i FH l !t

BUIOBKCHHS 3pa3ka [0 3pyHHyBaHHA O

y: ull

!

hl;hs'»“ l!lﬂf “&‘

Puc.1. 3aram>HmI BUTIIAJ 3pa3Ka CIUIaBy 01420T o
OyB HaJIIACTHYHO MIPoAe(HOPMOBAHHHN 10 3pyHHYBaHHS
npu T = 520°C i nanpy»xeni mmany 6= 4,5 MIla na
670% y nopiBHsIHHI 3 Hele()OPMOBAHUM 3PA3KOM.

CKJIaaaB PUOIU3HO 5 MKM. Y HeneopMOBaHHX 3pa3Kax
Takok Oynaa Jesika KUIbKICTh BEJIMKAX HE IOBHCTHO
PHUKPUCTANII30BAaHUX 3€peH, fKi Oyam 30cepepkeHi B
CMYTax 1 MaJIM CepeHii po3Mip IpuOIH3HO 25 MKM. Y X0mi
Ha/IUIACTUYHOTO TJIMHY 3aBASKH 3I1HCHEHHIO TUHAMIYHOT
peKpucTamizanii 3epeHoBa CTPyKTypa i3 OiMOAaiIbHOI
MEePETBOPUIIACS Y Maibke OJHOPIAHY (IuB. puc. 2, 0) i3
CepeaHIM pOo3MipoM 3epHa mprOaH3HO 10 MKM.

Hapuc. 3 HaBegeHUI THTIOBHIA BUTTISA e (hOpMaIlifHOTO
penbedy, SAKAH YTBOPMBCA Ha TOBEpXHI poOOYOl
gactuHU 3paska cruaBy 014207, mpomedopmoBaHOTrO 110
3pyHHYBaHHS B ONTHUMAaJIbHUX YMOBAX HaJIUIACTUYHOCTI.
BumHO, 10 HA MIKPOCKOMIYHOMY PiBHI HAAMIACTUYHUI
IUIMH 3pa3ka OyB JIOKAaJbHO HEOJHOPIZHUM. Y XOIi
HaIUIaCTUYHOI jJedopmarii B poOOYiil YacTWHI 3pa3ka
3M1MCHIOBAJIOCH 3€PHOTPAaHWYHE TIPOKOB3YBaHHS 3EpEH
(3I'I) rta BigOyBamucs ix moBoporu. Y mpami [14]
MIpOoaHai30BaHl 0COOJMBOCTI PO3BUKY AedopMariitHux

Puc.2. XapaxkrepHuil BHJ BUXIAHOI MIKPOCTPYKTYpH

pobouoi uactuHHM 3paska cmiaBy 01420T (a)
Ta MIKPOCTPYKTYpH 3paska IbOTO K  CIUIABY,
poae(pOPMOBAHOTO JI0 3pYiHHYBaHHS B ONTHMAaJbHBIX
yMoOBax HaJmiacTHaHocTi (6). HanmpsiMox po3TsiryBaHHs

3pa3Ka rOpu30HTAIbHUH.

Ta aKOMOJANIWHUX MeEXaHI3MIB y XOAl HAIIIACTUYHOI
nedopmartii 3paskiB cruraBy 01420T, ska 3xpificHIOBasiach
32 HAasBHOCTI Ha JICKUX JUISHKAaX TPaHULb 3€peH
B’s13k01 MeTacTabuIbHOI pinko-TBepaol ¢azu. OmHouacHa
caMOy3roKeHa Jiisl IIMX MEeXaHi3MiB 3a0e3nedye cTadiibHe
MPOXOKCHHS HAAMIACTHYHOT nedopmaliii 3pa3kiB CIijIaBy
01420T.

CTpyKTYpHI JOCTIHKSHHS TIOKa3aJIH [0 Ha TPAHUIISIX
3epeH y pe3ysbTaTi peiakcalii HanpyKeHb, sIKi BUHUKAIN
Iij1 4ac MepeMilleHHs 3epeH, YTBOPIOBAINCH KIMHOBUIHI
TPIUHU. Y MPOIECi HAAIIACTHYHOTO IUTHHY KJIMHOBHUIHI
TPINMHU TEPETBOPIOBAIKMCh y 3€PHOTPAHUYHI TIOpU Ta
MaricTpaibHi TpiluHU. BUBYEHHS MOBEpXHi 3pa3KkiB Ta
¢pakrorpaM iX 37aMmiB, TPOBEACHE 3 BUKOPHCTAHHIM
CBITJIOBOTO Ta pacTPOBOTO EJIEKTPOHHOTO MiKpPOCKOIIa,
T10Ka3aJlo, 110 B TIOpax i B TpillIMHAX, @ TAKOXK Ha MOBEPXHI
371aMiB  30CEPE/KeHI BOJIOKHUCTI CTPYyKTypH (puc.d —
puc.9).

VY mpamsax [11-14,16,17] 6ymo moka3aHo, 110 yTBOPEHHS
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Puc.3. XapaxktepHuid  BHUILII  JedopMarliifHOTO
penbedy, 0 yTBOPUBCS HA MOBEPXHI pabov0i YacTUHU
3paskiB crutaBy 01420T, sixi Oynu nponedopmoBaHi
JI0  3pylHYBaHHS B
YMOBaX, ONTUMAIIbHUX AJS iX HaJIIACTUYHOIO IUTHHY.
Kopotkumu crpimkamu Ha Puc. 3 6 BigmideHi 3MilIeHAS
1 pO3pHBHM MapKepHHX pPHCOK, IO YTBOPHINCH Y
pesynsrari  3I'TI. HampsiMmox po3TsryBaHHSI 3paska
BKa3aHMH JOBrol0 CTpinkoto. PacrpoBa enekTpoHHA
MIKPOCKOITisI.

TeMIIepaTypHO-IIBHIKICHAX

1 PO3BUTOK BOJIOKHUCTHX CTPYKTYp Y XOJi HaJIJIaCTHYHOT
nedopmaliii 3pa3kiB aTFOMIHIEBUX CIUIABIB, JICTOBAaHUX Mg,
BiZIOyBa€ThCSl Y PE3yNbTaTi B’SI3KOT0 IUIMHY PiIKO-TBEPIOT
¢a3m, sika yTBOpMIACS BHACHIZOK YaCTKOBOTO IUIABICHHS
CIUIaBY TIPH TeMIIepaTypi BUIpPOOyBaHb 3i IIBUAKICTIO,
sIKa, BIPOTIJHO, BU3HAYAETHCS MIBUAKICTIO PO3KPHUTTS

Puc.4. Buay BOJOKHHCTHX CTPYKTYp Yy poOouiii
yacTuHi 3pa3kiB cmiaBy 01420T, mpoxedopmoBaHuX 10
3pyiHYBaHH: B ONTUMAJIbHBIX YMOBaX HaJINIACTUYHOCTI.
CrpinkaMHi BKa3aHO HANpPSMOK PO3TATYBAaHHS 3pa3KiB.
CBiTIIOBa MiKPOCKOTIisL.

3€PHOTPaHMYHUX TIOp Ta TPIIUH HAa TPAHULSX 3€peH,
MIEPHEHANKYIAPHIX HAMIPAMKY PO3TATYBaHHS 3pa3Ka.

Ha puc. 8 mokasaHi 300paxeHHSI BOJIOKOH, OfepyKaHi
3 BHUKOPHUCTAHHSIM BTOPHHHUX Ta 3BOPOTHO PO3CISIHUX
EJICKTPOHIB, a Ha puc. 9 MokazaHi 300pa’keHHS] BOJIOKOH,
OTpHMaHI [IPU BEJIUKHUX 301IbIICHHSAX. BUIHO 1110 MOBepXHI
BOJIOKOH Ta OKpaiKiB 3epeH (CTIHOK TOp), Ha I'PaHMILIX
SKUX BOHH YTBOPIUINCS, MalOTh HEOTHOPITHUN XiMITHUI
ckian. BoHNM MOKPHTI MyXKOIO OKCHIHOIO IUIIBKOIO, IO
yTBOpHJIacs NpH MiAirpiBaHHi 3paskiB cmiasy 01420T
no temrmeparypu BunpoOyBanb T = 500°C B pe3ynbrarti
JUHAMIYHOTO OKHCIICHHsI IOBEPXHI TBEPAUX 3CpCH, a
TaKO)X MMOBEPXHI BKIIIOUCHb METACTaOLIBHOI pifKol (asu
B pe3ynbTaTi IPOXO/DKEHHS YacTKOBOIO IUIABIICHHS,
MIPUYMHMA SKOTO OyJIU pO3TISHYTI B mpansx [14,15].

[TpoBenenus MIKPOPEHTI€HOCTIEKTPATbHUX
JIOCITI/PKeHb XIMIYHOTO CKJIaJy PI3HMX YacTHH MOBEPXHI
3pa3KiB, Sika MEXY€ 3 BOJOKHAMH, a TAKOX ITOBEPXOHb
BOJIOKHHCTHX CTPYKTYp TIOKa3aJio IO KOHIIEHTpaIlis
Mg B HUX TiJBHIICHA y MOPIBHAHHI 3 HOTO CEpeIHBOIO
KOHIIEHTpalli€lo y ciuiasi. Tak, 30kpeMa, BCTAaHOBJICHO IO
KOHIICHTpaIliss Mg B JiNsHI, siKa TIO3HAUCHA Ha puC. 8, 6
mudporo 1, ckiragae 13,16%, a B TUISHIN, TO3HAYCHIA Ha
puc. 8 B mudporo 2, ckiaanae 11,98%.

MoxHa BBaXKaTH, IO TOBEPXHSI pPoOouoi YacTHHU
3paskiB cruaBy 0142071, wmarpitux [0 TeMmmeparypu
BurpoOyBanHsa T=520°C, Gyna HOKpHUTA ITyXKOK OKCHIHOIO
IUTBKOIO, fIKa CKIamacthes 3 okcuuis AlLO,, MgO, a
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Puc.5. Buay BOIOKHHUCTHX CTPYKTYp Y poOouiit yactuHi 3paskis crutaBy 014207, npoxedopmoBaHux J10 3pyiHYBaHHS
B ONTUMAJIBHBIX YMOBaX HaAIUIACTUYHOCTI. HanpsiMoK po3TsryBaHHs 3pa3KiB rOpU3OHTAILHUN. PacTpoBa einekTpoHHa
MIKPOCKOITisL.

TakoX i3 MaruesianbHoi mmineni MgALO,. Takuil ckian
OKCHJIHOI IIJTIBKHM XapaKTepHUH Il 6araTOKOMIIOHEHTHUX
QTFOMIHIEBUX CIUIABIB, [0 MAIOTh Y CBOEMY CKJIAJi MarHii
[18-20,27].

B mpamsx [12,16,17] Oyno po3misiHyTO BIUIMB
Jy’Ke APIOHUX YaCTUHOK OKCHIHHX IUTIBOK Ha B’SI3KICTh
PLAKO-TBEPJOro Marepiaily, 110 YTBOPIOETHCS BHACIIJIOK
YaCTKOBOT'O IUIABJICHHS CILIABY.

BuBueHHsST MOpQOIOTii BOJOKHUCTUX CTPYKTYp Ta
ocoOimBOCTEN X pO3TallyBaHHS B IOpax Ta B TPIMIMHAX
MI0Ka3aJIo 10 BOJOKHA B HUX, B OCHOBHOMY, OpPIEHTOBaHI
rapayieIbHO HampsIMKY OCI pPO3TSATyBaHHS 3pasKiB (JIUB.
puc. 4, puc. 5 ta puc. 6). Ixmi kinmi npukpinneni 10

BHYTPIIIHIX TOBEpXOHb MOp 1 TpimmH. BonokHa HiOM
CTATYIOTH MiX CO0OI0 3epHa, MK SKHMH 3HAXOIATHCA
mopu. JlOBXKHWHA BOJIOKOH, SKi TPUKPIIUICHI IO CTiHOK
HECYUTBHOCTEH, IPUOIH3HO JOPIBHIOE PO3MIpPY THX TIOp 1
TPILIMH B HANPSIMKY OCi PO3TATYBAaHHS, B SIKUX BOHH OyJIH
BUSIBIICHI. Y JESIKMX HECYHIIBHOCTSX € JIMIIe ofHe abo K
K1JIbKa BOJIOKOH, a B JICSIKMX [TOpax € y’Ke 0arato BOJIOKOH,
AKi 00’ €THAHI B ITy4YKH (TUB. pHC. 6).

BuBuenns =~ mopdomorii  XapakTepHHX  BHIIB
BOJIOKHUCTHUX CTPYKTYD, sIKi OyJIV BUSIBIICH] B HA/IIJIACTUYHO
nponedopmoBannx  3paskax crmaBy  01420T, nae

IiIcTaBy 3pOOWTH Taki y3araJbHEHHS LIOJO0 iX OCHOBHHUX
MOPQOJIOTTUYHUX XaPAKTEPUCTHUK.
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r S5MKM
—

Puc.6. Buau BOJOKHHCTHX CTPYKTYp Yy poOouiit
yactuHi 3pa3kiB cmuiaBy 01420T, mpogedopmoBaHuX 110
3pyHHYBaHHS BONTHMAaJIbHBIX YMOBaX Ha [IJIACTUYHOCTI.
CrpinkamMi BKa3aHO HANpsIMOK PO3TSATYBaHHS 3Pa3KiB.
PacTtpoBa enexTpoHHa MiKPOCKOTTisL.

10MKMm
—

Puc.7. Bumm BONOKHHUCTHX CTPYKTYp y pobouiit
yacTuHi 3pa3kiB cruaBy 01420T, mpoxedopmoBaHUX 110
3pyiHYBaHHS B ONITUMAJIbHBIX YMOBAX HAIIIIACTUYHOCTI.
PactpoBa enekTpoHHa MiKpPOCKOITiS.
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Puc.8. Buay BOTOKHHUCTHX CTPYKTYp y poOodiii gacTuHi 3pa3kiB ciuiaBy 01420T, nmpoxedopmoBaHuX 10 3pyiHHYBaHHS

B ONTHMAJIBHBIX YMOBaX HAIIUIACTUIHOCTI, OJICPXKaHi 3 BHKOPUCTAHHSIM BTOPUHHHUX (2, B) Ta 3BOPOTHO po3cisHux (O,
r) enekrpoHniB. Lludpamu 1 12 Ha puc.§, B MO3HAYEHO JOKAJIBHI TUISTHKY 3pa3ka, B IKUX OyJ0 BU3HA4YeHO BMicT Mg.

PactpoBa ejeKTpoHHA MIKPOCKOIIIsL.

3a 30BHIIIHIM BHUIVIIIOM BCI BOJIOKHHCTI CTPYKTYpPH,
sIKi OyJIM BUSIBJICHI B HAJIUIACTUYHO IPOJEPOPMOBAHHUX
3paskax cmuiaBy 01420T, yMOBHO MOXKHA MOAUTUTH Ha TaKi
TUTH: [ATIHIPAYHI BOJIOKHA, KOHYCOIOIIOHI BOJIOKHA;
OWTIHAPUYHI BOJIOKHA, HA SIKUX € MTOTOBIIEHHS a00 X OIHE
Yl KiJTbKa KPAIUICTIONIOHUX YTBOPEHB, CTPIYKOMOMiOHI
BOJIOKHA;, BOJIOKHA, $Ki MAlOTh BHJ| CTaJaKTHUTIB abo
CTaJIarMiTiB.

BonokHucTi  CTPyKTypW, SKi  MarmTh  CXOXKY
Mopodorito, OynM, 30KpeMa, BHSIBICHI 1 aBTOpaMu
mpaup [21-27]. BoHM mocmiKyBamd — CTPYKTYpHi

3MiHM, 10 BiZAOYyBalOThCS y XOZAlI BHUCOKOTEMIIEPATYpPHOI
Ta  BUCOKOIIBHJKICHOT  HajgmiacTHyHOl  jaedopmartii
0araTOKOMIIOHEHTHHX aJIOMIHIEBUX CIIJIaBiB.

Po3misiHeMO Ha SIKICHOMY PiBHI JesiKi TPUYUHA
BHSABJICHUX y XOI1 JOCTI/KCHDb BiAMiHHOCTEH MOpdomorii
BOJIOKHUCTHUX CTPYKTYp Ta BKa)KEMO Ha JIeSKi YHHHUKH, Tis
SIKMX, BIPOTi/IHO, BU3HAYasia MOP(OJIOTIIO BOJIOKOH.

