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MN3YYEHUE SBJIEHUSA KOHTAMMHAIIUU HA MAJIBIX
KOCMHMNUYECKUX AIIITAPATAX

B pabote paccmarpuBaeTcsi OTpHLIATENbHOE BO3JEHCTBHE COOCTBEHHOW atMocdepsl kocMuueckoro amnmapara (KA)
Ha ero BHEIIHHE MPHOOPHI U MPOSBICHHE MEHEE N3yYCHHOTO SIBICHHUS — KOHTAMHMHAIINH, OKa3bIBAIOIIET0 BPEJIHOE
BO3JICHCTBUE Ha BHyTpeHHHUE y31bl U ipubopbl KA. O6pa3oBaHHbIE CIOM KOHTAMUHAHTOB TOJIIIMHON BCETO B HE-
CKOJIBKO HaHOMETPOB CIIOCOOHBI 3HAYHTENBHO YXYIIIUTH MPOITyCKHBIE XapaKTEPUCTHKH ONTHYECKHX HPHUOOPOB.
Jliist m3ydeHus sIBICHNUST KOHTAMHHAINY OYEHb BayKHBIM MPEACTABIACTCS ONPEIECICHNE TONINHBI INICHOK CYOIMMU-
POBaHHBIX BEIIECTB C TEUCHHEM BPEMEHH. ABTOpaMH NpelaracTcsi npuOop A M3ydeHHs SBICHUS BHYTPEHHEH
KOHTaMHMHanuu. PaboTa mpemioskeHHOTo yCTpOWCTBa OCHOBaHa Ha M3MEPEHUH PE30HAHCHBIX YacTOT KoJeOaHWH
KPHCTAJUIMIECKOTO PE30HATOPA, BBICTYIAIOIETO B POJIM JAaTYNKA, PEearupyroiero Ha N3MEHEeHHe MacChl HapacTaro-
el TUICHKH KOHTaMHHAHTOB. [IpeioyxkeHHOe yCTPOWCTBO SIBIISIETCS MEPCIIEKTUBHBIM JUisi KA, TOCKOJIBKY UCIIONb-
3yeMble B €ro OCHOBE KBapIIeBble PE30HATOPBI YCTOMYMBHI K BHOpalyu, a caM MOJIYJb MMEET Majble Ta0apHuThl
W BEC, YTO MO3BOJISIECT Pa3MellaTh €ro Ha KOCMHUYECKHX amaparax crannapra CubeSat.

Kn. cn.: BHYTPCHHASA KOHTaMUHANWA, INICHKH KOHTAMUHAHTOB, KOCMHYCCKHM arrapar, COOCTBEHHAS BHCIITHSS

aTMocdepa, ocaxxIeHne JETyUNX COSAMHCHNI

BBEJIEHUE

[Ipy naUTENBHOM HKCIUTyaTallMd KOCMHYECKOTO
ammapara (KA) B ycClIOBHAX OKOJIO3€MHOH OpOHTHI
Ha €ro KOHCTPYKIHIO, ONTHYECKHE U PaiuO3NECKTPOH-
Hble TPUOOPHI OJHOBPEMEHHO OKAa3bIBAIOT BIIMSHUE
pasyinuHble (aKTOPbl KOCMHYECKOTO IPOCTPAHCTBA,
TaKue KakK CIeHU(PUUECKH TeMIepaTypHBIH pEexXuM,
BBICOKODHEPTETHYECKOe  H3IydeHHe, COOCTBEHHAs
BHEIHss atMocdepa ammnapata (CBA) u nposiBnenue
KOHTaMHHAIMU BHYTpH KA © B ero OTAeNbHBIX y37ax.
Kocmuueckuit anmapat mo O0JbIIeH 9acTH HaXOIUTCS
B pa3psuKeHHON, HOHM3UPOBAHHOM atMocdepe, cocTaB
KOTOPOM OT/IMYAeTCsl OT COCTaBa BEPXHUX CJIOCB aT-
mochepsr 3emuu [1]. Paccmotpum dakTopsl, OTHOCS-
uecs k camomy KA u ero yznam. Tak, CBA npen-
CTaBJIsieT cOOOW OCTaTOYHBbIE MPOAYKTHI pabOTHl JBU-
raTesneil, TBep/able YaCTHIIBI M MOJIEKYJIBI, BBIICIIO-
myecs C TEPMOPETYIMPYIOIUX HOKPBITUH U 3JEK-
TPOHHBIX TeyaTHBIX aT KA, IpoayKThl pacbUIeHUS
KOHCTPYKLMOHHBIX MaT€pHajIoB aTOMaMH OCTaTOUYHON
atMoc(epbl M BBICOKOIHEPIETUUYCCKUMU HOHAMH [2,
3]. BHyTpeHHSAS KOHTaMHHAIIUS — CYOJIMMAIlHs KOH-
CTPYKLUMOHHBIX MarepuanoB BHyTpu KA u ero mpu-
OOpOB C OcCakIeHHEM Ta30BOH (a3sl B BHIE TIEHOK
Ha ()yHKIHMOHAIBHBIE MOBEPXHOCTH. JlOCTOBEpHO H3-
BECTHO, YTO BIHMSHHE KOHTAMHUHAIIMKA HAa ONTHYECKUE
npuOopsl U BaxHbIe Y376l KA NpUBOIUT K yMEHbIIIe-
HUIO CPOKa UX CIYXKOBI, 4TO CBSA3aHO C yXyIIICHUEM
UX KIIOYEBBIX XapakTepUCTUK [, 2], onHaKo naHHOE
SIBJIEHUE HEJJOCTATOYHO U3Y4EHO.
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BO3JIEVICTBUE CBA HA Y3JIbl U TIPUBOPHI KA

CoctaB CBA MoOXeT 3HAYUTCIBLHO MCHSATHCS
BCJICCTBHE BBLIXOJIAIIMBAHUS Ta30BBIICISAIONIMX Ma-
TEPUAJIOB, OCAXACHUS JICTYYUX KOHACHCHUPYIOIINXCA
BemiectB (JIKB) nHa moBepxnoctn KA u yneryumBa-
Hua. Yactunelr CBA cOnmpoBOXIAIOT KOCMHYECKUI
ammapar B Tojere, o0pa3ys ra3ombuieBoe O0JaKo,
aHaJIoTMYHOE KomeTe [2, 3].