MorkHa mependaunTH, M0 KOHKPETHHUH BUIVISAX
BOJIOKHUCTHUX CTPYKTYP, sIKi OYyJIM CIIOCTEpPEIKEHI B 3pa3kax
nocmipkeroro crutasy 01420T, mepin 3a Bce 3alieKHUTh
Bim 00’eMy MeracTalinmbpHOI piako-TBEPMOi (asm, ska

BicHuk XHY imeHi B.H. KapasiHa, cepis «®isukay, sun. 35, 2021 13



Mopdonoeis eoroxnucmux cmpykmyp, wo ymeopuaucs 6 xo0i Haonracmuyroi oegpopmayii cnaagy 014207 iz
BUXIOHOT0 DIMOOAILHOIO 3ePHOBOI0 CIPYKIMYPOTO

14

Puc.9. Bumm BOJOKHHUCTHX CTPYKTYp Yy pobouiit
yactuHi 3paskiB crmumaBy 014207, mpomedopmoBaHmX
JO  3pyHHYBaHHS B  ONTHMQJBHBIX  yMOBax
HaJacTuaHocTi. HanpsiMok po3TsaryBaHHSI BKazaHHMA
cTpinkamu. PacTpoBa enekTpoHHa MiKpOCKOIIsL.

nepeOyBajia y BHIVISIAI BKJIIOYEHb Ha JICSIKMX TIPAHMILIX
3epeH 1 31ilicHIOBalIa B I3KUH IUTMH Y XOA1 HaIIUIACTUYHOT
nedopmariii, a TaKoXK Bi BETWYHHH ii 3CyBHOI B’SI3KOCTI,
XapakTepUCTUK i IMOBEPXHEBOIO HATATY, CTYIEHS
JMHAMIYHOTO OKHMCJIEHHS PO3IUIaBY Ta KIHETUKH PO3BHUTKY
LILOTO MIPOLIECY.

byno  BcraHOBIEHO, IO  TOHKI  LWJIHIPWYHI
BOJIOKHA MaroTh NPHOJIM3HO OJHAKOBY TOBIIMHY. BoHwH,
B OCHOBHOMY, € NpsiMomiHidHIMH. OJHAK cepel HUX € i
3irHyTi (AUB. puc. 6). Ha neskux i3 MITiHAPUIHAX BOIOKOH
€ OKpYIVIi MOTOBILEHHS Ta KPAIUICBHIHI yTBOPEHHS, TaK
3BaHi Kparuri-carenité (auB. puc. 7, 6, 2). Y npausx [16,
17,22, 26, 27] ix aBTOpaMu Oyiy BUCIIOBJICH] MPUITYIICHHS
PO Te, 10 YTBOPEHHSI Kpariejib Ha BOJIOKHAX €, BIPOTiHO,
HACJIIIKOM [Iii CHJI TIOBEpPXHEBOTO HATATY, a OKPYIJIi
MTOTOBIICHHS HA HUX YTBOPWIJIMCH BHACTIOK OOTIKaHHS
PLAKO-TBEPIMM MarepiajoM YaCTWHOK IHTEpMETAaJiIiB Ta
CKYITUCHb OKCHJIIB.

Busnadeno 1o rwioma IONEPEYHOro  mepepisy
KOHYCOIOIOHUX BOJIOKOH CTaHOBUTH KiJIbKa MIKPOMETPIB,
a IIIomIa mepepisy iX TOCTPHX KIiHINB, AKi € 30HAMH, e
BinmOymacs Jiokaiizailis aedopmartii, € Iyxe Maor.

OcTaToyHMi BUIIIST BOJIOKOH Ta iX (opma BiporizHO
3aJeKUTh HE JIMIIe BiJ XapakTepy B S3KOr0 IUIMHY
PIAKO-TBEpIOTO MaTepiany, aje W BiJ Mpouecy HOro
KpHUCTaJi3aIlii il Yac OXOJIOMKCHHS 3pa3ka Ha MOBITPI 10
KIMHaTHOI TEMIIepaTypH TiCIs 3aBEPIICHHS MEXaHIYHHUX
BHIIpoOyBaHb. Tak, 30KpeMa, MOXKHA MepeadaduTH IIo
TPIIMHU HA JESIKUX CTPIYKOMOMIOHWX BOJIOKHAX (JIHWB.
puc. 9, a) BIpOTiZHO YTBOPHJIMCS BHACITIJOK peJakcarii
BHYTPILIHIX HAalpYKeHb, IKi HE B IOBHIH Mipi Oy/u 3BeJIeH1
JI0 MIHIMyMY B XOJi peKpHCTai3aiii, 1o 31iiCHIOBAIAChH
IIiJT 9aC OXOJIOKEHHS 3pa3Ka.

MoskHa Tiepe10aYnTH M0 BOJIOKHUCTI CTPYKTYPH, IO
3a CBOIM BHIVIJIOM CXOXKi Ha CTQJaKTUTH Ta CTAJIATMITH
(uB. puc.7,0), BIpOTiIHO yTBOPHIIUCS 3 B’ SI3KOTO Marepiaiy,
SKMH y XOAl HaaruacThyHoi nedopmaiii B pesynbrari
MPOXO/DKEHHST  KpHCTallizalii, 1mo  37ilficHIoOBalach
y JIOKaNBbHUX MIKpPOOO’€Max BOJOKOH, IIOCTYIOBO
TIEPETBOPIOBABCS 3 PIAKO-TBEPAOTO Y TBEPIO-PiIKUiA.
BHacmiok OO0 B 3aKpUCTANIi30BAHOMY MiKp00O’ emi
BOJIOKHA B’SI3KMI OHOPIAHUN IUTMH MaTepially BipoTiIHO
TIEPETBOPUBCS B JIOKATI30BAHUH IIJIMH, SIKUHA XapaKTepHUN
JUISl TUIACTUYHOTO TUIMHY, 110 3[IMCHIOETBCS Yy pe3ylbrarTi
MepeMiIIeHHsT TUCIoKaliii y TBepai ¢aszi. Came 1e,
BIpOTi/THO, ¥ TIPUBEINIO 10 YTBOPEHHS BOJOKOH, CXOXKHX Ha
CTAJIAKTUTH Ta CTAJArMITH.

BUCHOBKHU

1. TIlpoBenmeni MexaHiuHi  BUNPOOyBaHHA  Ta
CTPYKTYpPHI AociimkenHs 3pa3kis criaBy 01420T, siki Oyu
nponedopmMoBaHi 10 3pyHHYBaHHs Y ONTHMAJIbHIX YMOBaxX
HaamactiaHoi aedopmarii npu T = 520°C 1 HanpykeHH1
iy 6 = 4,5 Mlla.

2. BcTaHOBIEHO MIO0 Ha MAaKPOCKOIIYHOMY piBHI
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Ha/TUIACTUYHUH TunH 3paskiB crutaBy 01420T BinOyBascst
CTaOlIbHO 1 OJJHOPIZHO, @ HA MIKPOCKOIIYHOMY PiBHI BiH
OyB JIOKaJIbHO HEOITHOPITHUM.

3. BuBueHa MopQoJOTisi BOIOKHHCTHX CTPYKTYP,

SIKI YTBOPWJIMCS y XOII HAJIJIACTHYHOTO IUIMHY 3Pa3KiB
crmaBy 014207, npoxedopmoBaHux 1m0 3pylHYBaHHS B
ONTUMAJILHUX YMOBaX. BcTaHOBIEHO, 110 3a 30BHINIHIM
BUIVISIZIOM YCl BOJIOKHHMCTI CTPYKTYPH, SIKi OyJin BHSIBJICHI
B poOOYMX YAaCTHHAX 3pa3KiB, YMOBHO MOXKHA ITOTITATH
Ha TaKi: OWTIHAPUYHI BOJIOKHA; KOHYCOIIOMIOHI BOJIOKHA,
LWITHIPAYHI BOJIOKHA, Ha SIKUX € TIOTOBIIEHHS a00 X OJHE
YM KiJIbKa KparuienoJiOHMX YTBOPEHb; CTPIUKONOMIOHI
BOJIOKHA; BOJIOKHA, SIKI MalOTh BHJI CTaJaKTHTIB abo
CTaJIarMiTiB.

4. Ha sxicHOMy piBHI PO3IIAHYTI NeAKi NMPHIUHH

BHUSABJICHUX y XOIi JOCTIKCHb BiAMiHHOCTEH MOopdomorii
BOJIOKHUCTUX CTPYKTYp Ta BKa3aHi YMHHHKHU, Jisl SIKHX,
BIpOTiIHO, BU3HAYAJIA OCTATOYHHIA BUTIIS]] BOJIOKOH.

10.

11.

12.
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One of the problems that arise when studying the thermal conductivity of low-dimensional phonon systems at low temperatures
is the appearance of differences in expressions for the thermal conductivity as a function of sample size, as well as the appearance of
unusual dependences of heat fluxes on temperature gradients. For example, in the generally accepted Casimir — Zaiman model, it is
assumed that a linear temperature gradient is created on the lateral surface by external sources. Moreover, the Casimir model requires
two conditions at the border. This is a diffuse reflection in which the phonon is reflected with an isotropic angular distribution function.
The second condition is the presence of redistribution of phonons by energy, so that the distribution of reflected phonons corresponds to
the radiation of an absolutely black body - that is, the reflection of phonons must be inelastic. And if the first condition can be achieved,
for example, by boundaries with a certain degree of roughness, the second condition can be achieved only in the presence of thermal
contact between the side edges of the sample and the thermal medium at a certain temperature distribution. In the case of thermally
insulated sample boundaries (for example, when the sample is in vacuum) or at least with imperfect thermal contact, the fulfillment of
the second condition is practically impossible.

In this paper, we consider the problem of thermal conductivity of two-dimensional nanostructures - nanobands - in the temperature
range, when the interaction between phonons can be neglected. In this ballistic mode, heat fluxes can be limited only by the interaction
of phonons with the sample boundaries. A number of types of interaction of phonons with the boundaries of two-dimensional samples
are considered: absorption at the boundary, finite number of reflections, absorption inside the sample on defects, impurities, etc.
Explicit expressions of thermal conductivity in these cases are derived. Interpolation relations are obtained, which generalize the
existing expressions of thermal conductivity in the case of mirror reflection and reflection with losses.

Keywords: thermal conductivity, phonons, heat flux, two dimensional nanoribbons.
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The influence of phonon boundary scattering on the thermal conductivity of a two-dimensional
noninteractive phonon system of nanosized structures

3aiimaHa nepenoadaeThes, M0 Ha O1YHIN MOBEpXHI 30BHINIHIME JDKEPEIaMU CTBOPIOEThCS JIHIHHNI TeMIepaTypHuii rpatieHT. binbie
Toro, B Mozeni Kasnmupa HeoOxinHi aBi yMoBH Ha KopaoHi. Lle nudysne BinOuTTS, npu sikoMy (GOHOH BiIOMBAETHCS 3 130TPOITHOIO
(YHKIIEI0 KyTOBOTO pO3Mofiny. Jpyra ymMoBa — HasBHICTh Hepepo3Noiry (OHOHIB 3a €HEpriero, TaKUM UHHOM, 100 PO3IOALT
BiIOMTHX (POHOHIB BiJIIOBiIaB BUIIPOMIHIOBAHHIO aOCOIIOTHO YOPHOTO TiJla — TOOTO BiZOUTTS (OHOHIB Mae OyTH HEMpYKHUM. |
SIKILIO TepIa yMOBa MOXKe OyTH JOCATHYTa, HAIIPUKIIA[, 32 JOIOMOTOI0 KOP/IOHIB 3 MEBHUM CTYNEHEM ILOPCTKOCTI, TO Apyra yMOBa
MO)Kke OyTH JIOCSITHYTa JIMIIE 32 HASIBHOCTI TEINIOBOTO KOHTAKTY MiXK OI1YHHMHM KpasiMU 3pa3Ka Ta TEPMIYHUM CepeOBHIIEM 3a IIEBHUM
posmoziioM Temreparypu. Y pasi TepMOi30JIbOBAaHMX KOPAOHIB 3pa3ka (HANPUKIIAJ, KOJIM 3pa30K 3HAXOIUThCS y Bakyymi) ado,
NIpUHANMHI, 3 HE/IOCKOHAJIMM TEIJIOBHM KOHTAKTOM, BHKOHAHHS IPYrol YMOBH € MPAaKTHYHO HEMOXKJIMBHM.

V crarTi Mu po3IIsIAaEMO MpooIeMy TeIUIONPOBITHOCTI JBOBUMIPHUX HAHOCTPYKTYp — HAHOCTPIYOK — B Jialla30HI TeMIIeparyp,
KOJIM B3a€EMOJI€I0 MK ()OHOHAMH MO)KHA 3HEXTYBAaTH. Y LbOMY OaliCTHYHOMY PEKHMIi TEIUIOBI MOTOKHM MOXYTH OyTH OOMEXeHi
JIUIIE B3a€EMOJIEI0 (OHOHIB 3 MexaMu 3pas3KiB. PosmismaeTscst HM3Ka TUMIB B3aeMonii (DOHOHIB 3 MEKaMH JIBOBHMIPHHUX 3pa3KiB:
MOTIMHAHHS Ha MEXi, KiHIIeBe YHMCIIO BiIOWTTIB, MOIIMHAHHS BCEPEIUHI 3pa3ka Ha Aedexrax, JOMIlIKax Toilo. BuBeneHo sBHI
BHpa3¥ TEIUIONPOBIJHOCTI B IMX BUMaakax. OTpHUMaHO IHTEPHOJILINMHI CIIBBIIHOLIGHHS, SIKi Yy3arajlbHIOIOTH ICHYIOUI BHpPa3d
TEIUIONPOBITHOCTI Y BUIAJKY [3¢PKAIbHOTO BIIOKTTS Ta BIIOUTTS 31 BTpaTaMH.

KonrouoBi c10Ba: TeronpoiHicTs, GOHOHH, TEIIOBUH IOTIK, TBOBIMIpHI HAHOCTPIUKH.

INTRODUCTION

One of the problems that arises when studying
the thermal conductivity of phonon systems with low
dimensionality at low temperatures is the appearance of
divergence in the expressions for the thermal conductivity
coefficient as a function of sample size [1 — 4], as well as
the appearance of unusual dependences of heat fluxes on
temperature gradients [2, 5].

For example, in the generally accepted Casimir—
Ziman model [2] it is assumed that a linear temperature
gradient is created on the lateral surface by external sources.
Moreover, in the Casimir model, two conditions at the
boundary are necessary. This is a diffuse reflection, in which
a phonon is reflected with an isotropic angular distribution
function. The second condition is the redistribution of
phonons by energy, so that the distribution of reflected
phonons corresponds to the radiation of a absolutely black
body - that is, the reflection of phonons must be inelastic.
And if the first condition can be achieved, for example,
by using boundaries with a certain degree of roughness,
then the second condition can be achieved only if there is
thermal contact between the lateral edges of the sample and
thermal media, and with a given temperature distribution.
In the case of thermally insulated sample boundaries (for
example, when the sample is in vacuum) or, at least, with
imperfect thermal contact, the second condition is almost
impossible.

In this work, we study the stationary nonequilibrium
state of the phonon system, which is provided by the
interaction of phonons with the lateral boundaries of the
samples. Particularly, we consider the influence on the heat
flow of the phonon absorption at the boundaries, the finite
number of phonon interactions with the boundaries, as well
as the dependence on the finite value of phonon lifetime. As
the result we get the exact results for definite cases and the
interpolation formulas for intermediate cases.

As the object of study, we consider phonon system of
a rectangular two-dimensional strip of width # and length
L (Fig. 1). For simplicity we consider just longitudinal

phonons and do not include bending vibrations and
transverse phonons. For such a system, we introduce two-
dimensional densities of energy £ and heat capacity C:

E :J.ha)n(T)dF,
]\75 :8_E :J.ha)wdl“, (1)
or|, or

Here ® = w(k) is the energy-momentum relation for
phonon, n(7) is the distribution function of phonons and

d'=dk dk. | (2x )2 is two-dimensional phase

volume.
As a heat flux, we consider two-dimensional heat flux

ow
Q= J‘ha)gkn(T)dF. )

that is the flow of energy per unit of time and through the
unit of length and has a dimension W/m.

H, T Cs
M Da
H, i
|
Bs
D
! Ci
H, .
Q B
T | &2 w| oo
Al B, > VA
H —>
’ 0 L Co

Fig. 1. The geometry of the problem.

As heat sources we consider the heat reservoirs of
infinite heat capacity with given temperatures: the hot one
with a temperature of 7, and cold one with a temperature of
T, which are in thermal contact with the end faces of H H,
and C,C, (see Fig.1), respectively. It is assumed, that these
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reservoirs provide a constant temperature on these sides
and interface heat contacts are ideal. In this case, the heat
flux that is radiated by these walls will be determined by
the law of radiation of an absolutely black body [5].

1
QBBR =

T
where the effective phonon velocity is introduced as follows

Vyy = [ hewy @n(T)dT | [hon(T)dT, &)

Veﬁ.E . (3)

Now we can consider the different cases of phonon
scattering on the lateral sides of the sample and influence
of this scatterings on the heat flow.

ABSOLUTELY ABSORBING BOUNDARY

Now we consider the limiting case in which the lateral
boundaries of the sample are absolutely absorbing. In
this case, the resulting heat flux will be determined only
by phonons, which are emitted on the hot wall and fall on
the cold one and conversely without reflections from the
lateral walls. Then the resulting heat flux density for small
temperature differences is determined as

1
Qo = ;Veﬁ’cs (Th _TC)RO ®)
Here the value of form-factor R
w arcsin(x/L)
o
—2 cos(p)d
!. e .([ (p)de ©)
RO = /2 =

2 2
ZIcos(go)d(p NW + L +L

0

is equal to the part of the energy emitted by one of the sides,
which goes directly to the other side, without reflections in
the lateral walls (see, for example, line 4 B, at Fig. 1). It is
determined by the isotropic nature of the radiation (6) and
the geometric dimensions (and shape) of the sample:

Now we can introduce the effective coefficient of
thermal conductivity, as the coefficient of proportionality
between the heat flux density and the ratio of the temperature
difference to the length of the sample:

(7, -T.)
L

The thermal conductivity coefficient turns out to be
presented in the form, which is usual for phonon systems:

1

Oy = Koy )

®)

This expression contains information about the

dimension of the conductor (two in the denominator), the
heat capacity of the phonon gas, the effective velocity and
effective path length of the phonons:

2 LW

T WAL

From this formulae it follows that for large /" and (or)
small Z, the presence of lateral boundaries can be neglected,
and the heat flux turns out to be equal to the difference in
fluxes (3) from the hot and cold edges and does not depend
on the distance L between them.