Ha yactuust CBA BO31eHCTBYET JaBJIEHUE COJI-
HEYHOTO BETpPAa, I'PABUTAIMOHHBIC M 3JIEKTPOMArHUT-
HbIe CWIBI, puc. 1. B cimydae oOKon03eMHBIX OpOUT
TaKke MMeeT MecTo TopMmokeHue yactun CBA mpu
B3aMMOJEHCTBUM HMX C aTOMaMHM OCTATOYHOM aTMO-
cthepst 3emmu [1, 4]. CBA npu IMTETEHOM BO3IEH-
crBun Ha KA oka3pIBacT HEraTMBHOC BJIMSHHMC HA Xa-

PAKTEPUCTHKHA  TEPMOPETYJIUPYIONIMX  MOKPBITHIM
W CHEKTPaJbHBIC CBOWCTBA ONTHYECKUX ITOBEPXHO-
creit [4-6].

Uccnenosanne Bimusaausg CBA sBisieTcss ClOKHOM
3amayeH, T.K. KaueCTBEHHAS OIICHKA MOJKET OBITh TIPO-
BeJICHA TOJILKO Ha 3Tane sKkciuryarauuu KA. Moaenu-
poBanue BozaeicTBusa CBA He MOXeT B OJHOU Mepe
OTPa3UTh BIIMSIHUE BCEX MpolieccoB. B ciyuyae Hazem-
HBIX HWCIIBITAHUN Ha pPe3yibTaThl OYAYT OKa3bIBaTh
BIUSIHAC TPOAYKTHl 3arpsS3HEHUS] BaKyyMHBIX KaMmep
(BakyyMHBIE Maclia, MPOIYKTHl CyOIMMAIMu C TIO-
BEPXHOCTEH KaMepbl, HATEKaHUE aTMOC(EPHOTO rasa)

[2].
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HU3HOCa

Bonwmras wacts monexkyn u gactuiy CBA Haxoaut-
cs B MOHH3UPOBAHHOM cOCTOSHWHU. VIOHBI M cBOOO-
Hble 27ekTpoHsl B CBA o0pasytoTcs B pesynbrare
(hOTOMOHM3AIIMN YaCTHUI] BCIEICTBHE BO3JCHCTBUS Ha
HUX COJIHEYHOT'O M3JIyY€HHMS, NPUYEM MaKCHUMyM Ce-
yeHUss (POTOMOHU3AIUN MPUXOJIUTCSI Ha YJIbTpaduo-
JIETOBYIO0 00JacTh CHEKTpa. J[OmoJHUTENbHO HMEeT
MecTo (oToaMuccHus CBOOOJHBIX JJICKTPOHOB C TO-
BepxHOcTel KA. C BHepeHneM 3IIeKTPOPaKETHBIX JIBH-
rareneii (OP/]) Bkinag B 00pa3oBaHre HOHOB TAKXKE JaeT
ncredeHne MoHOB pabouero tema DP/l. MonnsupoBan-
HBIE YaCTHUIIBI OKa3bIBAIOT BIMSHHUE HA (pazy W aMILIHu-
Tyay paauocursaioB. CieacTBHeM Takoro BO3JEHCT-
BUS SIBIISIIOTCS cOou B pabote cBs3u ¢ KA, HapyiieHue
paboThI €ro pagTruodrIEKTPOHHBIX KOMIIOHEHTOB [7].

[InoTHOCTE cOOCTBEHHOW aTMOc(ephl KpailHE Ma-
J1a, TO3TOMY €JMHCTBEHHBIH MyTh, KOTOPHIM YaCTHUIIBI
MOTYT MEPEUTH B OCHOBHOE COCTOSIHUE, SBIISETCS TIe-
peusnydyeHue. Takoe sBIIEHHE paclpoCTpaHsIeTcs
C OJMHAKOBOW HHTEHCHBHOCTHIO BO BCE CTOPOHBI.
[Ipu Hekotopsix ycnoBusix CBA MoXeT 3HAUUTEIbHO
MEIIaTh PETUCTPAIMM ONTHYECKUMH CHCTEMaMH
BY®-nmnanazona u CrocoOCTBOBAaTh PacCEUBAHUIO
COJIHEYHOT'O CBETA, TEM CaMbIM BBI3bIBas IMOSIBICHUE
Mapa3UTHBIX 3aCBETOK HAa BBIXOAHBIX JAHHBIX ONTHYE-
ckux npubopo. Hambonee omacHbIM BIMsSHHUE Tepe-
OTPaKEHHOTO M3TYUYEHHS MOXKET OBITh MPH BO3IECHCT-
BUM €ro Ha acCTPOHABUTALMOHHYIO ammaparypy
3a CUeT MOSIBJIICHUS CBETOBBIX OPUEHTHPOB B BHJIE Ia-
PasUTHBIX 3aCBETOK. TaK, KpyNHbIE YaCTHLbI IbIIH
pa3MepaMu 10 COTHH MKM MOTYT UMETh SIPKOCTh, CPaB-
HUMYIO CO CBETOM 3BE€3]I IIEPBOI BEJIMIUHEI [§].

Ocaxxaenue JeTy4ux COeIMHEHUH, yTIeBOJOPOI0B
Y MOHOB MeTajlla Ha NoBepxHOocTH Koprnyca KA npu-
BOJIUT K M3MEHEHHIO MX ONTHYECKHX CBOMCTB OTpa-
KeHus: u nornomenust [9]. OOpasyrommecs TUICHKH
0OBIYHO MMEIOT B CBOEM COCTaBE JIETYUYHE YIJIEBOMO-
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Puc. 1. Cxemarndyeckoe m300pakeHHE COOCTBEH-
HOW BHemHeW atmocdepsl KA Ha paccTOSHHAX,
npeBbiaromux pazmeps KA [1]

POJIBI M OpraHUYEeCKHe COETUHEHNS C BHICOKHM MOJIe-
KyJSIpHBIM BecOM. BaXHbIM (PaKTOpPOM, BIHSIOIIAM
Ha oOpa3oBaHHME IUICHOK, SIBIISICTCS TEeMIICpaTypHBIN
pexxnm KA. B mponecce skcruryatanmmn kopmyc KA
WCTIBITBIBAET M3MEHEHHE TeMIepaTyphl B JHara3oHe
ot —190 o + 120 °C [10]. Yactumst CBA ne 3amep-
JKUBAIOTCS Ha XOJIOJHBIX MOBEPXHOCTSX, JJISI Harpe-
TBIX e HaOJrofaeTcss akTUBHAs KOHAEHcaIus ¢ o0pa-
30BaHMEM OCTPOBKOB KoHJeHcata [11, 12].