In the case of small /¥ and (or) large L, the resulting
heat flux is determined by the width of the sample, and
the mean free path of phonons is determined by a ratio
that is similar to the corresponding expression for three-
dimensional heat conductors in this limit:

AO(W—>O):1W :
T

A, = ELRO = ©)
T

(10)
Now consider the opposite case of specular reflection.

ABSOLUTELY SPECULAR BOUNDARY

In the case of absolutely specular lateral boundaries,
all phonons emitted by the heater and the cooler reach the
opposite ends without loss. This leads to the obvious result
[3, 4] that the heat flux will not depend on the length of the
conductor. In this case, the thermal conductivity determined
by relation (7) will linearly increase with length. A similar
result follows from (8) in the limit of small L, but in this
case all the phonons fall at opposite ends due to the absence
of reflections in the side walls.

Let’s obtain the same result analytically, taking into
account all phonon reflections in the side walls. To account
all the reflections, we use the image method. In this method,
a phonon moving, for example, along the trajectory 4,D B,
in Fig. 1 is considered as a phonon freely moving along the
A,D B, path, where point B, is an image of point B, in the
lateral wall /,C,. In this case, the phonon flux which have
exactly n reflections from the lateral walls and was radiated
by warm (left) end

h(n) = Q(HOHI - CnCn+l) +

+OHH, —>C,C, )= (10)
= 2Q(H0H1 - CnCn+l)
and cold (right) end
an) =0(GC —>H,H,, )+
+OQ(CC ~>H H_ )= (11)

—20(C,C, >HH.)

where n=1,2,3..., are defined by following relations:

h(n) = Qe (T},) (Rn - Rn_l) and
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Qc('n) = Oy (1) (Rn R, ) (12)
The quantities R are determined by an integral
similar to (6)
1 W $,(x)
R,=—/[dx [ cos(d)dp. a3
W 0 0
but with other limits of the angular variable:
. (n+1)W —x
sing, (x) = — - (149
JCn+DW =x) + L
As a result

R = V;(\/(n Y)W+ L W + I ) (15)

From this relation, it obviously follows that if the
reflections are specular, the corresponding terms are
cancelled, if one summarizes the quantities (10) or (11):

R, +

+> [R,-R..] - (15)

1

= OpprR., = Oppp

Here Roo =1 is the limiting value of R when n tends

Q:iQn = Onsr

to infinity.

This answer is fairly obvious, and suggests that
in the absence of resistive processes it is impossible to
create a temperature gradient inside the sample. Now we
can proceed to consider possible resistive processes at the
boundaries that will lead to the presence of a temperature
gradient inside the conductor and, consequently, to the final
value of the thermal conductivity coefficient.

FINITE NUMBER OF REFLECTIONS
The simplest model of such processes is the restriction
the reflections number N, that will allow us to consider the
nature of the divergences in a number of limiting cases. In
this case, after mutual reductions in the values of R , only
the last of them remains:

Oy :ZQn :[QBBR(T;:)_QBBR(T;)]'RN =
0 (16)

- %(\/(NJr W2+ 12 NP+ I )

For the convenience of further discussions, a

normalized heat flux is introduced that is directly related
to the dimensionless effective mean free path of phonons:

QN ”A

==N__" (17)
AQ 2L

q

Thus, for a finite number of reflections, this heat flux
is
QN+ )W

(18)
N+ W+ 12 N W2+

dy =

For infinite N, we obtain the limit of completely
specular reflections (15)
qspec = 1’ (19)
which does not depend on the sample sizes.
In the case of finite N for short samples, when the
contribution of the reflections becomes negligible, the
result is again equal to (18)

qrwre_/l =1 2 ())

For enough narrow and long conductors at finite N
we obtain

2N +1W
Qov="0"77" @
Thus, for the effective phonon mean free path
2N +1
Noy=—"7"W. (22)
T

we obtain a value that is determined by the N-fold width of
the sample.

THE CASE OF ABSORPTION AT THE BORDER

Another simple resistive process that can be proposed
is the absorption at the boundary, in which the angle of
reflection of the phonon is equal to the angle of incidence,
but the number of phonons decreases p times, that is, the
value of p play the role of the absolutely specular reflection
probability.

This situation takes place if the conductor does not
have free boundaries but borders on another substance. In
this case, the phonon with a certain probability p can be
reflected back at the boundary, and with a probability 1 —p
it leaves the sample.

In this case, the heat flux is determined by the sum of
the infinite convergent series

4, =4+, q,0" =R+ D (R,—R,)p" (23)
1

1
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Fig. 2. The comparison of the analytical approximations
with the results of calculation (red squares) for various
L/Wratio—a) 3, b) 10, ¢) 30. Green line refers to limiting
case (26). Blue line respects to interpolation (28).
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refers to analytical interpolation (32). Different points
refers to different number of reflections: red to N=5, blue
to N=10, green to N=100.
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In sum, we can rearrange the terms and get a simpler
expression:

q,=Ry(1-p)+(1-p)> R,p" =
1

w
NW?+ L +L
=(1-p) +°° Cn+1D)W .
] \/(n )W+ L+
For great W we get the expectable results

Gy =(-p) 1+ p" =(1—p){1+£}=1,<25)
1

+

24

since reflections do not contribute at the small distance
between the heater and the cooler.
For a narrow and long sample, we get

/4 < Wl+p
=(1-p)—|1+ ) Qn+)p" |=——=, 26
450 =(1-p) Z( w2,
and for effective length
A=t lrp_p Itp @7
T l-p I-p

This result contains a well-known denominator that
takes into account the efficiency of specular reflection p
and gives the correct limit transition to the case of complete
absorption at the boundaries (14) when p = 0.

But as it can be seen from Eq. 24, the result (26) is
incorrect, because for any small value W/L for enough great
n, the product nW/L ceases to be small.

To account this feature, one can use the following
interpolation formula
_ W1+ p) :(1""171))1’ 28)

2L(1- p)+W(1+ p) P

qp()i’l

which describes the real sum (24) with high accuracy (see
Figure 2).

As a result, for the effective length we propose
following result

1

l-p W~

+7
1+p 2L

, (29)

that can be used for the values of the ratio W/L <1 and in
the entire range of value p.

To consider the behavior of the ¢ near the value p =
1 we go back to the case of finite number N of reflections
and present the partial sum of the infinite series fom (26)
as follows:

1+
JN)=(1- Vo« =

q(p,N)=( p)2L S @nenyp
] (30)

=K 1—i_—p—ppN L+2N+1
2L 1-p l-p

In the case p < 1 and N —> 00O this result obviously

gives the Eq.(26). In the case if finite NV and p close to unity
we get the expression that demonstrate the competitive
influence of number of reflections NV and absorption at one
reflection p:

W
q(p~1N) :Z(NH)Z(I_‘D)' (31)

This result shows, as p tends to unity, the contribution
of terms with a finite number of reflections R decreases in

comparison with the limiting value ROO = 1, which

formally corresponds to an infinite number of reflections.
Thus, any physical resistive process that limits the phonon
mean free path will lead to the elimination of a divergence
of the form (27).

Expression (30) can be used for interpolation
folrmulae like (26)

4.(p.N)=(1+¢"(p.N))

As can be seen from Fig.3, the resulting expression
practically coincides with expression (18) for various sizes
of the system. Thus, we have obtained expression (19) for
a finite number of reflections and use it for description of
experimental data.

(32)

CONCLUSION

In the paper we studied the stationary nonequilibrium
state of the phonon system, which is provided by the
interaction of phonons with the lateral boundaries of the
samples. Particularly, we consider the influence on the heat
flow of the phonon absorption at the boundaries and the
finite number of phonon interactions with the boundaries.
As the result we get the exact results for definite cases
and the interpolation formulas for intermediate cases.
Particularly, the exact expression (24) for heat flow in the
case of absorption on the lateral boundary was derived and
the simple interpolation formula (28) was proposed. For the
case of finite number of reflections the general expression
(30) was presented and an analytical approximated formula
(32) was derived. The comparison of numerical calculations
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by exact expressions with analytical interpolation formulae
was carried out and demonstrated good agreement.
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Currently, circuits for quantum informatics, communications and measuring equipment containing superconducting flux qubits
in a planar design are being created by quantum engineering techniques. To function, such structures must be cooled in a refrigerator
down to about 10 mK. The flux qubits have linear size of superconducting circuit of some tens of micrometers and are very sensitive to
external magnetic fields and their variations. The qubit built in the gradiometer-like design has reduced sensitivity to external uniform
magnetic fields, but remains quite sensitive to their variations. To protect the qubit from unwanted external magnetic fields, which
include the Earth’s field, man-made fields, and residual magnetic fields of the cryostat parts, it is necessary to create efficient magnetic
shields. Earlier, we proposed a scheme for a single-photon microwave counter, in which a planar flux qubit in a gradiometer version
serves as the receiving element. To let it function properly, a 3-layer hybrid magnetic shield composed of two superconducting and one
ferromagnetic cylinders, has been designed for installation in a dilution refrigerator at 10 mK temperature. The effectiveness of such
a shield depends on the correct design of all three shells. This paper presents the results of calculation and magnetic measurements
of a cylindrical ferromagnetic screen made of low-temperature permalloy Cryoperm 10 in dc and low-frequency alternating magnetic
fields. Cryoperm 10 keeps high magnetic permeability at liquid helium temperatures and below. It is shown that this shield is able of
reducing the absolute value of the magnetic field and its variations by 55-70 dB. Together with superconducting lead magnetic shields,
this design will reduce the absolute value of the field by 70 dB, and the field variation by 200 dB, which will provide the necessary
conditions for the operation of a single-photon counter based on a flux qubit.

Keywords: magnetic shielding, ferromagnetic shield, low temperatures, permalloy, Cryoperm, flux qubit, electromagnetic
environment
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Hapa3i xBaHTOBiI cxeMu IJIsi KBaHTOBOI iH(OpPMAaTHKH, KOMYHIKalifHOTO Ta BHMIPIOBAJBHOTO OOJNAJHAHHS, IO MICTHTH
HA/IMIPOBI/IHI MOTOKOBI KyOIiTH B IJIAHAPHOMY JW3aifHI CTBOPIOIOTHCS METONAMH KBaHTOBOI iHkeHepii. [yt HopManbHOT poOoTH Taki
KOHCTPYKIIii MaroTh OyTH OXOJIOKCHUMH Y pedprkepaTopax po3unHeHHs 10 Temreparypu ommusbko 10 MK. [ToTtokoBi KyOiTH MaroTh
TiHIMHI pO3MipH HAAMIPOBIAHOTO KOHTYPY B KiJIbKa JIECATKIB MIKPOMETPIB 1 y’Ke Uy TJIMBI O 30BHIIIHIX MATHITHUX TOJIIB 1 IX Bapiariil.
Ky0iT, mo noGynoBaHuii 3a rpa/lieHTOMETPUYHOIO CXEMOIO, Ma€ 3HIKEHY Yy TJIUBICTh 110 30BHILIHIX OJHOPIAHUX MarHiTHUX IOJIB, aJie
30epeKy€e TOCUTh BEIMKY YyTIHMBICTH JI0 1X Bapiariit. [is 3axucTy Ky0OiTa Bij HeOakaHUX 30BHIIIHIX MATHITHHUX TOJIIB, BKIKOYAI0UN
rioste 3emili, pyKOTBOPHI ITOJISI 1 3aJIMIIIKOBI MarHIiTHI MOJIST B KOHCTPYKIIT KpiocTara, HEOOXiHO CTBOPUTH €()eKTUBHI MAarHITHI €KpaHU.
Pamninre My 3anponoHyBaId CXeMy OJHO(OTOHHOTO JIIYMIBPHHKA MiKPOXBHJIBOBOTO Aialla3oHy, B SIKiH MPUIMaIbHAM €IEMEHTOM €
IUTAHAPHUH TTOTOKOBHI KyOIT B TpalicHTOMETPHYHOMY BHKOHaHHI. [l 3a0e3medeHHs iforo pobotu OyB po3poOieHuid TpUIapOBHi
riOpuaHUi MarHITHUH €KpaH, IO CKJIaJa€ThCs 3 IBOX HAANPOBITHHMX 1 OXHOTrO ()epOMArHITHOTO LMIIHAPIB Ta MPU3HAYCHUH IS
YCTaHOBKH B pedprokepaTopy po3unHeHHs npu temneparypi 6au3bko 10 MK. EdexTrBHICTh TaKOTO eKpaHy 3aJIeKUTh Bifl IPaBUILHOT
KOHCTPYKIIT BCIX TPbOX 000JIOHOK. Y jaHili poOOTi IpencTaBlieHi pe3y/IbTaTH PO3paxyHKy i MarHITHUX BUMipIOBaHb B MOCTIHHHX i
HU3bKOYACTOTHUX 3MIHHMX MarHITHHX ITOJISIX HWITHIPUIHOTO (PepOMArHiTHOTO eKpaHy 3 HU3bKOTeMITepaTypHoro nepmanooo Cryoperm
G10, sxuit miaTpUMYy€ BUCOKY MarHiTHY IPOHUKHICTB ITPU TEMITepaTypax piaKoro remio i Hiskde. [Toka3aHo, o BiH 3/aTHHI 3MEHIITHTH
a0coJrOTHE 3HAYEHHS OIS 1 Horo Bapiamii Ha 55-70 nb. Pa3om 3 HaAmpoBiTHIMHU CBUHIIEBUMH MAaTHITHIMH €KpaHAMH 1151 KOHCTPYKILis
JIO3BOJIUTH 3HU3UTH a0COMIOTHE 3HAYeHHS MarHiTHoro ot Ha 70 ab, a Bapiauii nons Ha 200 ab, mo 3abe3neunTs HEOOXiIHI YMOBU
1U1st poOOTH 0THO(OTOHHOTO JTIYHIIBHUKA HA OCHOBI TOTOKOBOTO KyOiTYy.

KorouoBi ci1oBa: MarHiTHe ekpaHyBaHHs, hepOMArHiTHUI eKpaH, HU3bKi TeMIieparypu, nepmaioii, Cryoperm, HOTOKOBHIT KyOiT,
CJICKTPOMArHiTHEe OTOYCHHS

INTRODUCTION This solution significantly reduces the influence of uniform

The rapid development of quantum informatics and
quantum engineering requires the creation, by means of
modern lithographic technologies, of the key elements of
quantum circuits - qubits [1] to provide their stable

operation. Superconducting qubits are often called
“artificial macroscopic atoms”, since they, having
macroscopic dimensions of tens and hundreds of

micrometers, obey quantum laws and have a discrete
energy spectrum. One of the most common types of
superconducting qubits is the flux qubit, which consists of
one or three Josephson junctions incorporated in a
superconducting loopt. A single-Josephson-contact qubit is
topologically similartoan RF SQUID loop (superconducting
quantum interferometer device). The state of such a qubit is
determined by the magnitude of the magnetic flux
penetrating the loop. The energy levels of the qubit are
extremely sensitive to changes in the external magnetic
flux at a level of 0.001®,, where

®,=h/2e~2.07-10"" Wb is the superconducting

magnetic flux quantum (% is Planck’s constant, e is the
electron charge). Thus, to let the qubit exhibit its quantum
behavior, it is necessary, in addition to low temperatures
~10 mK, to provide low enough and stable magnetic fields,
i.e. the question arises of the magnetic shielding and,
generally speaking, of the isolation of the qubit from the
electromagnetic environment [2].

Earlier, we proposed [3] a scheme for a single-photon
counter in the microwave range based on a flux qubit. In
this design, the qubit is manufactured in the form of a planar
gradiometer (Fig. 1) with the loop area of 80%(80+80) pm.

magnetic fields, but the suppression of spatial variations
(gradient) of the magnetic field remains an important issue.

The main methods of passive reduction of the magnetic
field in a certain space region are the use of ferromagnetic
and superconducting shields.

Fig. L
superconducting flux qubit with one Josephson contact
(RF SQUID configuration), made in the form of a
gradiometer.

Configuration of a planar (thin film)

Theoretically, superconducting shields could have an
extremely high shielding factor of up to 10 (a completely
closed superconducting sphere) due to the Meissner-
Ochsenfeld effect (pushing out the magnetic flux from
the superconductor volume). However, in most cases,
they are cylindrical in shape, have holes for the input
electric lines and, when cooled, can capture and even
concentrate the magnetic flux due to inhomogeneities
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of the superconducting material and improper cooling
procedure. Therefore, the attenuation coefficients of the
longitudinal and transverse fields do not exceed 1000 and
several tens, correspondingly [5]. Superconducting shields
have no equal in unique experiments on obtaining the
ultimate magnetic vacuum [4], but in practical applications
[6] it is advisable to combine them [7] with shields made
of ferromagnetic materials that concentrate the magnetic
field in their volume. Coaxially located ferromagnetic and
superconducting screens not only have a higher magnetic
field attenuation coefficient than taken alone, but also
significantly reduce the spatial field variations. In subtle
experiments with superconducting interferometers and
qubits during quantum measurements, this is of decisive
importance, along with careful filtering of the input circuits,
and provide necessary isolation of the quantum object from
the electromagnetic environment [2].

For the single microwave photon counter proposed
by us [3] which is based on a flux qubit, a hybrid shield
is developed [8], consisting of alternating layers of
superconducting and ferromagnetic cylindrical shells. This
paper presents the calculation and the data of magnetic
measurements of a low-temperature ferromagnetic shield,
which, in the design described above, is to be placed
between two superconducting lead shells.