OcaxxeHHbIE JIEHKH YTIEBOJOPOJOB U OpraHu-
YECKHUX COCAMHEHUM B YCIOBHSX TOpsY€d MOBEPXHO-
CTH W BHeIIHeM oOiydeHun Y D-nu3iaydeHUeM IOJH-
MepH3yloTcs, 00pa30BBIBas MJICHKH C BBICOKOH CTere-
HBIO aare3uu. Takue IUIEHKH MpPaKTUYeCKH HEBO3-
MOJKHO YJAJIUTh C MOBEPXHOCTEH, HAIIpUMep, ONTHYIe-
ckux npubopos [13].

[IpuBenennoe B pabdore [11] uccnenoBaHue 3aBu-
CUMOCTH BJIMSIHUS 00JyueHUsI Ha KO3(QUIUSHT MPO-
MyCKaHMs T0Ka3ajo, YTO BO3ZeHCTBUE yibTpaduoe-
TOBOTO M3JIy4EHHUS Ha yTJIEBOJOPOIHBIE IIJICHKH SIBIISI-
eTCsl IPUYUHON 00pa3oBaHUS JOTIOJIHUTENBHBIX IIeH-
TpoB moryomenus. OaHako U3MEeHeHHe K03 QUImeH-
Ta ocllabJeHusl M3IIyYeHHs B IUICHKax MMEET HKCIIO-
HEHIMATBHBIA XapakTep, puc. 2, U3 9ero MOXHO CJie-
JaTh BBIBOJI: MpoLecc 00pa30BaHuUs JOMOTHUTEIBHBIX
[EHTPOB MPOXOIUT C HACHIIIICHHUEM.

Bonee BBIpa)k€HHO ONTHYECKHE XapaKTEPUCTHKU
MEHSIOTCS B TOM CiIy4ae, €ClIHM B COCTaBe IUICHKH
MMEIOTCSl aTOMBI METAIIJIOB, HAlpUMeEp pabodero Tena
OPJ] [Li, Hg, Cd, Cs]. Ucnonp3oBanne OPJl moxer
JIOTIOJTHUTENIBHO SBJISAThCS MPUYMHON 00pa3oBaHUsA
METAIUTMYECKUX TUICHOK C TOJIIUHON 0 HECKOJBKHX
necsaTkoB HM [14, 15].

[To nannbIM pabotsl [15], mpo3padHOCTh ONTHYE-
CKHX MOBEPXHOCTEH IOCIIe HAaHECEHHS IUICHOK IIe3Us
MOJKET YBEIHMINBATHCS.
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Puc. 2. /lunamrka U3MEHEHUsI MHTETPATIbHBIX KO3 humm-
€HTOB IIPOIYCKaHWSI OOpa3loB II0 BPEMEHH OOIydeHHS
[11].

IIpumeuanue. PucyHok BocmpomsBeaeH u3 [11] Tombko
JUISL WUTIOCTpauuu Te3uca. [103ToMy TOsSICHEHHS MUHH-
MAaJbHBI: KPUBBIE OTHOCSTCA K 3 HYMEpOBaHHBIM 00pa3-
aM; BpeMsi OOMydeHHUs H3MEPSIOCh B 3KBHBAJICHTHBIX
cotHeuHBIX Yacax (DCYH)
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Puc. 3. 3aBucuMocTH CBETOBOTO MOTOKA J(#) OT TeMmepaTypsl oopasmna [9].
a — 9ucToro odpasia; 6 — mocie HanbUICHHS IJICHOK LIE3Hsl.
[Mpumeuanne. Brons ocelt opanHAT yKa3aHbl MacIITa0b! st m3MepuTenbHbIX Tepmomnaps! (3./0.C.) n pagua-

nMoHHOTO TepModemenTa (PTD)

B HauanbHBI MOMEHT BPEMEHM IUICHKM METaLId
MOTYT 00J1alaTh MPOCBETISIOIIMME CBOMCTBAMM aHa-
JIOTHYHO AMIJIEKTPUYECKUM IIEHKaM. B ciaydae Toin-
CTBIX IUIEHOK C ToymuHamu Oosee 100 HM HaGmona-
€TCsl YMEHBIIEHHE NPOMYCKaHUSA, C TMOCIEAYIOIUM
YACTUYHBIM BOCCTAHOBJICHHEM CBOMCTB B TEUEHHE
HEKOTOporo BpeMeHH. [laHHoe sBIeHUE OO0BSCHAETCA
MPOIIECCAMH, TIPOUCXOIALUINMH C OCTPOBKaMH 3apOiK-
JarolIelcs IIEHKH. B TedeHne HEKOTOporo nepuoja
UAET IPOIIECC MUTPAIIMM OCTPOBKOB 10 MOBEPXHOCTHU
¢ mocienyromei ux koanecrueHnuedr. Co BpeMeHeM HX
MOJIBUKHOCTh MAJAaeT, a pa3Mepbl YBEIMUUBAIOTCS
[14, 16].

ABTOopoM paboThl [9] OBUIM TIOMyYEHBI JaHHBIC
0 BIMSTHHM TUIEHOK 11€3UsI HA TEPMUYECKUN PEKUM KOC-

MH4ecKoro ammapara. Ha puc. 3 mpuBeneHs!l rpaguku
3aBHCUMOCTH CBETOBOTO IOTOKa J(f) OT TeMmmeparypbl
o0pasua 10 ¥ nociie HanbUIeH!s TJICHOK MeTaJla.
[locne dopMupoBaHus Ha TOBEPXHOCTH TIJIEHKH Iie-
3us TomuHON 40 HM 3aMeTeH 3HAuMTENIbHBINA POCT aMm-
TUTUTY/AbI IEPEMEHHOM COCTaBIISAIONIEH TeMIIepaTyphl.

BO3JIEHCTBUE BHYTPEHHEM
KOHTAMHWHAIIAW HA Y3J1bl U TIPUBOPHI KA

[IpucyrctBytomue BHyTpu npubopoB KA maper
¥ YacCTHIBl KOHCTPYKIIMOHHBIX MaTE€pPHaJiOB OCENAI0T
no Bced IuIomann (GpyHKIMOHAJIBHBIX MOBEPXHOCTEH
Y3JI0B M arperatoB B BHJE TOHKHX CJO€B KOHTaMH-
HaHTOB, 00pa3ys IuleHKH. B 3ToM 3akirouaercs

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2
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NpOsIBIICHHE BHYTPEHHEH KOHTaMuHauuu. JaHHOMY
SBJICHUIO IIO/IBEpPraloTcs Bce y3ibl U npudopslr KA,
YCTaHOBJICHHBIE Ha CIyTHHKE. OTINYME OT BHEIIHEH
CBA 3axitouaeTcss B TOM, YTO OOpPa30BBIBAFOIIUECS
napbl ¥ YaCTUIIBI KOHTAMHHAHTOB HE MOTYT ITOKHHYTh
KA u ero npubopsl BClieACTBUE yIETy4YUBaHUA, a 00-
pa3oBaHHbBIE TUICHKHM HEBO3MOXHO YJIAUTHh C (YHK-
OUOHAJIBHBIX IMOBEPXHOCTEH, HampUMep, IyTeM HuX
nporpeBa. [IpuuemM KoHIEHTpanuss 0Opa3oBaBIINXCS
[apoB M YacTHUL] KOHTAMUHAHTOB B TEUCHHUE BCETO Iie-
pHoa dKCIUTyaTalliy arnmnapara OyJeT pacTd, OKa3bl-
Basi OTPULATEIbHOE BIMSHUE HA XapPaKTEPUCTHKU all-
napaTypbl. B HacTosee Bpems siBIeHHE BHYTpEHHEH
KOHTaMHHAI[UM HEJOCTATOYHO H3YYCHO, B OTIHYHE
OT JIpyTuX BHIOB Bo3AeHcTBUM Ha KA, Hanpumep Kak
TeMIIepaTypHbIe TIepenajbl U PaguallioOHHOe BO3JICH-
creue [1, 19, 20].

B pesynbTare mpoBeAeHHOIO BBIIIE aHAIN3a OBLIH
omnpezesieHb! (PaKTOPbI BHEITHETO U BHYTPEHHETO BO3-
JeHCTBUS, BIMSIONIME Ha padoTocmocobHocTh KA.
B Tabuuiyy cBejieHBl HBIHE CYIICCTBYIOIAE CIIOCOOBI
3amuThl KA 1 ero npuGopoB B 3aBUCIMOCTH OT BUAA
BO3JICHCTBHSI.

AHanu3 TaONUIBl MOKA3bIBAET, YTO SBJICHNUE BHYT-
peHHEll KOHTaMHUHAIMK TpeOyeT yriayOJeHHOTo H3Y-
YeHHUs C IeNIbI0 BBIPAOOTKH 3(()EKTUBHBIX METOJOB
3alIUTBl JIEMEHTOB KOCMHYECKHX AallapaToB JUIs
YBEIUYEHHS CPOKA MX CITY>KOBI U COXpaHEHUS KIroue-
BBIX XapaKTEPUCTHUK.

Herpaganuio  (QyHKIMOHAJIBHBIX TOBEPXHOCTEH
MpuOOpPOB KOCMHYECKOTO ammapara B pe3yjbTare
MPOSIBICHUS BHYTPEHHEH KOHTAMUHAIMH MOXHO
OLIGHUTH TI0 TOJIIIMHE IUIEHOK KOHTaMHUHAHTOB, 00pa-
3YIOIIMXCS 33 OINpPEACIICHHBI BPEMEHHOW MPOMEXY-
Tok. CylecTBEHHOCTh MpeAjaraeMoro cmocoba
OIIEHKH TOATBEp)KIaeTcsl AaHHBIMH paboTsl [20], co-
IJIACHO KOTOPOM  CJIOM KOHTAMHUHAHTOB TOJILIMHOMN
Bcero 10 HM, popMHUpYFOIIHECS HA MOBEPXHOCTSIX OII-
TUYECKUX MPUOOPOB, CIIOCOOHBI YMEHBIIUTH IIPOILYC-
KaHu€ Ha OTHEJNbHO B3ATHIX ydacTkax BY®-
nuana3zoHa BaBoe. TakuM o0pa3oM, TEXHHYECKUE Xa-
PaKTEPUCTUKHU ONTHYECKUX nprbopoB KA Bo MHOTOM
3aBHCAT OT TOJIIMHBI 00pa3oBaBIIMXCS IIEHOK. llo-
9TOMY JJsl HWCCIENOBAaHUS SBICHUSA KOHTaMHHALUU
BaXHO TOYHO ONPENENATh WX TonmuHy. /g 3toro
MOTYT OBITh HCIIOJIB30BaHBI PA3IMYHBIE METOMBI.

Tak, Hampumep, oOmNpenesisATh TOJNIIMHY IUIEHOK
BO3MOKHO C NPHUMEHEHUEM METOJla aTOMHO-CHIIOBOM
MHUKPOCKOIIUH, MpeanoxkeHHoro B [21]. Meroa ocHo-
BaH Ha M3MEPEHUH aHAJUTHYECKOTO CHUTHAJa PEeHTTe-
HOBCKOHM (DJIIOOPECHEHIMH OT 3JEMEHTOB IUJICHKU
W TIOJUTOKKH METOJOM JHEPTrOAMCIIEPCHOIN peHTTe-
HOBCKOW CIIEKTPOCKOIINU NPH JIBYX Pa3HbIX SHEPTUAX
MEPBUYHOTO My4YKa OT 3JIEMEHTa MapKepa, BXOASIIETO
B COCTaB MOIOKKH. DakTHUecKas TONIIUHA OCaX-
JICHHOHM TUIEHKH ONpEeNsieTCcs] IOCTPOSCHHEM 3aBUCH-
MOCTH ocnabJeHns CUTHaJIa OT 3JIeMEeHTa MapKepa.