SAMPLE AND MEASURING TECHNIQUES

The ferromagnetic shell-under-test was a cylinder
with a bottom, with the length of 115 mm, inner diameter
of 26.5 mm and the wall thickness of 1 mm, made
of low-temperature permalloy Cryoperm® 10 from
Vacuumschmelze (Germany). The choice of the material
is dictated by the fact that the magnetic permeability in
low-temperature permalloy (including Cryoperm® 10)
increases when lowering the temperature due to a special
heat treatment, while for ordinary permalloy 79NM, 8ONM
it drops sharply.

According to the information from website of
MuShield company [9], “Cryoperm is a soft magnetic
nickel-iron alloy with about 80 % nickel, 4.2 — 5.2 %
molybdenum, a saturation induction of approx. 8000
Gauss, the highest technically obtainable permeability,
(Max > 350,000) and a very low coercive force. Cryoperm
exhibits very high permeability at very low induction,
yielding superior magnetic shielding attenuation of low
flux density magnetic fields. In addition, Cryoperm is
the magnetic shielding alloy of choice for cryogenic
applications. Cryoperm exhibits very high permeability at
4.2 — 10 degrees Kelvin.”

The magnetic field was measured using an MF-20
fluxgate magnetometer with sensors of the longitudinal and
transverse field components. The maximum and minimum
measurement limits of the magnetometer were 20 G and 2
mG, correspondingly, with a measurement error of 0.2 mG.

The device has an analog voltage output, which was used to
control the field amplitude with an S1-83 oscilloscope when
measuring in low-frequency alternating fields. The dc and
ac fields were created by a 300 Oe/A solenoid, powered by
a direct current source or sinusoidal voltage from the 600-
ohm output of the G6-33 generator. Measurements with
the solenoid were made in a two-layer permalloy screen
with a diameter of 200 mm and a height of 740 mm and
attenuation factor for the Earth’s field of at least 1000 (the
measured residual field is less than the measurement error
of the magnetometer). The shield-under-test was oriented
vertically during measurements; the magnetometer sensor
was located on a nonmagnetic rod made of fiberglass and
moved using a screw feed with a graduation of 0.02 mm.

CALCULATIONS

The calculation procedure, based on the magnetostatic
approach, of a finite-length cylindrical ferromagnetic shell,
made of a high magnetic permeability material, is briefly
summarized in [10]. For a cylindrical shield of finite length
with a bottom, the attenuation coefficient S of the external
field H, perpendicular to the cylinder axis is expressed by
the formula

S=H,/H ~(4NS,+1)/(1+D/2L),

where H is the field intensity outside, H, is the field
intensity inside, at the center of the shield, S is the shielding
factor for a cylinder of infinite length with axis perpendicular

to the field, S, =ud /D for u>>1, d << D, and
ud / D >>1 (dis thickness of the wall of the shield, D is

diameter of the shield, and N is the demagnetizing factor of

an ellipsoid with the dimensional ratio p=L/D (L is
length, D is diameter of the shield):
N=[1/(p*-Dl{p/(p*-1)"
{p+(p*-D"1-1

Note that the attenuation factor S is calculated at the
center of the cylinder open at both ends. The field value
decreases exponentially inside the cylinder along its axis
[10, 11] with increasing distance from the open ends, until
it reaches a minimum value. Due to the bottom, the required
length of the cylindrical shell can be reduced by almost
half, but close to the bottom the field increases again.

Given the parameters of our shield D=26.5 mm,
L=115 mm, d=1 mm, the maximum permeability value for
permalloy [9] p=350000, we get:

p=L/D=115/265~434, D/2L ~=0.23,

S, =350000-1/26.5~13200, N ~0.069
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and, thus, the upper estimate for the shielding factor for the
transverse field is S ~2960. According to the
nomographic chart [10], the shielding factor for the
longitudinal field should be 4 times less.

RESULTS AND DISCUSSION

Fig. 2 shows the axial (vertical) and transverse
(horizontal) components of the Earth’s magnetic field,
weakened by the shield-under-test, vs. the depth coordinate
of the sensor inside the shield. The coordinate is measured
from the edge at the open end. The inclination of the Earth’s
magnetic field in this place was about 55°. If not taking into
account the strong field distortion near the open end, due
to which the field at the opening is approximately 2 times
greater than the external one, the field attenuates by an
exponential law with the depth in accordance with [10,11].
The plateau is due to two reasons, the sensitivity limit of
the magnetometer and a small residual magnetization of the
shield (about 0.2-0.3 Oe).

1000 Earth field

Axial
T=300K

Transverse

Magnetic field H, mOe

01k

[ "
0O 20 40 60 80 100 120
Distance from open end x, mm

Fig. 2. Axial and transverse components of the magnetic
field inside a cylindrical shield with a bottom vs. the
distance from the open end. The bottom is at a distance
of 115 mm. The details are in the text.

Since the cryostat, into which the shield should be
placed, may have some residual magnetization of structural
materials, we checked the attenuation of the external field
as a function of its value H_,. Fig. 3 shows the attenuation
of the external longitudinal (axial) field K, H H,,

vs. the immersion depth x into the shield, normalized to the
cylinder diameter 2r. It can be seen that these values are the
same within the specified fields. The discrepancy in the
plateau region is caused by the sensitivity limitation of the
magnetometer. Note that there is a strong distortion and
concentration of the external magnetic field close to the
opening, so the “attenuation” is greater than unity.

To check the operation of the shield at low
temperatures, the same dependence of the field attenuation
at room temperature and at liquid nitrogen temperature
was measured (Fig. 4). The magnetometer sensor was
protected by non-magnetic thermal insulation. It can be

T=300K H_ (Oe)=

——0.3

KA
o
N
T

_D_3
_0_9

——21

Attenuation
o
S

RN

i

w
(]

2 3
Distance from open end x/2r

Fig. 3. Attenuation K, of the axial component of the
magnetic field inside a cylindrical shield with a bottom
vs. the distance from the open end x normalized to the
diameter 27 in various external fields. The external field
is created by a solenoid. The details are in the text.

seen from Fig. 4 that the shielding properties improve by
about a factor of 2 when cooled to 77 K deep inside the
screen, which is in good agreement with the increase in the
magnetic permeability of Cryoperm® 10 from 25,000 to
50,000 at 77 K [9] (Fig. 5).

KA
o
N

Attenuation
o
S

RN
o
w

0 _' 1 2 3 4
Distance from open end x/2r

Fig. 4. Attenuation K, of the axial component of the
magnetic field inside the shield vs. the distance from the
open end for various temperatures.

Although the fluxgate magnetometer is designed
to measure dc and slowly changing fields, we made an
attempt to evaluate the change in the shielding properties
of the tested permalloy cylinder when it is placed in a low-
frequency ac magnetic field. Fig. 6 shows comparison of
the attenuation factors of the amplitude of an external ac
sinusoidal field for “almost” stationary field (frequency
1 Hz) and industrial frequency (55 Hz) field in a shield
cooled down to the temperature of liquid nitrogen. Despite
the low measurement accuracy, the tendency of improving
the shielding with frequency rise is well pronounced. This
trend is consistent with the results of measurements on
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Fig. 5. Magnetic permeability of Cryoperm® 10 vs.
temperature. Adapted from the site [9].

another permalloy, Mumetall, at higher frequencies [11].
We will continue frequency measurements of the shield in
further works at higher frequencies using another method.

=1.50e

ampl ext
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0 _' 1T 2 3 4
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Fig. 6. Attenuation of the amplitude of the longitudinal
component of the ac magnetic field inside the shield vs.
the distance from the open end at various low frequencies
and temperature 77 K.

Summarizing, we can say that the measured shielding
factors 1/ K, ~600—-4000, which corresponds in

logarithmic units to ~55-70 dB, are consistent with the
estimation, taking into account the large spread and
temperature dependence of the magnetic permeability of
the cryogenic permalloy. These values are quite acceptable
for constructing a hybrid three-layer screen, including two
more superconducting shells, and for creating the necessary
attenuation of the absolute value of the magnetic field and
its variations in the region where the superconducting flux
qubit is to be placed.

CONCLUSIONS
1. The attenuation factors for external dc and ac low-
frequency magnetic fields of various magnitudes were
experimentally measured inside a cylindrical shield with a
bottom, made of cryogenic permalloy Cryoperm 10, at room
and liquid nitrogen temperatures. The Cryoperm shell will

be the part of a hybrid three-layer shield to protect (isolate)
the superconducting flux qubit from the electromagnetic
environment during quantum measurements in order to
build a single microwave photon counter.

2. The maximum attenuation factors deep inside the
shield for an external longitudinal field of 0.3-20 Oe are
in the range of 600—4000, or 55-70 dB, which is quite
sufficient for solving the indicated problem.
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The model which allows to obtain the spectrum of emission of systems of Josephson junctions with the inhomogeneous
distributions of critical currents along junctions is developed. With the use of this model we study electrical properties of systems
in which junctions have the Gaussian distributions of critical currents. In particular, [V-characteristics and power of emission from
inhomogeneous junctions with dimensions smaller than the Josephson depth of penetration of magnetic field have been investigated.
We showed that for such junctions the dependence of emitted power on voltage (i.e. the spectrum of emission) had maxima at voltages
corresponded to Fiske steps in the whole range of voltages, though in the IV-characteristics particularities (nuclei of zero-field steps)
were not seen and they could be revealed only in derivatives of these curves. The comparison of our results with similar results which
we obtained earlier for long junctions allows to suppose that the investigated mechanism of the formation of zero-field steps is general
and it is valid for both long and short junctions. We investigated the averaged on random realizations height of some maximum of
emitted power at different values of the Gaussian standard deviation of critical currents and found the square dependence of this height
on the dimensionless parameter which characterizes the standard deviation. This result was in agreement with the theory of zero-field
steps. We also considered electrical properties and power of emission from the stack of two long interacting with each other Josephson
junctions in magnetic field. Each of the junctions had small (about 10~ %) Gaussian distribution of critical currents. We found that
if magnetic field was absent then there were only normal modes in the system (namely, the in-phase mode and the anti-phase mode).
Zero-field steps were formed at voltages corresponded to the split even Fiske step. There were only normal modes in the system also
when the relation of magnetic field to the value of the magnetic field at which the critical current becomes zero was more than 0.6.
When this relation was smaller, other modes existed as well. We supposed that some normal modes could be destroyed because due
to magnetic field standing waves were formed at both odd and even Fiske steps, so some modes could be locked with standing waves.

Keywords: Josephson junctions, power of emission, zero-field steps, Fiske steps.

Emicia koHTakTiB [J)ko3edycoHa 3 rayCoBM po3rnogisioM KpUTUYHNX
CTpymiB

O.M. Mpn6

Xapriscoruil nayionanvnutl ynisepcumem imeni B.H. Kapasina, Ykpaina, 61022, m. Xapxis, ni. Ceo6oou, 4

Po3pobiieHa MozIelb, siKa J03BOJISIE OTPUMYBATH CIICKTPH eMicii cucteM 3 KoHTakTamu JIko3e(hcoHa 3 HEOTHOPI JHUM PO3IOALIOM
KPUTHYHUX CTPYMIB B3JI0BXK KOHTAKTIB. 32 JOIOMOTOO IIi€] MOJIENi BUBYCHO CJICKTPHYHI BIIACTUBOCTI CHCTEM, B SIKUX KOHTAKTH MalOTh
rayciB po3moIil KpUTHYHHUX CTPyMiB. 30KpeMa, JOCIHiIKeHI BOJBT-aMIIEPHI XapaKTePUCTUKHU Ta MOTYXKHICTh BUIIPOMIHIOBAHHS BiJl
HEOIHOPIHUX KOHTAKTIB, PO3MIPH SIKUX MEHIII 33 /PKO3e(COHIBChKY IITHOMHY NMPOHUKHEHHs MarHiTHoro moss. [Tokasano, 1mo B
TaKMX KOHTAKTaX 3aJIeKHOCTI MOTYKHOCTI BUIIPOMIHIOBaHHS Bijl HANPyrH (TOGTO, CIIEKTPH eMicil) MaroTh MAKCHMYMH TIPU HAIpyTax,
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Emission from Josephson junctions with Gaussian distribution of critical currents

SIK1 BIATIOBiatOTh cxoanHKaM Picke, B ycbOMy Jlialma3oHi HAPYTH, X04a HA BOJBT-aMIIEPHIN XapaKTEPUCTHUL 0COOIUBOCTI (3apOaKH
cxonuHok Dicke) caabo MposiBieHi, 1 MOXKYTh OyTH BUSIBIICHI TIJIbKU Ha ITOXIJHUAX IUX KPUBHX. [IOPIBHAHHS OTPUMAHUX PE3YJIbTATIB
3 MOMIOHUMHU pe3yJbTaTaMu, siKi OyJid paHillle po3paxoBaHi Il JOBTUX KOHTAKTIB, MO3BOJIAE MPHITYCTHUTH, IO JOCHiHKECHUN
MeXaHi3M (POpPMyBaHHS CXOJIMHOK HYJIBOBOTO IIOJIS € 3arajibHUM, 1 110 BiH JIi€ 5IK Y JIOBI'HX, TaK i B KOPOTKUX KOHTaKTax. JlociikeHo
ycepemHeHy MO peasli3amisM BHCOTYy OJHOTO 3 MAaKCHMYMIB IIOTY>KHOCTI BHIIPOMIHIOBAHHSI IIPH PIi3HMX 3HAYEHHSX IayCiBCHKOTO
CTaHAPTHOTO BiIXWICHHS KPUTHYHUX CTPYyMiB. 3HAHIEHO KBaIpaTHIHY 3aJICKHICTB Ii€] BUCOTHU BiJ 0€3p03MIpHOTO TTApaMeTpy, SKUH
MPOTOPLIOHATBHUIT CTaHIAPTHOMY BinXmieHHIO. L[ell pesynbrar y3ro/pKyeThesi 3 TEOPi€l0 CXOAMHOK HYIbOBOTO MOJS. PO3MISHYTO
TaKOXK €JICKTPUYHI BIACTUBOCTI Ta MOTYXHICTh eMiCil MauKy 3 IBOX AOBTHX KOHTAKTiB J[)o03e(coHa, siki B3aEMOIsIIN OUH 3 OAHHM
Ta 3HAXOIWIKNCS Y MarHiTHoMy noiti. KoskHuit koHTakT MaB HeBenukuii (mopsinky 10-3 %) rayciBChbKHi pO3IOALT KPUTUYHHX CTPYMIB.
3HalIeHO, 110 MPH BiJICYTHOCTI MATHITHOTO TOJIS B CUCTEMI € TUTBKH HOPMaJTbHI MOJIU CJICKTPOMArHiTHUX KOJIMBaHb, (a came, cHH(pa3Ha
Ta nportrudasHa Moan). CXOAUHKH HYJILOBOTO TOJIs Oy cpopMoBaHi IpH Hampyrax posmeruieHol napaoi cxogunku Picke. Tinpku
HOPMaJIbHI MOJIU CIIOCTEPIraroThCS B CHCTEMI TOI, KOJIM BiIHOMIEHHS MAarHiTHOTO TIOJIS A0 Ti€l BEMYMHU TIOJIS, IPH SKiH KpUTHYHAN
CTPYM JIOPIBHIOE HYIIO, TepeBuIyBaio BennunHy 0,6. Konu e BigHOMEHHS cTaBaao MEHIINM, OyJI0 BUSBICHO ICHYBaHHS 1HIINX MOJ.
Mu BBa)Ka€EMO, 1110 ACSKI HOPMAJIbHI MO MOIIIK OyTH 3pyHHOBaHI, TOMY 1[0 3aB[SIKM MarHITHOMY TIOJIF0 (YOPMYBaIIUCS CTOSIYI XBHJIL

Ha cxonuHKax Dicke, 1 IessKi MOJH 34STMINCS 31 CTOSIYMMH XBUIISIMH.
Kutio4oBi cjioBa: kontakru JIxo3edcona, MOTYKHICTb eMicii, CXOMMHKH HYJIbOBOTO IO, CXOMUHKH Dicke

INTRODUCTION.
The spectrum of emission from Josephson junctions
and systems containing junctions is very informative for
fundamental investigations of phase dynamics. It can be
obtained by means of the measurement of the emitted
power at different averaged voltages over the junction.
According to the Josephson relation n=F/F  between the
frequency n and the averaged voltage V' (F is the quantum
of magnetic flux), one can obtain the dependence of
emitted power on the frequency. One can also calculate
such a spectrum for the model system and compare it
with the experiment. Such calculations become actual
recently because of investigations of the coherent emission
from high-temperature superconductors which reveal the
intrinsic Josephson effect [1-3]. Strong coherent emission
without applied magnetic field was observed at resonant
steps of IV-characteristic of mesa-structures made of
these superconductors. Obviously, such an effect relates
to emission at so-called zero-field steps [1, 4]. Zero-field
steps appear in [V-characteristics in the absence of external
magnetic field if there is random spread or some distribution
of critical currents along the junction. If two adjacent
segments of the junction have different critical currents,
the circulation screening ac current appears between these
segments. This current produces additional high-frequency
voltages across segments, and due to the interaction
between adjacent segments, this excitation propagates
along the junction. If the magnetic field is applied to the
junction, positions of the current steps (the so-called Fiske
steps) in the [V-characteristic are determined by the well-
known expression [5, 6]:
F,Ep

L; ::—;E—yp:1,2,3y“,

(M

where D is the length of the junction and € is the velocity of
light in the junction. For zero-field steps the value of p can
be only even ( p=2,4, 6, ...). Such choice of the even integer
number is connected with the specific mechanism of the
movement of electromagnetic excitations in the junction.
Electromagnetic excitations which produce zero-field steps

in long junctions are not standing electromagnetic waves
but Josephson vortices which move along the junctions
and are reflected at ends of junctions (the so-called Fulton-
Dynes mechanism of the movement [5]). However, in
some cases zero-field steps can be caused by standing
waves like usual Fiske steps. It was obtained theoretically
for the specific kind of the random distribution of critical
currents with the exponential autocorrelation function that
the height of the dc current step (the zero-field step) in the
limit of the small quality factor at any resonant frequency
is proportional to the square of the relative amplitude of
fluctuations [7]:

1 >
IP = ;Iczp}rfl ,

@)

where [ is the averaged critical current, yl=l/lc with I,
is the amplitude of the fluctuation of the critical current,
Z, = —QF—_ (i), Q is the quality factor and {4 J,} is the
T p= LJI_F] P
averaged Josephson length of the penetration of magnetic
flux. In the present paper by means of the analyze of the
calculated spectrum of emission we check the validity
of this expression for the short (D<A _.’) junction with the
Gaussian distribution of critical currents (namely, we check
the proportionality P~I ~y*, where P is the emission power
and vy is the dimensionless value which is proportional to
the standard deviation). We also consider the stack of two
inductively interacting long junctions with the Gaussian
distribution of critical currents in applied magnetic field (we

. . . . . &
use dimensional units of the normalized magnetic flux =
o

instead of magnetic field). By means of the analyzes of the
spectrum of emission we show that the pure normal modes
(namely, the in-phase mode and the anti-phase mode) in
such a system exist only when there is strong magnetic flux
through the system or when the magnetic flux through the
system is equal to zero. When the magnetic flux is small,
there appears some amount of modes of electromagnetic
waves like those in the non-interacting (autonomous)
junctions.