Ta6u. [Ipenmaraemsre Metoas! 3amuTel KA u ero mpuOopoB B 3aBHCHMOCTH OT Buna Bo3neiicteus (CBA u BHyTpeHHeH

KoHTamuHanwmn) [4, 17-19]

Bun Bozneiict- IIposiBnenue [pennonaraeMpie CrIOCOOBI 3aIUTHI
BUA
CBA O6pazoBanue IIpumeHeHne KOHCTPYKIIMOHHBIX MaTE€PHUAJIOB C HU3KUM JIaBJICHHEM
xBocta CBA 11apoB
BOmm3u KA Herazanus noBepxHoCTe KOHCTpYKUUH U y310B KA mepen 3amyc-
KOM armapara
KonTtpone Temnepatypsl kopiiyca KA 1t nmpenoTBpalieHus Cuilb-
HOTr'0 HarpeBa KOHCTPYKIIMOHHBIX MaTEpUaIOB
O6pazoBanue Jlerazanus Ba)KHBIX Y4acTKOB MOBEPXHOCTEH, HAIIpUMEp, IIyTEM HX
TUIEHOK porpesa
Ha BHEITHUX
ONTUYECKUX
MTOBEPXHOCTSIX
BryTtpennss Cybmumanus koH- | [I[ppuMeHeHrne KOHCTPYKIIMOHHBIX MaTepHaliOB C HU3KUM JaBICHUEM
KOHTaMUHAIU CTPYKIMOHHBIX MapoB
MaTepuanoB
Ha IMOBEPXHOCTAX
prOopoB
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JpyruM >h¢peKTUBHBIM METOJ/IOM SIBIISICTCSI OSCKOH- B TO BpeMsl KaK B COCTaB KOHTAMUHAHTOB MOTYT BXO-
TaKTHOE WM3MEPEHUE TOJIIUH IUICHOK C MPUMEHEHHEM  JIUTh, HAPUMEP, METAUTBI KOHCTPYKIHiA KA.
uHTepdepomerpa. MeTos OCHOBaH Ha TIpeBAPHUTEIIb- B cBs13u ¢ 3THM aBTOpaMu, UMEFOIIIMH OITBIT IPOEK-
HOM BO3JICHCTBUM Ha TOMJIOXKKY, HE COICPXKAIyl0 THUPOBAHHS YCTpoUCTB miusi Mambix KA [24, 25 u ap.],
TUTEHKH, OEJIOTO CBETa [T OTPe/ICIIEHHs KOPPENIoTpaMM.  MIPEIIIOAKEH PHOOp, TTO3BOJISIOIINI peaTn30BaTh METO
Boszeiictue 6en0oro cBera Ha MOJUIOKKY C HAHECEHHOW — M3MEPEHUS TOJIIMH TOHKUX IUICHOK C UCIOJIb30BAaHUEM
Ha Hee IUICHKOHN TO03BOJIIET TONYYNUTh HA0Op M3MEHEH- B KAuecTBE JIaTYMKAa KPUCTAJUIMIECKOTO KBapIICBOTO
HBIX KOPPEJIOTpaMM, IMOCJE Yero BBIACISCTCS OMOpHAas  pe30HaTopa.

KoppenorpamMa. M3mepenue Habopa Koppeiorpamm

OCYIIECTBIIAOT MO KaKIOMY MHKCENO, KOTOPhIC arl- IIPUEOP JUISl KCCJIENOBAHMS SBJIEHMS
MPOKCUMUPYIOT B3BEIICHHON CyMMOU JBYX WM OoJice KOHTAMMHAIIAN

OTIOPHBIX KOPPEIOrpaMM, BBIYUCISIOT HAOOp TOJIIINH
wieHku [22].

Hpyroit meton, mpemioxkeHHbIH B [23], ocHOBaH
Ha aHAJIU3e TUAJICKTPUICCKUX XapaKTePUCTHK 00pa3loB
U WX 3aBHCHMOCTEH OT TOJIIMHBI C HCIOJIH30BaHUEM
JIMHEIHOW 3aBHCUMOCTH TEMITepaTypbl CMEHBI XapaKTe-
pa MPOBOTUMOCTH OT TOJIIIHHEI TUICHOK.

[IpencrapneHHble METOABI M3MEPEHHS TONIIHMH TLIE-
HOK, HECMOTpsl Ha HMX 3()(EKTUBHOCTh, HE IMOIXOJAT
JUTS UCTIONB30BaHMs Ha 6opty Mambix KA. Tak, meron
[21] HeBO3MOXHO peann30BaTh B CHIIy Maccorada-
PUTHBIX OCOOCHHOCTEH ammapaTypbl. bojee mepcriek-
TUBHBIM SIBIAETCSI MeTOA [22], HO €ro NpUMEHEHHUE MO-
JKeT OBbITh 3aTPYJTHEHO B CBSI3U C TEM, YTO COCTaB ILjIe-
HOK KOHTaMHHAHTOB Pa3HOOOpa3eH M MOXKET MEHATHCS
C TEYCHHEM BpeMeHU. MeTo 1, IpeyIoKEeHHBIN B [23], HE
SIBIISICTCS. YHUBEPCAIBGHBIM, T.K. pacCUMTaH Ha M3Mepe-
HUE TOJIIMHBI TOJUMEPHBIX AUAIEKTPUUYECKUX TUICHOK,

Merto/1 OCHOBaH Ha NMPUMEHEHUH IbE30PE30HaHCHO-
ro JaT4vKa, MpeoOpasyoLero HeleKTpuieckue husu-
YECKUEC BCIIMYNHBI B OJICKTPUYCCKUE CUTHATIBI. B ocnose
paboThl JAaHHOTO JATYMKA JIKUT OOpaTHBINA MbE303JIEK-
Tpudeckuii d3QdeKT, KOTophIil 3aKmovaeTcsi B Ipeodpa-
30BaHUM 3JIEKTPUYECKOTO HANPSHKEHHS, IOIBOMMOTO
K 3JICKTpOOaM, pacCIiOJIOKCHHBIM Ha MPOTHUBOIOJIOKHBIX
TTOBEPXHOCTAX HBCSOBHCKTPH‘ICCKOﬁ IIaCTHHBI, B MEXa-
HUYecKkue AedopManuu IUIacTHHBL  [Ipeanaraemsbrit
Ha €ro ocHoBe MpuoOop [26] cocTONT W3 IBYX MOIYJIEH.
IlepBolii BKIIOYaeT B cebsi MbE30PE30HAHCHBIN JATUHK,
BEITIOJTHEHHBIN Ha OTJENbHON 1iare 1, cMm. puc. 4, pas-
MeIaeMblid BHYTpU Kopiryca KA wim oTiensHOro ycT-
poticTBa. KBapliieBsiii 1aTIMK MOAKITIOYACTCS K U3MEpH-
TEIIFHOMY T€HEpaTopy, BXOMSIIEMY B COCTaB aHAIUTHU-
YECKOIro MOAYJIA 2.
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Puc. 4. CtpykrypHas cxema 0J10Ka MOJIC3HON HATPY3KHU IS HCCIICOBAHUS SIBIICHIS KOHTaMUHANWH [26].
[T — mnbe3opezonancHblid jgatumk; [TH — coOcTBeHHO ONOK TMONE3HOW HArpy3kd (aHAJIMTHYECKUH OJIOK);
KA — Manblii kocMuueckuit armapar
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N3YYEHUE SBJIEHUA

B ycTpoHCTBO aHAJIMUTUYECKOTO MOMYJA BXOJWUT
TaKXe 3TAJOHHBII T'eHepaTop, B LIEMb KOTOPOIrO BKIIIO-
YeH U30JIMPOBAHHBIN (B COOCTBEHHOM KOPITyCE) KBaplie-
BEI pe3oHaTop. CUTHABI ¢ 000MX TE€HEPATOPOB IIO-
CTYIAIOT HA CMECUTEJIb, & 3aTeM Ha 00pabOTKy B MUK-
poKoHTpoJUIep, coemuHeHHBIH ¢ II3Y, mcTrouHmKOM
OTNOPHOTO HAMPSDKEHUS U YacaMU PEaJbHOTO BpeMe-
Hu. TonmuHa TUIGHKH PACCUYUTHIBACTCS CPABHECHHEM
Pa3HULIBI YACTOT U3MEPUTENBHOIO T€HEpaToOpa U 3Ta-
JIOHHOTO TEeHepaTropa C YYETOM 3apaHee BBEIIECHHBIX
MPOTPaMMHBIM IIyTEM B MHUKPOKOHTPOJUIEP IaHHBIX
0 TUIOTHOCTSIX KOHCTPYKLUHMOHHBIX MaT€pHANIOB, U3 KO-
TOPBIX COCTOUT HWCCIEAYEMBIH Ha KOHTaAMHHAITHIO
pudop.

Pazaumna coOCTBEHHBIX KOJICOAHUN KBapIIEBOTO
JaTYWKa CBs3aHa C MAacCOM OCaKJICHHOTI'O BEIICCTBA,
U, COOTBETCTBCHHO, C TOJIIMHOW IJICHKH. TomIIuHa
omnpenensieTcss Mo METOAUKE, MpejIoKeHHOU B [27],
pacueT CTpOUTCS Ha OCHOBE (hOPMYJIBL:

2
Af:KfOAM:
Np, A

m

_KNAM
p,d:A,’

rae: p, — IUIOTHOCTh KBapla; K — NOCTOsHHAsA, Be-
JMYMHA KOTOPOM 3aBUCHUT OT DPACIPENENEeHUsT OCaXK-
JEHHOI IIeHKH Mo Iiomamu A, JAaTduka; d, —
TOJIIMHA TIJIACTUHBI; AM — Macca OCaXJICHHOTO Be
mectBa; Af —  TOommmWHA IUIGHKH, N =
=1.67-10° ' MM; fy — pe3oHaHCHAs 4acTOTa CIBUTO-
BBIX KOJICOAHHIA TTACTHHBI.

Ocaxxnenne HeKOTopol Macchl AM Ha KBapLEBbIH
PE30HATOP BHI3BIBAECT N3MEHEHUE PE30HAHCHOHN 4acTo-
ThI, TIPU 3TOM OCa)X/ICHHOE BEIIECTBO BIMIECT Ha pe-
30HaHCHYIO YacTOTy TOJIBKO Yepe3 Maccy, BIIHSHUE
MHBIX [TAPaMETPOB HECYIIECTBEHHO [27].

Ha puc. 5 npeacraenena ¢ororpadust cipoekTu-
poBanHOTO M m3roroBieHHoro B HOL| um. K.O. Iu-
onkoBckoro AmI'Y 1aboparopHOro MpOTOTHIA IIO-
JIE3HOW HArpy3KH JUIA OINPENEICHUS TONIIUH TICHOK
KOHTaMHHAHTOB Ha OOpPTY MaJibIX KOCMHUYECKUX arla-
paroB crangapra CubeSat.

BriOpanHbIii MeTONT M3MEpEeHHs TOJIIWH HaHOpa3-
MEpHBIX TUICHOK OBLI ampoOMpOBaH aBTOPAMHU MpH
MPOBEACHUN JKCHEPUMEHTOB TIO (OPMHUPOBAHHUIO
TOHKHUX TMOJYINPOBOJHUKOBBIX IUICHOK HAa KPEMHUU
B CBEPXBBICOKOBaKYYMHOH Kamepe Varianc 0a30BBIM
nasienneM 107 Tla [28-30]. Ucnbitanus gaGopaTop-
HOTO MPOTOTHIIA (CM. pHC. 5) OBUIH MPOBEJCHBI B ATOH
)K€ Kamepe M JTAJIW TIOJIOKUTENFHBIA pe3yJIbTar.