30 BicHuk XHY imeHi B.H. KapasiHa, cepia «®isunkay, sun. 35, 2021



AM. Grib

The model of the junction

The main idea of our calculations of the emission
power is to present the short Josephson junction with the
inhomogeneous distribution of critical currents as a set of
segments with the homogeneous critical current for each
of the segments. For this we can use the model which we
used earlier for the description of long Josephson junctions
[8-10]. Therefore, here we provide only the very short
description of the model. We divide the junction to n
segments. Each of the k=1, 2, ...n segments has the critical
current / , the resistance R, and the capacitance C, (we
assume C,=C for all k). Critical currents /, have random
values with some standard deviation. The characteristic
voltage for all segments is equal to V =I >R, so values
of resistances of segments are equal to R=V /I . Upper
superconducting electrodes of neighbor segments of the
junction are connected with each other and form the upper
superconducting electrode. Similarly, lower electrodes of
neighbor segments are connected with each other and form
the lower superconducting electrode. Each loop between
segments has the inductance L, so the total inductance of
the junction is (n-1)xL. The condition of the propagation of

electromagnetic waves along the junction is & = &/y/LC

with € is the velocity of light in the junction and £ is the
length of the segment. Each of the segments is fed by a
dc bias current /,, so the total bias current through the
junction is /=nxI,. Currents between loops of neighbor
segments with indices & and k+1 are equal to [ ...
For the boundary conditions one adds usually one fictive
loops at both ends of the junction. These loops does not
contain segments of the junction but have resistances,
capacitances and inductances which define currents at
ends. For boundary conditions of the transmission lines
with open ends parameters of the circuits should satisfy
conditions of the impedance of vacuum (about 300 Ohm).
Then dynamic equations for phase differences j, across
segments, conditions of the conservation of magnetic flux
and boundary conditions are as follows:
FCdo |

2 _“ﬂ+
2w de® IRy dt

+*rck51n(‘§’k:] =L —Leype T s,
k=2.n—1, 3)

1
L1 = _E(Qﬂk-l —@ ) k=2,..n 4

+Cd @, *p le'__|_
2w dt® ZmR, dt
. _ gy
+lysin(e)) =1, ——2+1,,. ()
#oCdien | _*o don
2w de? IR, dt
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where g, and g, are charges flowing through contours at the
left and right sides of the junction, correspondingly, L, C,
and R, — the inductance, the capacitance and the resistance
in the contours, correspondingly (we assume that these
parameters have the same values at the left side and at the
right side of the junction). Egs. (3)-(8) were solved by the
method of Runge-Kutta. Parameters of external contours
were L= 10°H, R =300 Ohm, C =9.6:10"“F. The voltage

: E N o
across the segment is equal to 1}, = —=& {%} with angle
)
brackets is the averaging on time. The voltage over the

1
whole junction is equal to I = (—) w=1 V3. The power
n

of emission is equal to P = {[ ", (ﬁdlﬂc — Vk)_}}-

2w dr

We will plot the I'V-characteristic and the power of emission

in normalized units /¥, and P/P with P =V <[ and [ is the
averaged critical current of the junction, correspondingly.

RESULTS AND DISCUSSION

THE SHORT JUNCTION WITH THE GAUSSIAN
DISORDER OF CRITICAL CURRENTS

The Josephson junction had the square form with
dimensions 10x10 micrometers. It had the averaged critical
current / =4x10* A, the characteristic voltage 2x10°V, the
averaged resistance R=5 Ohm, the McCumber parameter
about 90 and the quality factor about 137 at the voltage
0.76xV_which corresponds to the first Fiske step. The
Josephson length of penetration was about A »2.3x10° m,
so the condition D < A, was satisfied. The junction was
divided to 60 segments. The velocity of light in the junction
was 1.47x107 m/s.

We set the Gaussian distribution of critical currents of
segments /, with the standard deviation o = y - [ with
I is the averaged over all segments value of the critical

oo, . . .
current, so ¥ = s the dimensionless parameter which

shows the relative deviation of the critical current from its
averaged value / like the parameter v, in Eq. (2).

The example of the IV-characteristic for one of
the realizations of the Gaussian distributions of critical
currents with y=0.3 is shown in Fig. la. It is seen that the
IV-curve does not contain any particularities. However,
the dependence of the emitted power P on the normalized
voltage over the junction V/V_ reveals the set of maxima.
These maxima appear at voltages which correspond to
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Fiske steps V, = 0.76 - p with p=1, 2, ... (see Eq.
(1)). Values of p are written above maxima in Fig. 1b.
Particularities at Fiske steps are seen only in the derivative
of the I'V-characteristic (Fig. 1c). All found features of the
IV-curves for short junctions (D<A) with the Gaussian
spread of critical currents (namely, the existence of some
“nuclei” of Fiske steps in the IV-curves and the existence
of the distinct maxima of emitted power at corresponding
voltages) are similar to those which were found in Ref.
[11] for long inhomogeneous junctions (D>)). We can
conclude that these features are the same for both long and
short junctions.

Our method of the investigation of electrical properties
of Josephson junctions with the disordered critical currents

10 1

1.024

1.00 - c

0.98 +

0.96

0.94 -

d(I11)1d(VIV),arb. units

0.92

0.6 0.7 0.8 0.9
Viv,

can be applied to the check of the validity of Eq. (2) for
junctions with the Gaussian disorder of critical currents.
The expression (2) was obtained in Ref. [7] for the specific
exponential distribution function. It is necessary to check
it for the Gaussian disorder which is more common in
Josephson junctions. According to Eq. (2), the height of
the Fiske step is proportional to the square of the value
of y, which characterized the degree of the disorder. This
proportionality can be checked with the use of our method.
However, straightforward calculations of heights of Fiske
steps are impossible because steps are negligibly small and
they only manifest themselves by means of particularities
in derivatives of the IV-curves (see Fig. la, Fig. lc).
However, one can calculate heights of maxima of the

Fig. 1. (a) - the IV-characteristic of the short Josephson junction. (b) — the dependence of the emitted

power on the normalized voltage over the junction. Numbers above maxima correspond to values

of p for Fiske steps. (c) — the dependence of the derivative of the [V-characteristic on the normalized

voltage in the vicinity of the first Fiske step at 0.76xV . (d) — the dependence of the averaged over

realizations maximal value of emission power at the first Fiske step {{P,,}} on the square of the

parameter y which is proportional to the standard deviation (circles). The line is the approximation

of data by the method of least squares.

32 BicHuk XHY imeHi B.H. KapasiHa, cepia «®isunkay, sun. 35, 2021



A.M. Grib

emitted power from dependences P=f(V/V) (see Fig. 1b).
Emitted power is proportional to the value IV, so the
averaged over many realizations of critical currents value
of maximal emitted power at the given Fiske step p is equal
to {{F;,ﬂp N = IV, (the sign {{... }} means averaging on
realizations). We check the dependence of this value on 7.
We chose the maximum P, of the dependence P=f(V/
V) at the voltage of the first Fiske step V,=0.76xV_(see
Fig. 1b). We calculated this maximum for about 150-200
realizations of the Gaussian distribution of critical currents
for each of the chosen values of y and obtained the averaged
value {{Pml}}. Then we repeated calculations for the new
value of y etc. The time of calculations of the averaging
over realization value {{Pml}} for the certain value of y
was about 12 hours. The obtained values of {{Pml}} are
plotted against values of y? in Fig. 1d. It is seen that the

1.0 4
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@%057 ifaﬁy
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— o 0
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dependence {{Pmi}} = f(}’: ) is linear. Thus, we proved
that {{le}}-\-'}-': that is agreement with Eq. (2).

STACK OF TWO JUNCTIONS WITH THE
GAUSSIAN DISTRIBUTION OF CRITICAL
CURRENTS IN MAGNETIC FIELD

The second application of the developed approach
of the spectrum of emission is the calculation of resonant
steps in the stack of two long Josephson junctions with the
inductive interaction between junctions. This interaction
is characterized by the coefficient a that is the relation of
the mutual inductance of two neighbor superconducting
layers to their self-inductance. It was shown that each of
the Fiske steps at the voltage ¥ in such a system is split to

Vg .
—— which corresponds

two steps at the voltage V.. . =
p £ Ypa Vit

1.04

— Vv
? v“ | M;
2 051 'M
— —
= ®/®,=0.1

0.0
e | 44 11’5 ! vz,s
g 5 d

i)
5: 2 f ©/ @, =01
a 1 &

0 |'0’_—00/|o f T T ¥
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 2. (a), (b) -IV-characteristics of the stack of two Josephson junctions for & = 0 (upper layer)

and the dependence of power of emission on normalized voltage (lower layer). Arrows show

positions of split Fiske steps. Corresponding normalized voltages of split Fiske steps are written

above arrows. (c), (d) — the same for & = 0.1 - &. (e), (f) — the same for & = 0.2 -, (g), (h)

— the same for ¢ = 0.6 - ¢ ,. Long arrows show the increase and the decrease of the bias current.
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to the Fiske step for the anti-phase mode and the voltage

v,
V. . = —== which corresponds to the Fiske step for the
Ps Vil—w

in-phase mode. If the distribution of critical currents in the
long junctions (D > 21 ) is inhomogeneous, the so-called
zero-field steps appear in the IV-characteristic without
applied magnetic field.

For the obtaining of the IV-characteristics and the
dependence of emitted power on voltage (the emission
spectrum) we used the model of two long junctions [10].
In the following consideration we will use the normalized
values of magnetic flux through the loop between adjacent

& .
segments 2. 25 a measure of magnetic field. Further we
o

will also discuss values of magnetic field obtained from
data of magnetic flux.

Each of two junctions had the length D=6x10 m, the
width 3x10* m and the thickness 10® m. The averaged
critical current of each of the junctions was /=1.447x10
* A, and the characteristic voltage was V =4.2x10° V.
Each of the junctions was divided to 100 segments. Both
junctions had Gaussian distributions of critical currents
with the standard deviation 10°x/ , i.e. 10°%. The velocity
of light in both junctions was 6.272x107 m/s. The London
depth of the penetration of magnetic field was equal to 107
m. The thickness of the insulating barrier with e=4 is equal
to 10° m. The Josephson depth of penetration of magnetic
flux was A =2.8 x10° m, so the relation D>2xA was
valid. The parameter of the inductive interaction between
superconducting layers was a=0.3. We chose parameters
of junctions close (but not equal) to those values of high
temperature superconductors.

With the use of these parameters one can obtain
values of voltages corresponding to zero-field steps of

separate (autonomous) junctions: v, = (Vp/ V)»0.26xp,
p=1, 2, ... that gives values 1,=V /V »0.26 and v, =V/

V' »0.52. Due to the inductive interaction between junctions
in the stack, each of these steps is split to two steps which
correspond to the anti-phase mode at Ve and the in-phase

mode at V , so for the first Fiske step we obtain vy , =
ViJV»023, vy . =V1,S/VC»0.31, and for the second Fiske

step we obtain ¥, . =V, /Ve»0.45, vy o =V, /Ve»0.60.
The IV-characteristic of the stack calculate without
applied magnetic field is shown in Fig. 2a and the
dependence of emitted power on the normalized voltage
is shown in Fig. 2b. It is seen from Figs. 2a, b that there
are only two collective modes in the system, namely, the
in-phase mode and the anti-phase mode. There is only one
even split zero-field step which corresponds to p=2 and
there is the maximum of emitted power at v, .»0.60 (Fig.
2b). Note that the zero-field step which corresponds to the
anti-phase mode exists in the IV-characteristic at v, ;»0.45

(Fig. 2a) but there is not emitted power at this step (Fig.
2b).

Now we consider the behavior of the I'V-characteristic
of the stack and its emitted power when magnetic field is
applied. In Figs. 2c, d the IV-curve and the dependence
of the normalized emitted power are shown for the case
when the magnetic flux F through the system reaches the
value 0.1xF,. One can see from Fig. 2¢ that the step which
correspond to the anti-phase mode at ¥, ;»0.45 vanishes
but the step at vy .»0.31 appears. The step at 7, ; »0.60
remains at this plot. There are distinct maxima of emitted
power at these steps (Fig. 2d). When the magnetic flux
reaches the value 0.2xF, the steps in the IV-characteristic
at voltages which correspond to the non-split Fiske steps
at 1;»0.26 and 1,»0.52 appear (Fig. 2e). There are
maxima of emitted power at voltages v, v, , — ¥y and
vy . + 11 (Fig. 2f). The value of magnetic field which
correspond to 0.2xF  is equal to 0.066 T. This value is large
and it is comparable with typical values of magnetic fields
for Fraunhofer-like dependences of critical currents on
the magnetic field for stacks of intrinsic junctions in high-
temperature superconductors [12].

The increase of the magnetic flux up to 0.6xF leads
to the appearance of steps at ¥y ., ¥y ., V3 o , V3 o In the
IV-curve (see Fig. 2g) and very large maxima of emitted
power at ¥ . and 1, . (see the scale of emitted power in
Fig. 2h). Despite of the complicated and hysteretic form of
the I'V-characteristic, only these steps appear.

It follows from Figs. 2a, b that there are only the
anti-phase mode and the in-phase mode of oscillations
of voltage in the stack when the magnetic field is absent.
This means that voltage over one of the junctions in the
stack oscillate in-phase with voltage over another junction
or these voltages oscillate anti-phase. The same result is
obtained when the stack is placed in the strong magnetic
field (Figs. 2g, h). Butin relatively small magnetic fields (i.e.
when neither the Fulton-Dynes mechanism of oscillations
dominates nor the formation of standing waves dominates)
there appear other modes in the stack (Figs. 2e, f). This
means that some quantity of normal modes were destroyed.
Due to magnetic field standing waves were formed at both
odd and even Fiske steps, so some modes could be locked
with standing waves.

CONCLUSIONS

We investigated numerically IV-characteristics and
power of emission from a short Josephson junction with
the Gaussian distribution of critical currents. Dimensions
of the junction were smaller than the Josephson depth of
penetration of magnetic field. We found sharp maxima of
emitted power at voltages corresponded to positions of
Fiske steps up to large values of voltages. These maxima
appeared without applied magnetic field. Irregularities of
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the IV-characteristic at these voltages are extremely small
and can be revealed only in the derivative of the IV-curve.
Obtained results are explained in ranges of the theory
of Fiske steps for junctions with the disorder of critical
currents [7]. We showed that the found particularities are
the same as the found earlier particularities of electrical
properties of long junctions [11]. We analyzed also the
dependence of the averaged over realizations emitted power
on the parameter y which is proportional to the standard
deviation of the Gaussian distribution and found the square
dependence. Using the calculation of emitted power, we
analyzed dynamics of the stack of two long inductively
interacting junctions with the Gaussian distribution of
critical currents in the external magnetic field. We found
that when the magnetic field is absent, only normal modes
contributed to emitted power. The same result we obtained
when the magnetic field is strong. To the contrary, in small
magnetic fields some new maxima appeared at voltages
which correspond to frequencies of mods of non-interacting
junctions and combination frequencies.
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MigBULLIEHHA PIBHOMIPHOCTI XapaKTepmuCcTUK MNsiacTMacoBoro
CUMHTUNATOPY 3a paxyHOK 3MEHLLUEHHA BHYTPILLHIX HanNpy>XXeHb
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VYV nmaniif poOOTI ImpencTaBlIeHI Pe3ylIbTaT! JOCHIIIKEHHS BIUIMBY BHYTPIIIHIX HANpyXeHb HA PIBHOMIpHICTH cOipy cBitia y
miactmacoBoMy cruHTIIATOpI (IIC) Ta BCTAaHOBIEGHHS YMOB OTPUMAaHHS JOBIOMIPHHX ITACTMACOBHX CIUHTHIISATOPIB 3 HHU3BKHM
piBHEM BHYTPILIHIX HalPY>KEHb.