OBCYXJEHHUE U BBIBO/IbI

Takum oOpa3oM, B cTaThe pacCCMOTPEHBI OCHOBHBIE
SIBJICHUS], IPUBOSIINE K YXYIILICHUIO XapPaKTEPUCTHK
MpuOOPOB KOCMHUYECKUX ammapaToB, Takue kak CBA
Y BHYTPCHHSS1 KOHTaMHUHALHA.
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Puc. 5. ®otorpadusi 1a0OpaTOPHOrO MPOTOTHIIA
OJI0Ka MOJIC3HOI HArpy3KH Uil UCCICIOBAHUS SIBJIC-
HUSI KOHTAMUHALAH

B xone anannza yCcTaHOBJIEHO, YTO MHTEHCUBHOCTh
Ta30BBIJIENIEHUS] HAIIPSIMYIO CBSI3aHA C TAKUMHU (aKTO-
pamu, Kak TemmnepaTypHbslii pexuMm KA u Bpems Ha-
XOXKACHHS CIyTHHKA B JKCIUTyaTanuu. BcemeactBue
BBIXOJIAIIIMBAHNSA MAaTEpUAIOB C TEUEHHUEM BpPEMEHU
CKOpOCTh 00pa30BaHWsI KOHTaMHHAHTOB BHe KA Mmo-
JKET YMEHBINIAThCS, HO HE BHYTPH HETO M ero mpubo-
poB. OCHOBHBIM TPOSABIEHHUEM KOHTaMHWHAILIUHU SIBIIS-
eTcsi 00pa3oBaHNe TOHKUX IIEHOK CYOIMMHAPOBaHHBIX
BEIIECTB HA OCHOBE KOHCTPYKIIMOHHBIX MaTepHajoB,
0COOCHHO HETaTHBHO CKa3bIBAIOIIEECS HA ONTHYECKUX
MOBEPXHOCTSIX NpubopoB. OOpa3oBaHHbBIE CIOH KOH-
TaMHUHAHTOB TOJIIMHOW Jla)kKe B HECKOJIBKO HAHOMET-
POB CITOCOOHBI 3HAYUTENBHO YXYAIIATh IPOITYCKHBIC
XapaKTepUCTUKH ONTONpuOOpoB. [lyisi M3y4deHus sB-
JIEHUS KOHTAMHHALIMM Ba)KHBIM IPEACTaBISAETCS OI-
peliesieHre TONMIMHBI 00pa30BaHHBIX IJICHOK C Teue-
HUEM BpeMEHU. [JIaBHBIM OTJIIMYHEM BHYTPEHHEN
koHTamuHaiuu oT CBA sBigercs HEBO3MOXHOCTh
yAaNeHusl ra3a, YacTHIl M IUICHOK, O0pa3yromuxcs
BHyTpu KA. SIBneHue BHYTpeHHEW KOHTaMHHALUU
MeHee u3ydeHo, ueM CBA u moatomy Tpebyer naiib-
Helulero u3yueHus. B cBsi3u ¢ yeM aBTOpaMu CTaTbU
OBUI TIPEUIOKEH MPHOOp JJIsl M3MEPEHUS TONIIHH
TUICHOK KOHTaMHWHAHTOB B cocTaBe Maisix KA, ocHO-
BaHHBI Ha NMPUMEHEHHWU B KayecTBE JaT4yMKa KpH-
CTAJUTMYECKUX PE30HATOPOB, MPEOOPa3yIOMmnX HedJIeK-
Tpuueckue (U3UYECKHE BEIMYMHBI B OSJIEKTPHUYCCKHE
curHaiel. J{nsi peanusanum 3Toro Merojaa ObLI CHpo-
eKTUPOBaH W pa3paboTaH J1a0OpaTOPHBIA MPOTOTUI
npubopa, MPOLIEAIINN  YCHEIIHbIE  HCIBITAaHUSA
B CBEPXBBICOKOBAKYYMHOH KaMepe.
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STUDYING THE PHENOMENON OF CONTAMINATION
ON SMALL SPACECRAFT

D. V. Fomin, I. O. Sholygin, E. 1. Zubko

Amur State University, Blagoveshchensk, Russia

The paper considers the negative impact of the spacecraft's own atmosphere on its external devices and the
manifestation of a less studied contamination phenomenon, which has no less harmful effects on the spacecraft's
internal components and devices. The formed layers of contaminants with a thickness of only a few nanometers
can significantly worsen the transmission characteristics of optical devices. To study the phenomenon of conta-
mination, it seems very important to determine the thickness of the films of sublimated substances over time.
The authors propose a device for studying the phenomenon of internal contamination. The operation of the pro-
posed device is based on measuring the resonant oscillation frequencies of a crystal resonator acting as a sensor
responding to changes in the mass of an increasing film of contaminants. The proposed device is promising for
spacecraft since the quartz resonators used in its base are resistant to vibration, and the module itself has small
dimensions and weight, which makes it possible to place it on CubeSat standard spacecraft.

Keywords: internal contamination, films of contaminants, spacecraft, own external atmosphere, deposition of volatile
compounds
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INTRODUCTION

During the long-term operation of a spacecraft
(SC) in near-Earth orbit, its design, optical and radio-
electronic devices are simultaneously influenced by
various factors of outer space, such as specific tem-
perature conditions, high-energy radiation, the space-
craft’s own external atmosphere (OEA), and the ma-
nifestation of contamination inside the spacecraft and
in its individual components. The spacecraft is mostly
located in a rarefied, ionized atmosphere, the compo-
sition of which differs from the composition of the
upper layers of the Earth’s atmosphere [1]. Let's con-
sider factors related to the spacecraft itself and its
nodes. Thus, OEA is the residual products of engine
operation, solid particles and molecules released from
thermal control coatings and electronic printed circuit
boards of spacecraft, products of the sputtering of
structural materials by atoms of the residual atmos-
phere and high-energy ions [2, 3]. Internal contamina-
tion is the sublimation of structural materials inside
the spacecraft and its instruments with the deposition
of the gas phase in the form of films on functional
surfaces. It is reliably known that the effect of conta-
mination on optical instruments and important com-
ponents of the spacecraft leads to a decrease in their
service life, which is associated with a deterioration in
their key characteristics [1, 2], but this phenomenon
has not been sufficiently studied.