VY SKOCTi BHKOPHUCTOBYBAaHMX IOCHIAHUX 3pa3KiB OysM B3sTi MJIACTMACOBI CLMHTHISITOPH HAa OCHOBI MONICTUPOINY, sIKi Oynu
BUTOTOBJICHI Y IOBITPSHOMY IOJNiMepi3aTopi 3 MOHOMEpY CTHPOJIY LUIIXOM paJuKalbHOI TepMOiHiLiHoBaHOI moniMepu3anii B
QIIOMIHIEBIN aMITyTi.

J11s1 3MEHIIICHHS BHYTPIIIHIX HaNpyXeHb B MOTICTHPOIBHII nonimMepHiit ocHosi [1C npoBoguBcs Bifnal 3paskiB CLHUHTIIISITOPIB
mpu temrepatypi 100 °C. [Ticis BUTPUMKH BIPOAOBK 12 TOAWH 3/1iHCHIOBATIOCH TIOCTYIIOBE OXOJOMKEHHS 3pa3KiB 31 MIBUIKICTIO 2,5
°C/rop. Jnist 3MEHILICHHsI TIOBEPXHEBHUX HanpykeHb BHACTiAOK ajare3ii [IC 10 cTiHOK (OpMH BUKOPUCTAHE BHYTPIIIHE MOKPUTTS HOPMHU
Ut TIoTiMepu3attii noniterpagropeTiieHoM. BeTaHOBIIGHO 3HAUSHHS BHYTPILIHIX HanpyxkeHb B Marepiaii [1C 10 i miciist 101aTKOBOroO
BiJIlTasTy 3pa3KiB, a TAKOXK y BUIIAJIKy BUKOPHCTAHHS aHTHAre31iHHOro MOKpUTTs. KOHTpOIb BHYTPILIHIX HANPYKeHB 31iHICHIOBABCS 32
noromororo kpyrosoro nossipuckorna [TKC-250M. [lnst oOumcieHHsT BHYTPILIHIX HAlpy»KeHb pPO3PaxoBYBaJIacs PI3HUIL TOJIOBHHUX
HaNpyr y INIOCKHUX IUTACTUHAX IIACTMACOBOTO CHUHTHIISATOPY. PO3Mip IITacTHH CHMHTIIIATOPIB JUISl OLIHKK BHYTPIIIHIX HAIpPYy>KEHb
10x50%300 mMm. 11t BUMipIOBaHHS PiBHOMIPHOCTI PO3IIOITY BIZHOCHOTO CBITIIOBOTO BUXOIY B3J0OBXK JOBTOMIPHOTO ITACTMACOBOTO
CHUHTHIIATOPA BUKOPUCTOBYBAIHCH 3pa3ku po3MipoM aiamerp 50x1000mm.

OtpuMaHi 1aHi MOKa3aJy, 110 JOAATKOBUII Bi/IaJI 3ar0TOBOK IJIACTMACOBOTO CLIUHTHIIITOPY T4 BUKOPUCTAHHS aHTHAre31HHOTO
MOKPUTTSL (popMH JUTs TIOJiMepHu3anii 3MEHITye PiBeHb BHYTPILIHIX HANPYKeHb Y IIACTMAcOBOMY cUUHTHIITOPI 3 1,8+2,9MIla no
0,55+1,0MITa. HeomHOpPimMHICTE PO3MOLTY BIIHOCHOTO CBITJIOBOTO BUXOAY B3JIOBXK TOBFOMIPHOTO IJIACTMACOBOTO CIIMHTHIISTOpA
posmipom miamerp 50x1000mMm Branocs 3mMeHmmTH 10 AC<3 %.

KirouoBi ciioBa: miacTMacoBHil CHUHTHIISATOP, MOTICTHPON, BHYTPIIIHI HANPYKEHHS, HCOMHOPIIHICTh, Biai, aHTHAATe3iiHe
TIOKPHTTSI.

Increasing the uniformity of characteristics of a plastic scintillator by
reducing its internal stresses

S.M. Kovalchuk, A.Yu. Boyarintsev

Institute of Scintillation Materials, National Academy of Sciences of Ukraine, 60 Nauky Ave., 61072 Kharkiv

This paper presents the results of the study of internal stresses effect on the light collection uniformity in a plastic scintillator
(PS) and setting conditions for obtaining long plastic scintillators with a low level of internal stresses.

Plastic scintillators based on polystyrene were used as test samples, produced in an air polymerizer from styrene monomer
by radical thermoinitiated polymerization in an aluminum ampoule.

To reduce internal stresses in the polystyrene polymer base of the PS, scintillator samples were annealed at a temperature of
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100 °C. After a 12 hours exposure, the samples were gradually cooled at a rate of 2.5 °C/h. To reduce the surface tension due to the
adhesion of the PS to the walls of the polymerization mold, the inner coating of the polymerization mold with polytetrafluoroethylene
was used. The values of internal stresses in the PS material before and after additional annealing of the samples, as well as in the
case of using the anti-adhesive coating, were determined. The control of internal stresses was carried out using a PKS-250M circular
polariscope. To calculate the internal stresses, the difference of main stresses in the flat plates of the plastic scintillator was calculated.
The dimensions of scintillator plates for evaluation of internal stresses are 10x50%300 mm. To measure the uniformity of the relative
light output distribution along the long plastic scintillator, samples with dimensions of 50x1000 mm were used.

The obtained data showed that additional annealing of plastic scintillator blanks and the use of anti-adhesive coating for
the polymerization mold reduce the level of internal stresses in the plastic scintillator from 1.8+2.9 MPa to 0.55+1.0 MPa. The non-
uniformity of the relative light output distribution along the long plastic scintillator with dimensions of @50x1000mm was reduced to

AC <3 %.

Keywords: plastic scintillator, polystyrene, internal stresses, non-uniformity, annealing, anti-adhesive coating.

BCTYII

Y cydacHHX eKCTIepIMEHTaX (Pi3UKN BUCOKHX SHEePTii
(HEP) nmms peectpamii 9acTHHOK, sIK 0a30Bi JETEKTOPH,
SK  TNpaBUJIO, BUKOPUCTOBYIOTbCS  IIMPOKOANEPTYpPHI
€JISKTPOMArHiTHI Ta aJpoHHI Kajopumerpu. Kanopumerpn
TAMy CeHABIY, (3 KomipuacTol0 abo0 IUIOIIHHHOIO
CTPYKTYypOIO) BKJIIOYAIOTH 0arato JecsATKIB Ta COTCHb
THCAY EJIIEMECHTapHHUX JIYMIbHUKIB. Haifuacrime pons
TaKUX JIYWIBHUKIB BHKOHYIOTh €()EKTHBHI IJIACTMAcCOBI
(I10).
cuuaTHistopu cepii UPS (Ukrainian Plastic Scintillator)
Ha TONICTUPONBHIN OCHOBI 3HAWIUIN BUKOPHCTAHHS B
TaKAX MIOOHHUX cucteMax aerekryBaHHs: CMS (Compact
Muon Solenoid) [1], LHCb (Large Hadron Collider) [2] Ta
ATLAS (A Toroidal LHC ApparatuS) [3].

Baxnuoro Bumororo o I1C npu iX BUKOpHCTaHHI €

CIIUHTWJIATOPH Hanpuknan BITUM3HSHI

BHMOTa BUCOKOT MPO30POCTI Ta OXHOPIAHICTE CBITI0300DY.
Oco06amBO 11 BaXKIIUBO B KAJIOPUMETPii IPH BIMipPIOBaHHI
eHeprii YaCTHHOK aJIPOHHOI 3IIMBH, IO IPOXOJUTH depes
mmpoki cmyru [IC( nmomxuuoro 1o 5 ™). CTBOpeHHS
JICTEKTOPIB JuIsl peecTpalii Hi3KOEHEPTETHYHOTO TraMMa-
BUIIPOMIHIOBAaHHSI Ha OCHOBI CHMHTHJISILIIHHOT IJTACTMACH 3
KOMITO3HMLIHHKUM 1mapoM [4] noTpedye BUCOKY MPO30PICTh
ta omHopimHicTe [IC. Takox A BHPIMICHHS TaKUX
3aBOaHb, SK BU3HAYCHHA pIBHSA pPO3IUIABY ONIHIEIO 3
HEOOXITHUX BUMOT € OIHOPITHICTH CIAAy CBITIIOBOTO
CHUTHAJTYy B3/IOBX JOBIOMIPHOTO CIMHTHIISITOPA.
[TpuponHo, 10 TUIBKY MPHU JIy’Ke BUCOKIH Mpo30pocCTi
TAKOTO JOBTOMIPHOTO CHHHTHIISTOPY, Ta XOpourn
OIHOPITHOCTI CBITIO300pY MOXKHA JOCSTTH BHUCOKOL
EHEepPreTUYHOI PO3MIIIFHOI 3TaTHOCTI IETEKTOpa.
[Tpn4nHOI0 HEBUCOKOI MPO30POCTi Ta OJHOPIAHOCTI
cBiTI0300py icHytounx IIC €, mo-mepiie, MOMIMHAHHS ,
3a3BUYail MPUCYTHI Y BUX1IHOT MOHOMEPHII CUPOBHHI, 110-
JpyTe, PI3HOTO POy IICHTPH, IO PO3CIIOIThH (CTPYKTYpPHI
nepeKTH, BKIIOYCHHS, IOPUCTICTH 1 T.II.), [0 BUHUKAIOTH B
nporeci orpuManss [1C, a Takok BHYTPIITHIX HAMPYT, IO
BHHHKAIOTH y TPOLIEC] MOJTiMepH3aliii CTUpOITy B Maci.
[HmmiA, He MEHI BaKJIWBUN YHHHUK OCIaONCHHS
CBITJIa B ONTHYHO IIPO30POMY TOJTIMEPHOMY CEPEIOBHIII
— po3citoBaHHs. BisoMo, 1110 ONTHYHO NPO30pi Ta SIBHO
amMopdHiI TONIMEpH - TIOJNICTHPON, MOJIBIHUITOIYONT
(PVT), monimetrnmmerakpmiar (PMMA) naroTe He3HauHe,

HECYTTEBE JIJIs 0araTbox 3aCTOCYBaHb PO3CIIOBaHHS, alie 3a
YMOBH BHCOKOT JIOKQJILHOI OJTHOPITHOCTI MaTepiay.

Y 3araabHOMY amop(HOro
ToJIiMepy SBJISIE COOOI0 CKIIAIHY CUCTEMY 3 PO3IOAIICHUMHI
B Hil BeMWKUMH 1 APIOHUMHU LIEHTPAMH, IO PO3CIIOIOTH.
[pu npOMy XapakTep HEOAHOPITHOCTEH, BIAMOBIIAIBHUX
3a PO3CIIOBaHHs, BU3HAYAETHCSI HE TIIBKM NPUPOIOIO Ta
Oy/llOBOIO MAaKpOMOJICKYJ, @ M THIIOM HaJMOJIEKYJISPHUX
YTBOPEHB, 1110 (GOPMYIOTBCS y TpoIieci mojiMepu3arii Ta
CHJIBHO 3aJIe’KaTh BiJl yMOB Horo nmpoBeaeHHs. BinmosinHo
0 CYYacHUX YSBJICHb, MaTpPHUIll aMOp(hHUX TMOTIMEpiB
MOXe CKJIajmatucs abo 3 TIoOyl - 3TOPHYTHX B KIIyOOK
Makpomosteky («coil-model») [5], abo 3 mauok, yrBopeHnX
napajeipHUM  YKJIAIaHHAM  TOJIMEPHUX  JIAHIIOTIB
(«bundle-model») [6]. B omHOoMy i B iHIIOMY BHIAIKY,
yepe3 MOXJIMBI BIAMIHHOCTI B JIOKaJIbHIA YHaKOBII
MaKpOMOJIEKYJ, B MIKpOOOJAacTAX IOMIMEpHOI MaTpHIL
MOXXYTh BHHUKHYTH 3TYCTKH 1 PO3PI/DKCHHS PEYOBHHH,
T00TO. Marume wMmicue ¢uykryanist ryctuHu. Cawme
HEOJIHOPITHOCTI IIOTO 1 €, SIK BiJIOMO, BiIIIOBIaIbHIMH 32

BUMAJAKYy MAaTpUI

po3citoBaHHs aMopdHuUX TonimepiB. Tak, npu cepeTHbOMY
3Ha4eHHI ¢aykTyamii mineHOCTI (M2 = 2,76%10%,
IHTCHCUBHICTH po3citoBaHHsS B PMMA, 3rigao [leb6as [7],
BUSIBISIETBCSI HA TOPSZOK BHUILE PO3CIIOBAHHS Ha MalluX
HEOHOPITHOCTAX (THIY TNI0OY:T) 1 Ha JiBa MOPSIIKK BHILE
PO3CitOBaHHS Ha TEIUIOBHX (ITyKTyauisix. PesynbraTu iHmmx
YHUCJIEHHUX EKCIIEPUMEHTIB MiJATBEPKYIOTh, IO HaBITh
HE3HaYHa JIOKaJIbHA HEOJHOPIAHICTh MOJIMEPHOI MaTpHIIi
MOYKE TIPH3BECTH JI0 BEIUKOTO €(EKTY CBITIOPO3CIIOBAHHS
[8-11]. IIuMm, BoueBHIH OOYMOBIIEHE TE IO 130TPOITHE
pO3citoBaHHS aMOP(QHUX OJIIMEPIB 3a3BUYall BapilO€ThCS
Bupimiennst Hu3ku 1mpooiem,
MOB’sI3aHUX 3 aOCOPOLIHHUMH BTpaTaMu, JO3BOJIMIIO,
MIPpH PO3pOOI TEXHOJOTIT OTPUMaHHS BEINKOTa0apUTHUX
MTOJIICTUPONBHUX CIUHTUWISTOPIB, Y KiJIbKa pa3iB 3HU3UTH
PiBEHB BTPAT CBITIIA y CIHUHTIIIALIHHOMY Martepiami [12].

OpHi€l0 3 CYTTE€BUX  NPUYMH  BUHHKHCHHS
HEOHOPITHOCTEH, SIKI TNPHU3BOIATH 1O 30UIBIICHHS
PO3CIIOBaHHS 1 SIK HACJIJIOK JIO TOTipLICHHS ITPO30POCTi
nosimepHoro cepeposuina I1C € BHYTpimHI HampyKeHHS
BCEPEIHHI MOJIMEpY.

Merta 1iei poboTu monsrana y BU3HAYCHHI BIUTUBY
BHYTPILIHIX HAaNpYXeHb Ha CBITJIO30Ip y MIacTMAacOBOMY

AYKEC HIMPOKUX MEKaX.
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1Tiosuwenns pisHoMIpHOCMI XAPAKMEPUCTUK NAACMACOB020 CYUHMUTAMOPY 30 PAXYHOK 3MEHULEHHS
BHYMPIUWHIX HANPYICEHb

CIMHTHJIATOPI Ta BCTAHOBJIEHHS YMOB OTPHMAaHHS
JIOBIOMIPHUX IIJIACTMACOBUX CLUUHTHIATOPIB 3 HHU3bKHM
piBHEM BHYTPIIIHIX HAIPYKEHb.

MoskHa BUIUIMTH JEKUIbKAa YHHHHUKIB, 10 BIUTMBAIOTh
Ha BHMHHMKHCHHsS MONIOHMX HampyxeHb. [lo-mepure cam
mpouec  MojiMepu3anii  CynpOBOIKYETHCS  CYTTEBUMHU
3MiHAMH TYCTHHH IOJIMEPHOTO CEPEIOBHIA BHACIHIJOK
KOHBEKLIIHHUX Gbaykryariu,
yCalIKu MoJIiMepy, CTBOPEHHS T00yrr MakpoMoiekyi. [Ipu
IFOMY HEOTHOPIAHOCTI PO3MOIIIAIOTECS 32 BCIM 00’ €MOM
CHMHTHJIATOPY.  3HauHi 6e3nocepeTHLOMY
npoueci orpuMmanHs [IC Juii 3HW)KEHHS BHMHHKAIOUUX
HCOIHOPITHOCTEH 3a3BUYall HEJIOIIbHI 3 TEXHOJIOT1YHOT Ta
€KOHOMIYHOT TOUKH 30py. AJIe ICHY€ MOYKJIMBICTh 3MEHILIUTH
BHYTpIIIHI HampyXeHHsS B amopdHOMY Marepiami 3a
paxyHOK JONATKOBOi TepMidHOI 0OpoOKM Marepially —
Bigmany. [lo-npyre NpUYMHOK BUHUKHEHHS 3HAYHHX
HarpyskeHb B moepxHesoMy miapi I1C e aaresis nomimepy
JI0 CTIHOK (OPMH B SIKill IPOBOIUTHCS TOJIMEpH3allis.
3a3Buyaii Marepiai Gopmu 1ie aNOMIHIN, aaresis SKoro 10
MIOJIICTUPOITY JOCUTB BEJIUKA 1 IPU3BOANTD O BUHUKHEHHS
3HAYHUX HAINPYKEHb B IMOBEPXHEBOMY IIapi MpH BiAPHBI
3paska BiJ CTiHOK (opMu. B maHOMy BHUNaIKy 3MEHLINTH
Halpy’>KeHHSI a 3HaYUTh 1 HEOJHOPIAHICTH IIOJIMEPHOTO
CepeloBHUIla MOXKHA 38 PaXyHOK BUKOPUCTAHHS TIOKPUTTS
(dbopMu, HaNpHUKIAJ HA OCHOBI MOJiTETpapTOPETHUIICHY
[13], mo cyTTeBO 3HMKYE aAre3ito MaTepiais.

VY wiit poboTi JOCTIHKEHO MOKIIHBICTD TTiABUIICHHS
PIBHOMIPHOCTI ~ XapaKTEpUCTHK
CIMHTWIATOPY 3@ PpaxyHOK 3MEHIICHHS BHYTPIMIHIX
HaIpy>KeHb, SIK IIISIXOM [IPOBEACHHSI I0aTKOBOTO BiJaiy,

TOKIB,  TEMIIepaTypHHX

3MIHH B

I1acTMaCoBOIo

Ta 1 B HACHIJIOK BUKOPUCTAHHS aHTUA/IIe31HOTO TIOKPUTTS
(hopmu 11 TIoTTiMepH3aItii.

METOIIKA TA OB’€EKTHU JOCJIKEHb

3aroToBKM  IUIACTMACOBHX  CIHHTHIISATOPIB  Oyio
OTPUMaHO METOJOM TEPMOIHIIIHOBAHOI paJNKaIBLHOT
nonimepusanii B maci [12]. 3pasku I[1IC HeoOxigHOTO
PO3MIpy BHpI3aIHCh i3 6JI0Ky. 3arOTOBKH, IUTI(hyBaINCh Ta
TTOJIPYBAIUCH IO ONITHYHOI TTPO30POCTI.

JLyst BUMiprOBaHHS HEOTHOPITHOCTI CIIa/Ty BiTHOCHOTO
CBITJIOBOT'O BUXO/ly BUKOPHUCTOBYBAJINCH CIMHTHIATOPH Ha
ocHoBi nonictuposry UPS-923 A po3mipom 50*1000mm.

BinHocHui BUXil  IOJICTHPOJIBHUX
CIMHTWJIATOPIB ~ BUMIpPIOBATA Ha  CHUHTWIALIHHOMY
CHEeKTpOMETpi. Y SKOCTI (hoTOTpHiiMadi BHKOPHCTOBYBABCS
®EIl Hamamatsu 2” R1306. 3pasku I1C BcTaHOBIIIOBAIH
6e3nocepeaHbo Ha moBepxHio poTtokaroxy OEIT (ontuunmii
KOHTaKkT 3a0e3leyyBaBcs 3a JIOMOMOTOI iMepCiiHOi
pinnan). Hxepeno ioHi3yrouoro BunpomiHtoBanHs Cs137
BCTAHOBJIIOBAJIOCS MO Yep3i B ITSITH TOYKAX BIPUTYI 0
crmHTIIIATOpa Ha BincTani 20, 35, 50, 65, 80cm Big OEIL.
Sx BinOWBau BUKOPHUCTOBYBaBCs BimOmBau thiy Tyvek.
CaiTnoBuii BuXij C; BU3HAYAIIHN 110 OJIOKCHHIO MAKCUMYMY

CBITJIOBUI

MKy aMIUTITYIHOTO CIMHTHIIAIIIITHOTO CIIEKTPY.

Jam oTpuMaHi 3HAYCHHS CBITIIOBOTO  BUXOIY

32  JIONIOMOrOI0  KOMIT'IOTepa Oyiau — ampOKCHMOBaHi

3a JIOTIOMOTOK)  CKCIIOHCHIINHOI  (QyHKII MeTomom
HalMEHIINX KBaJpariB.

Cx) = Cyme™, )

ne Cp TOYaTKOBMH CBITJIOBMHM BHXIJ Yy KaHaiax, o -
KOC(IIiEHT EKCIOHCHIIIHHOTO 3racaHHs, X - TOBIIWHA
Marepiaiy, yepe3 SIKUi MPOXOAUTH CBITIIO (PO3TallyBaHHS
JDKepera 10Hi3yl0doro BUpoMiHioBaHHS BimHOocHO DEIT).
Jani BUMIpIOBaHP HOPMYBAIUCS BiIHOCHO OTPHUMAaHOI
byHKIii

Ciixy
C;i(x), =—= 2
(@ =2 @
HeomHopinHicTh cmamy BiIHOCHOTO — CBITJIIOBOTO
BHUXOIy oOUmnCITtOBaacs 3a hopMyIor
Cix) -—LC[X) ;
_dlf: L RITLEY L nm xlnn % (3)
Cl¥ gy
[Momimepue cepeIoBHIIe IIACTMACOBOT'O
CIMHTWIIATOPY  Take, K  MOJICTHPON  3a3BHYa

sBIsiE COOOI0 Marepiasl 3 130TPOITHMMH  ONTHYHUMH
BIIACTHBOCTSIMH. AJle HasIBHICTh BHYTPILIHIX Halpy>KeHb
B Marepiaji oOyMOBIIOE BHHHUKHEHHS HEOJHOPIIHOCTEH
TYCTHHH (2@ 3HA4uTh 1 KOe(illieHTy 3aJOMJICHHS) 1
MPU3BOANUTE OO aHI30TPOMil ONTHYHUX BIACTUBOCTEH.
Xapaktep poO3NOATy Ta BEJIMYMHY HAlpYXKeHb Y
Marepiai MO>KHa OLIIHUTH 3a JIOIIOMOTOIO TIOJISIPUCKOITY.
[puniun #oro nii 3acHOBaHWN Ha SIBUII ITOABIHHOTO
[IPOMEHE3aJOMJICHHS B  aHI30TPOIHUX  CEepPEJOBHUINAX
(kpuctanu, Tpo3opi  MarepianM 3 BHYTPINIHIMH
HaTpyramM#) TIpH TIPOXO/DKEHHI dYepe3 HUX JiHIHHO-
MOJISIPU30BAHOTO CBiTNIA. BUNpOMiHIOBaHHS BiJ JuKepesa
MIPOXOJUTh Yepe3 TeIuIo(iIsTP, KOHACHCOPHY CHCTEMY,
JIHIAHANA TONSIPU3aTOpP, MATOBE CKIIO, 3 PO3TAIIOBAHUM
Ha HbOMY JIOCII/DKYBaHHUM 3pa3koM i aHamizarop. Ilicis
JHIHOTO MONIApH3aTOpa BUXOAUTH JTiHIHHO-TIOTSIPU30BAHE
BUIIPOMIHIOBAaHHS, IO MaJae Ha 3pa3ok. SKIo 3pa3ok
Ma€ aHi30TpoIi0 (ONTHYHI BIACTHBOCTI 3pa3ka pi3Hi
JUISL pI3HUX HampsIMiB  BUIPOMIHIOBaHHS), TO 3pa3oK
CIIOCTEPIraeThCsl PO3KIIAAaHHS OHOTO ITyYKa MPOMEHIB Ha
JBa (3BUUAiiHWIl 1 He3BWYAlHMI). AHani3aTop HABOIUTH
KOJIMBaHHS 3BUYAHOTO Ta HE3BUYAHHOTO IPOMEHIB B OHY
wIomuHy. BHacminok goro BigOyBaeTbes iHTEpQeEpeHIis
cBimia. BBeneHa BHIPOOYBaHUM 3pa3sKoM Pi3HHULS XOIY
MDK 3BUYaHNAM 1 HE3BUYAHHNM ITPOMEHSIMHU IIPONOpIiiHa
BEJIMYMHI BHYTPIIIHBOTO HAIPYXXEHHs 1 BU3HAYAETHCS 32
KOJIbOPOBOIO IIKAJIOK MOJISIPUCKOITY.

Bu3HadeHHs BHYTPIIIHIX HampyKeHb 31HCHIOBATIOCH
3a pomomororo momspuckormy IIKC-250M.  3pasku
IUIACTMACOBOTO CLMHTUISITOPY Y (hOPMi IIACKHUX ILIACTHH
JUIs BUMIpIoBaHb Manu pos3mipu 10*50*300mm, Ta Oynn
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BHUTOTOBJICHI 3 TOTO  Marepiaiy IIo i 3pa3Ku JiaMeTpoM
50*1000mMm.
3a BUMIpSHUM Ha KpyroBomy mossipuckorm I[TKC-

Puc. 1 3oBuimHil Bursaz 3paska [IC 10x50%300 mm

y noJisiprckori (Iicist moiiMepu3arii).

250M 3HaYCHHSAM ONTHYHOI pi3HUII Xoay (J), BIAMOBIIHO
no piBHsSHHA Beprtreiima [14] po3paxoByBanacst pi3HHUIISA
TOJIOBHUX HAlpyT y IUIOCKHMX IUIACTHHAX IUIACTMAacOBOTO
CIMHTHIIATOPY:

“
Tabnuys 1
PizHuus Xomy Ta BHYTpILIIHE HANPY)KEHHS B 3pa3Kkax

[1C micnst craniapTHOT MoiMepr3arii.

5
ny — M. =—
1 T T od

Jlo Bimmaiy
1
PizHuug xoxny, HM 325 260 200
BHYTpilHE HanpyxeHus, MIla | 2,9 2,3 1,8

ne O - onTuyHa pi3HULS Xomy, C - ONTHYHUA KOC(IIieHT
Hanpyru B momictuporni (C=5,57x107 cm?/kr), n; —n,
TOJIOBHUX HAalpyr Yy II03/I0BXHbOMY 1
HONEePEYHOMY HANPSIMKY TUIACTHHU, d - TOBIMHA INIACTUHU
B CM. MakcWMalbHI TaHTEHIIHHI HampyXeHHsS (max )
00YHCITIOBAINCE 3a (hOPMYIIOIO
Tmax = (5)
OOGuHCIeHHs BHY TPIILHIX HANIPy KeHb Ta OHOPIHOCTI
CBITJIOBOTO BHMXOJY 3AIHCHIOBAJIOCH JI0 Ta MICIs Biamaiy.
Takok BUMIpPIOBaHHS TPOBOAMJIMCH Ul 3pa3KiB  sKi
OyM BUTOTOBJICHI y CTaHIApPTHIA ¢opmi Ta y dopmi 3
BUKOPHCTAHHAM aHTUATe31HHOTO TIOKPHUTTS.

- pi3HHIA

PE3YJIbTATHU TA OBI'OBOPEHHS
JUist OIIHKM BEJTMYMHM BHYTPIIIHIX HaNpyXeHb 3a
JIOTIOMOT'OI0 TTOJISIPHCKOITY BUTOTOBJICHI 3pa3KH PO3MipOM
10x50%x300 wmwm. Jlng OIHKK BIUIMBY  HAaIPYXECHb
HAa  ONHOPIAHICT  CHUHTWIAMIHHUX  XapaKTEPUCTHK
BUTOTOBJIIGHO HH3KY JIOBIOMIPHHX 3pa3KiB pO3MipoM
nmiamerpoM 50x1000 MM. 3pa3Ku BUTOTOBISUTUCH 3 OJHIET

YaCTHHU OJIOYHOT 3aTOTOBKH.

ITig ygac mocmimkenns 3paskiB IIC 3a mgomomororo
MOJISIPUCKONy B aHaJIi3aTopi CIIoCTepiraTu
HepiBHOMIipHE iHTepdepeHtIIiitne 3abapsineHHs (puc.l) ske
CBIIYUTH PO HASBHICTh 3HAYHUX BHYTPIIIHIX HAIIPYKCHD

MO>XKHa

600 -
500 % AC=18%

BiAHOCHWIA CBITNOBWIA

0 1 |
0 500 1000

BiacTaHs Big ®EMN pgo mxepena, MM

Puc.2. 3anexHicTh 3MEHIICHHS BiTHOCHOTO CBITIIOBOTO
BUXOJy MpPH IMEPEMIlleH] JpKepesia BHIIPOMIHIOBAHHS
B3JIOBXK 3pa3ka CIUHTHIATOPY AiameTpoM 50x1000 Mm
TTiCITS TTOTTiMepHU3aIiii.

B Marepiali.

3riIHO 3 KOJILOPOBOIO TAOJHUIICI0 TOJISIPUCKOITY ISt
KOX)KHOTO 3pa3ka Oy/no BH3HAUE€HO MAaKCUMaJbHY PI3HHIIO
Xomy Ta OOYMCIeHO BiAMOBIAHO 10 (4,5) B3HaYCHHSA
MaKCHMaJIbHOTO BHYTPIITHBOTO HANPYKeHHS B 3pa3Ky [1C.
OTtpumaHi JaHi HaBeneHi B Tabmwmi 1.

OTpumaHi JaHHI Jaf0Th 3HAYCHHS BHYTPIIIHHOTO
HarpykeHHsT nopsaky 1,8-2,9MIla. Ile moBomi cyrTeBi

120
100 -

I [«2] [ee]
o o o
T T T

TemMnepaTtypa, °C

[\
o
T

0 | | | | |
0 10 20 30 40 50

yac, roa

Puc. 3. Pexxum Biamany 3pasKiB CHUHTHIISATODY.

3HAQUEHHS Ha IPaKTHI
HEepIBHOMIPHOCTI
00’emi TIC. Tak, skmo 3pa3zok IIC po3mipom giamMmeTpom
50x1000MM BCTaHOBHTH OIHHUM TOPIIEM O€3II0CEPEIHbO Ha
OEII i mepeMimIyBaTy JKEpeIo BUIIPOMIHIOBAHHS B3IIOBXK
3pa3ka, TO TPH BUMIPIOBaHHI BiJHOCHOTO CBITJIOBOTO

MPOSIBJISIIOTBCS Y BUIVISIL
CUMHTHJSIIHHUX ~ XapaKTepUCTUK B
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Puc. 4 3osuimnii Bunsig 3paska [1C 10x50x300 mm
y momspuckoni (Ticis CTaHIapTHOI TMoiiMepu3arii i
nmomatkoBoro Bimmany npu 100°C).

BUXOAy MH TIOBHHHI OTPHMAaTH YiTKy €KCIIOHEHIIIHY
3aNeXHICTh Bif Bifctani mkepena mpo PEIl. Ame mpu
HAsSBHOCTI 3HAUYHUX HEPIBHOMIPHOCTEW B Marepiami
peasbHO BUMIpSHI TOKa3HUKHM BiJIHOCHOTO CBITJIOBOTO
Tabnuys 2
Pi3HuIs X0y Ta BHYTPILIHE HAPY)KEHHS B 3pa3kax
I1C micns cranmapTHOT MoiMepu3aii i 104aTKOBOTO

Bianany ripu 100°C.

[Ticna Bigmamy

1,1 2,1 3,1

PizHuus xony, HM 60 60 115
BHYTPILLHE HAIIPYKEHHS,

MITa 0,55 | 0,55 1,0

BHUXOMy OyIyTb 3HAYHO BigPI3HAIOTHCS BiJl TMOKA3HHKIB
OYIKYBaHUX 3TiHO CKCIIOHCHIlIATbHIN
Crynine HepiBHOMIpHOCTI Xapakrepuctuk [IC MoxHa
OLIIHHUTH 32 JIONIOMOTOIO LINX BiIXWJICHb BiJl eKCIIOHEeHTH (1,
2,3).

Hns 3paskiB  miamerpom 50x1000 wmm
CTaHIAPTHOI TONiMepr3aIlii Oyl0o BHUMIPSHO BiTHOCHUHA
CBITIIOBHW BHXiJ TpH pIi3HIA BIACTaHI JpKepesa
sunpomintoBanus Bixg @EIT B3nosx 3paska [1C. Orpumani
TOYKM Ha Tpadiky anpOKCUMOBAHI EKCIIOHEHIIAIbHOI0
kpuBoio (puc. 2). Ha rpadixy MokHa criocTepiraTa 3HauHe
BiIXWICHHA (DaKTHUHUX pPE3YIbTaTiB BiJ OUYIKyBaHOI
3anmekHocTi.  ObumcieHe
ckaano AC = 18%.

I3 oTprMaHnX pe3yabTariB MOXKHA 3pOOUTH BUCHOBOK,
10 HAsBHICTh BHYTPIIIHIX HANpYKeHb NIHCHO BUKIIMKAE
HEpIBHOMIpHICTh XapakTepucTuk B I1C.

Jns BHYTPIMIHIX
MONICTHPONBHINH TomiMepHiH ocHOBI [IC mpoBomuBcs

3aJI€)KHOCTI.

miCIIst

3HAueHHS HEPIBHOMIPHOCTI

SMCHIICHHSA Harpy>X€Hb B

600 ¢
g
X 500 ¢
m
=
’E 400 +
=0
EzZ
5 %200 t
=
hy L
S 100
0
& O 1 |
B 0 500 1000
BigcTaHb Big PEM go mxepena, MM
Puc.5. 3anexHiCTh 3MEHILIEHHS BIJHOCHOTO
CBITJIOBOTO  BHUXOAy TMpH TeEpeMilleHi Jpkepena
BUIPOMIHIOBaHHS ~ B3JOBXK 3pa3ka CHUHTUISATOPY
miamerpomM  50x1000 wMM  micma  momimMepu3arii

Ta jpomarkoBoro Bignamy mpu 100°C.
BIJIITaJl 3pa3KiB CUMHTHISATOPIB mpu Temieparypi 100°C.
3 HACTYIHHM OXOJIO[DKCHHSIM 31 mmBuakicTio 2,5°C/rom.
PesxuM Biamamy npuBeneHu Ha puc.3

Bimgmanm Oyno mpoBemeHO U BCIiX 3pasKiB IiCIs
qoro Oy/0 BUMIPSHO TIDXK caMi XapaKTEPHCTHKH, IO
i mo Bigmamy. Tak B aHamizaTopi MOJISIPUCKOILY MIiCIIs
Bijinasy 3pa3KiB MOJKHA CIIOCTEpIraTh 3HauHe 3MEHIICHHS
inTepdepentiiitnoro 3abdapeneuus (puc.4). Lle CcBIAUUTH
PO CYTTEBE 3MEHIICHHS BHYTPIIIHIX HANpyKeHb B
pe3ynbTarti BiAmamy 3pa3Ka.

Piznuns xony Ta o0uKciIeHi BHYTPIlIHI HANPY>KeHHS B
3paskax [1C micast Bignany mpu 100°C HaBeneni B Tabmui
2.

OTpumMaHi JaHHI CBi4aTh MPO Te, IO B pe3yJbTari
BiJImaIry 3pa3KiB BAATOCS 3HU3UTH BHYTPILTHI HAIPY KEHHS
B Marepiani Oimemr HiX B 5 pasiB mo 3HadenH 0,55+1,0
MIla. lleli ¢akT NMOBMHEH CHPUSTIMBO BIUIMHYTH Ha
piBHOMIpHIiCTb XapakrepucTk [1C.

Ha pwuc.5 mnpuBeseHa 3ajJeXHICTh BiJJHOCHOTO
CBITJIOBOIO  BHMXOJQY @pHM  [eEpeMillleHi  JpKepena
BUIIPOMIHIOBAaHHS ~ B3JOBXK  3pa3ka  CLUHTHIATOPY

Tabauys 3.

Pi3HMIISA X0y Ta BHYTPIIIHE HANIPY>KEHHS B 3pa3Kax

[1C BUrOTOBNIEHNX 32 CTAHJAPTHOIO TEXHOJIOTIEIO B

ayoMiHi€eBiit popmi Ta B popmi 3 aHTHATE3IHHUM
(KOMIIO3UT Ha OCHOBI MOJITETPAPTOPETUIICHY )

TIOKPHUTTSM.
opma 3
antomiHieBa bop .
aHTUaaresinHnum
dopma
NOKPUTTAM
Pi3HMUA x04Yy, HM 300 70
BHYTPILIHE
HanNpy»XeHHA, 2,7 0,6
MIa
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o

Puc.6. 30BHINIHIN BUIVIS B aHAII3aTOP1 MOJISPUCKOITY

3pa3kiB [1C BUTOTOBIIEHHX 32 CTAHAAPTHOIO TEXHOJIOT1€0
B aroMiHi€Bil ¢opmi (a) Ta B hopmi 3 aHTHAATE3IHHIM
(xomrIO3UT  Ha noJiTeTpadTopeTHIICHY )
TOKpHUTTSIM (0).

OCHOBI

noxatkoBoro Bigmany mpu 100 °C. MoxHa 0auuTH, 1110 B
LIOMY BUITAJIKy OTPUMaH1 eKCIIepUMEHTaJIbHI JIaHi Habarato
Kpamie BiAMOBINAIOTh TEOPETHUHIH EKCITOHEHIaNbHII
3aneskHoCTi. O0UncIIeHa HePiBHOMIPHICTD XapaKTEPUCTHKI
BITHOCHOTO CBiTJIOBOrO BHXOmy ckiamae AC = 3%, mo
3HAXO/INTHCSl Malke B Me)Kax IMOXMOKH BUMIPIOBaHHSI.

Sk 3ragyBasiocs paHillle OJHMM 13 3HAYHUX JUKEpe
BUHUKHEHHS HaIpy>keHbBHosiMepHiocHOBI [ 1C (ocobmuBo
B TIOBEPXHEBOMY IIapi 3arOTOBKH CIUHTIIIATOPY) € aare3ist
0 CTiHOK (opMu [Ig TomiMepw3amii. 3a3BU9ail st
BurotoieHHs [IC BHKOPHCTOBYIOTH (pOPMH BHIOTOBJICHI
31 ckia abo amominito. CkIsiHI popMH BUKOPHUCTOBYIOTHCS
JUISL BUTOTOBJICHHSI BIJIHOCHO HEBEJIMKHX CLUHTHIISITOPIB
uimiHApuaHOT (opmu. s OTpUMaHHS JTOBIOMIPHHX
CIMHTHJIATOPIB BUKOPUCTOBYIOTh 3a3BHYail MPSIMOKYTHI
(dopmu 3 amromiHito. [ToMCTHPON Mae BEIHKY aaresiro 110
AITFOMIHIEBUX CTIHOK (HOpMH, IO TPU YCaAli IMOIiMepy
MPU3BOJNTL [0 BHHUKHEHHS 3HAaYHMX BHYTPIIIHIX
HarpykeHb. [lofiOHI HampyXeHHs, SK BKE€ I0Ka3aHO
BUKJIMKAIOTh I1C.
Jlnst HiBENIOBaHHS BIUIMBY IIbOTO HENOJIKY aBTOpaMu
OyJ0  3ampoOIOHOBAHO BHUKOPUCTAHHS  BHYTPIITHBOTO
MOKPUTTS (POpPMH I TOMIMEpH3alii MarepialoM, IIIo
3HAYHO 3MEHIIye anresiro. Sk Takuil martepian oOpaHO
noJiteTpaTOPETUIICH, SIKUM Mae HEOoOXiHY TepMiuHy

HEpIBHOMIPHICTh ~ XapaKTePHCTHK

crabunpHicTh Ta [12].

byno BuroroBneHo psa 3paskie [IC  posmipom
niamerpom 50x1000MM B OTHAKOBUX CTAaHAAPTHUX YMOBAX
B aJroMiHieBUX (popmMax Ta B popMax 3 aHTHAATE3IHHUM
(KOMITO3UT Ha OCHOBI MOMITETPaPTOPETHIICHY ) TOKPUTTSIM.
3a JOMOMOTOIO TIOJSIPUMETPY BCTAHOBJIEHO CEpeHE
3HAYEHHS BHYTPILIHIX HANpPY>KeHb JUIS 3pa3KiB OTPUMaHUX
B (hopMax 3 MOKPUTTSAM Ta 63 HbOro (TabuuLs 3, puc.6 )

OTprMaHi 3HaueHHS BHYTPIMIHIX HANpyKeHb IS
pizHuX THIIB hopM (3 moKpuUTTAM Ta 6e3) B 0,6 Ta 2,7MIla
Jy’Ke ONU3BKi JI0 Pe3yJabTaTiB OTPUMAHHX IPH JTOCIIIKEH]
BIUIMBY BiJIIaiTy Ha piBHOMIpHICTH Xapakrepuctuk [1C (0,55
Ta 2,9 Mlla Biamosiguo). et ¢hakT 103BOJISE CLIOMIBATHCS,
110 1 HEePIBHOMIPHICTh CUMHTHIISILIMHUX XapaKTEePUCTHUK
Npyu  BUKOPUCTaHHI  opmm  yIs
AHTHAATE3IHHIM TIOKPUTTSAM 3MEHIIHUTHCS OO PO3Mipy
JEKLTBKOX BiJICOTKIB. | MiiCHO HEPIBHOMIPHICTH PO3IIOILTY

noyiMepusaii - 3

BIJJHOCHOTO CBITJIOBOTO BUXOJIY JUIsl 3pa3KiB BUTOTOBJICHUX
B aroMiHieBuX ammyiax ckiana AC = 8+6 %, a j1s 3paskis
OTPUMaHUX B aMITyJlaX 3 aHTHATEe31IHUM TTOKPUTTSM Lier
MMOKa3HMUK 3MeHMHBCA 1 ckiaB AC = 3+2 %.

BUCHOBKHA

1. 3anpononosano TeMIIeparypHi peXUMU
Bimayy JJIsl JOBIOMIPDHHMX 3aroTOBOK IIJIACTMAacOBHX
IO JIOJaTKOBHH BiJmai
3aroTOBOK ITACTMACOBOTO CIIMHTHIISITOPY ITPU TEMIIepaTypi
100°C Bmpomomx 12 TomguH 3MEHIIY€ HEOIHOPIIHICTH
pO3MONiNY  BiHOCHOTO
CUUHTUIIATOPY 110 3%.

2. 3anpornoHoBaHO TIOKPUTTS
HAa OCHOBI MOJUTETPAPTOPITUICHY [UIS MOJiMepHU3aIlii
CIMHTWIATOPIB y METaleBuX abo CKISTHUX (popmax, sSKe
3HIDKYE BHYTPIITHI HATIPYXXCHHS, 00yMOBIICHI KOHTaKTHOIO
anresiero i CIMHTHIISIIITHAM
MarepiaJioM Ta moBepxHero popmu. Lle 103B0s1sI€ 3MEHIIUTH
HEO/THOPITHICTh PO3IO/UTY BiTHOCHOTO CBITJIOBOTO BUXO/Y
B3/I0BXK CUUHTHIIATOPY 110 3%.
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IHOOPMALIIS JIJISI ABTOPIB CTATEN
xypHaiy "Bichuk XapkiBchKoro HauioHansHoro yHiBepcurety iMeni B.H. Kapasina. Cepist "®izuka"

VY KypHaJIi OPYKYIOTBCS CTAaTTI Ta CTHCII 3a 3MICTOM ITOBIJIOMJICHHS, B SIKHX HABEACHI OPUTIHANBHI PE3yJIbTaTH
TEOPETHYHHX Ta EKCIIEPUMEHTAIBHIX JOCHTIHKEHB, a TAKOK aHANITHYHI OTJISAN JITePaTypHHUX JDKEPEI 3 PI3HOMaHITHUX
aKTyaJbHUX Ipo0ieM (i3uKH 32 TEMAaTUKOKO BUIAHHS.

Mosa crareii — ykpaiHChKa Ta aHIJTIHChKa.

TEMATUKA XXYPHAITY

1. Teopernyna dizuka.

2. ®i3uKa TBEpAOTro Tija.

3. ®i3uKa HU3BKHAX TEMIIepaTyp.

4. ®i3uKka MardiTHAX SIBUIIL.

5. OnTHKa Ta CIeKTPOCKOIIis.

6. 3arayspHi nUTaHHA (GI3UKK 1 ceped HUX: METOJOJNIOTIS Ta icTopis (i3WKHM, MareMaTH4yHi MeToau (i3uYHMX
JOCIIIDKCHb, METOIMKA BUKJIAAAaHHS (DI3UKH Yy BHUIIIH KO, TEXHIKA Ta METOAMKA (DI3UYHOTO EKCIICPUMEHTY TOIIIO.

BUMOTI'M 10 O®OPMJIEHHS PYKOITHUCIB CTATEM

3aranpHUI 00CAT TEKCTY PYKOIIHCY CTATTi IIOBHHEH 3aiiMaTH He OLIbIIe HiXK 15 cTOpIHOK.

PyKkomuc cTarTi CKIIQAAEThCS 3 TUTYIBHOI CTOPIHKH, Ha SIKiM BKa3aHi: Ha3Ba CTaTTi, iHimiamu, npizsuma, ORCID,
rocajia 1 HayKOBHH CTYIIHB aBTOPIB, ITOLITOBA aJpeca YCTAaHOBH, B sKiii Oyiia BUKOHaHa poOoTa, KiacudikauiifHi iHIeKeHn
3a cucremamu PACS Ta YJIK; aHOoTaniii Ha OKpeMOMy apKylli 3 Mpi3BHIIEM Ta iHIIiaJaMU aBTOPIB i HA3BOIO CTaTTIi,
BUKJIQJICHUMH YKPATHCHKOIO Ta aHIIIMCHhKOI0 MOBaMM; OCHOBHOI'O TEKCTY CTAaTTi; CIIUCKY JIiITEparypH 3 MOCUJIAHHIM Ha
doi, K10 BiH MPUCBOEHMIA; MIAMUCIB il pPUCYHKAaMH; TaOJIHIb; PUCYHKIB: rpadikiB, (HOTO3HIMKIB.

B ykpalHOMOBHUX CTaTTSAX MIAMUCH O PUCYHKIB 1 TaOMHIh MyONMIOIOTHCS aHIIIMCHKOI0 MOBOO. 3a HasSBHOCTI B
TEKCTI KMPWIMYHUX IIMTYBaHb HaAaloThes crucok Jireparypu i poszain REFERENCES. 3a ix BincyTHOCTI — TiNbKH
poznin REFERENCES. Ilpu odopmitenni y REFERENCES knpnin4HuX [UTyBaHb BKa3yeThCsl aBTOPChKUH (0]iLliitHMIT)
AHITIMCHKUI BapiaHT Ha3BM pOOOTH Ta iMEH aBTOpIB. 3a HOTrO BiJCYTHOCTI HABOJUTHCS MEpEKIIal aHIIIHCHKOI0 MOBOIO
(3araJIbHOBKUBAHUIA Y JIiTEpaTypi, SIKIIO BiH icHye). HanpukiHii nocunaHHs HeoOXiIHO BKa3aTH MOBY IepILIOKepera, 3
SIKOTO 3p00JeHo niepekian — Hanpukian, (In Ukrainian).

Amnorarris Mae OyTH 3a o6csirom He MeHTI HiXk 1800 cimBoiiB. CtaTTs Mae OyTH CTPYKTypOBaHa. BUCHOBKH MTOTPiOHO
IIPOHYMEPOBATH 1 B HUX HAaBECTH CaMe BUCHOBKH, a HE IIOBTOPIOBATH aHOTALIIIO.

EnexTpoHHMI BapiaHT PyKONMCY CTaTTi MOBHHEH BIAINOBIATH TaKMM BHMOTaM: TEKCT PYKOIIUCY CTATTi Mae OyTH
HaOpanuii y opmari MicrosoftWord; BupiBHIOBaHHS TEKCTY 3I1MCHEHO 3a JIIBUM Kpaewm; rapHiTypa TimesNewRoman;
Ha3Ba CTATTi HaOpaHa MPOMUCHUMU jiTepamu; Gopmynu MarTh OyTu HaOpaHi B MathType (He HwKYe Bepcii 6,5), y
(hopmynax KHPHUIUIS HE TOMyCKAEThCS, CHMBOJIM 3 HIDKHIMH 1 BEpXHIMHU 1HIeKcamu ciif Habupatu B MicrosoftWord,
mmpuHa hopmynu He 6ibire 70 Mv; rpadiku Ta GpoTorpadii HeoOXiqHO MonaBaTu y rpadidvHoMy GopMmari, po3pi3HEHHS
He meHnre 300 dpi, mommpenHs ¢aitniB Mae OyTu *.jpg, muprHA 300paXkeHb st OHi€T a00 TBOX KOJIOHOK 8 cM Ta 16 cM

BianoBinHO. Macmrad Ha MikpodoTorpadisx HeoOXiIHO HaaBaTh y BUIVIAI MacIITaOHOT JTIHIHKH.

[MPUKJIAJL ODOPMIJIEHHS CITUCKY JIITEPATYPU
JL.A. Jlaunay, E.M. Jluduun. Teopust ynpyroctu, Hayka, M. (1978), 730 c.
M.B. I'narenko. YOXK, 60, 5, 390 (2015).
A.D. Ashby. Phys.Rev., A19, 213 (1985).
D.V. Vert. In Progress in Metals, ed. by R. Speer, USA, New York (1976), v.4, p.17.

J10 PEJIAKIIIT HAJTAIOTHCA

1. /IBa po3apyKkoBaHi IPUMIPHUKH PYKOIIMCY CTaTTi, K1 MiAmucaHi ii aBropaMu.
2. EnexrpoHHa Bepcisi pyKOIHCY Ta JiaHl I0JJ0 KOHTAKTIB JJIsl CIUIKYBaHHs 3 ii aBropamu. Marepianu ciij Hajicnaru
€JIEKTPOHHOIO TIOMITOIO Ha anpecy sergii.lebediev@karazin.ua.
3. HampasneHHs Bif ycTaHOBH, /¢ Oyia BUKOHaHA POOOTa, i aKTH eKCIEPTH3H Y JBOX NMPUMIipHHUKAX; ajJpeca, MPi3BUIIe,

Sl e

MMOBHE iM’sl Ta mo-0aTbkoBi aBTOpiB; HOMepu TenedoHiB, E-mail. HeoOXimHO Takok 3a3HAYUTH aBTOpPA PYKOIIHCY,
BIJINIOBITAJIEHOTO 32 CITIJIKYBAaHHS 3 PENAKIIIEI0 Ky pHAITY.

Marepianu pyKONMHCY CTaTTi MOTPIOHO HAMpaBISATH 3a ajpecoro: Pemakiis skypHany «BicHuk XapKiBCHKOTO
HaunioHaneHOro yHiBepcuretry imeni B.H. Kapazina. Cepist «®izuka», XapKiBCbKHil HalllOHAJIbHUI YHIBEPCUTET IMEHI
B.H. Kapaszina, ¢hiznunmii ¢pakynsret, Maiigan Crobonu, 4, Xapkis.
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The Journal of V.N. Karazin Kharkiv National University Series Physics publishes articles and concise messages
that contain original results of theoretical and experimental studies, as well as analytical reviews of literary sources on
various topical issues of physics on the subject of the publication.

The language of the articles is Ukrainian, English and Russian.
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1. Theoretical physics.

2. Solid state physics.

3. Physics of low temperatures.

4. Physics of magnetic phenomena.

5. Optics and spectroscopy.
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The manuscript of the article consists of a cover page, which states: the title of the article, the initials, surnames and
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The electronic version of the manuscript should meet the following requirements: the text of the manuscript should
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