IMPACT OF OEA ON SPACECRAFT NODES
AND INSTRUMENTS

The composition of the OEA can change signifi-
cantly due to the emaciation of gas-emitting materials,
the deposition of volatile condensable substances
(VCS) on the surface of the spacecraft, and volatiliza-
tion. OEA particles accompany the spacecraft in
flight, forming a gas and dust cloud similar to a comet
[2,3]

OEA particles are affected by solar wind pressure,
gravitational and electromagnetic forces, Fig. 1. In the
case of near-Earth orbits, deceleration of OEA par-
ticles also occurs when they interact with atoms of the
residual atmosphere of the Earth [1, 4]. OEA with
prolonged exposure to spacecraft has a negative effect
on the characteristics of thermostatic coatings and the
spectral properties of optical surfaces [4-6].

Fig. 1. Schematic representation of the spacecraft’s
own external atmosphere at distances exceeding the
size of the spacecraft [1]

Studying the influence of OEA is a difficult task,
because a qualitative assessment can be carried out
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only at the stage of spacecraft operation. Modeling the
OEA impact cannot fully reflect the impact of all
processes. In the case of ground tests, the results will
be influenced by the contamination products of va-
cuum chambers (vacuum oils, sublimation products
from chamber surfaces, and inleakage of atmospheric
gas) [2].

Most of the molecules and particles in OEA are in
an ionized state. lons and free electrons in OEA are
formed as a result of the photoionization of particles
due to exposure to solar radiation, and the maximum
photoionization cross-section occurs in the ultraviolet
region of the spectrum. Additionally, photoemission
of free electrons from the surfaces of the spacecraft
takes place. With the introduction of electric propul-
sion engines (EP), the outflow of ions from the work-
ing fluid of the electric propulsion also contributes to
the formation of ions. lonized particles affect the
phase and amplitude of radio signals. The conse-
quence of such an impact is failures in communication
with the spacecraft and disruption of the operation of
its radio-electronic components [7].

The density of own atmosphere is extremely small,
therefore, the only way particles can go to the ground
state is through re-emission. This phenomenon is
spreading with equal intensity in all directions. Under
certain conditions, OEA can significantly interfere
with the recording of the VUV range by optical sys-
tems and contribute to the scattering of sunlight, the-
reby causing the influence of parasitic flare light on
the output data of optical devices. The most dangerous
influence of reflected radiation can be when it affects
celestial navigation equipment due to the appearance
of light landmarks in the form of spurious flares.
Thus, large dust particles up to hundreds of microns in
size can have a brightness comparable to the light of
stars of the first magnitude [8].

The deposition of volatile compounds, hydrocar-
bons, and metal ions on the surface of the spacecraft
body leads to a change in their optical properties of
reflection and absorption [9]. The resulting films
usually contain volatile hydrocarbons and organic
compounds with a high molecular weight. An impor-
tant factor influencing the formation of films is the
temperature regime of the spacecraft. During opera-
tion, the spacecraft body experiences temperature
changes in the range of —190 to + 120 °C [10]. OEA
particles do not linger on cold surfaces; for heated
surfaces, active condensation is observed with the
formation of condensate islands [11, 12].

Deposited films of hydrocarbons and organic com-
pounds polymerize under hot surface conditions and
external UV irradiation, forming films with a high
degree of adhesion. Such films are almost impossible
to remove from surfaces, for example, of optical de-
vices [13].
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The study of the dependence of the effect of irradi-
ation on the transmittance given in [11] showed that
the effect of ultraviolet radiation on hydrocarbon films
causes the formation of additional absorption centers.
However, the change in the radiation attenuation coef-
ficient in films is exponential, Fig. 2, from which we
can conclude: the process of the formation of addi-
tional centers proceeds with saturation.

Fig. 2. Dynamics of changes in the integral transmit-
tance of samples over irradiation time [11].

Note. The figure is reproduced from [11] only to illu-
strate the thesis. Therefore, explanations are minimal:
the curves refer to 3 numbered samples; irradiation
time was measured in equivalent sun hours (ESH)

The optical characteristics change more pronoun-
cedly if the film contains metal atoms, for example,
the working fluid of the electric propulsion engine [Li,
Hg, Cd, Cs]. The use of electric propulsion can addi-
tionally cause the formation of metal films with
a thickness of up to several tens of nm [14, 15].

According to work [15], the transparency of optical
surfaces after the deposition of cesium films can in-
crease.

At the initial moment of time, metal films can have
antireflective properties similar to dielectric films. In
the case of thick films with thicknesses greater than
100 nm, a decrease in transmission is observed, fol-
lowed by a partial recovery of properties over some
time. This phenomenon is explained by what happens
to the islands of the nascent film. For some period, the
process of the migration of islands over the surface
occurs, followed by their coalescence. Over time, their
mobility decreases and their size increases [14, 16].

The author of [9] obtained data on the influence of
cesium films on the thermal regime of a spacecratft.
Fig. 3 shows graphs of the dependence of the lumin-
ous flux J(¢) on the temperature of the sample before
and after the deposition of metal films.

Fig. 3. Dependence of light flux J(f) on sample tem-
perature [9].

a — pure sample; 6 — after deposition of cesium
films.

Note. Along the ordinate axes, the scales for the mea-
suring thermocouple (EMF) and radiation ther-
moelement (RTE) are indicated.

After the formation of a 40 nm thick cesium film
on the surface, a significant increase in the amplitude
of the variable temperature component is noticeable.
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IMPACT OF INTERNAL CONTAMINATIONS
ON SPACECRAFT NODES AND INSTRUMENTS

Vapors and particles of structural materials present
inside spacecraft devices settle over the entire area of
functional surfaces of components and assemblies in
the form of thin layers of contaminants, forming films.
This is a manifestation of internal contamination. All
nodes and instruments of the spacecraft installed on
the satellite are exposed to this phenomenon. The dif-
ference from external OEA is that the resulting vapors
and particles of contaminants cannot leave the space-
craft and its instruments due to volatilization, and the
formed films cannot be removed from functional sur-
faces, for example, by heating them. Moreover, the
concentration of generated vapors and contaminant
particles increases throughout the entire period of op-
eration of the device, having a negative impact on the
characteristics of the equipment. At present, the phe-
nomenon of internal contamination has not been suffi-
ciently studied, in contrast to other types of impacts
on the spacecraft, for example, temperature changes
and radiation exposure [1, 19, 20].

As a result of the above analysis, external and in-
ternal influence factors that affect the performance of
the spacecraft were identified.

The table summarizes the currently existing me-
thods of protecting the spacecraft and its instruments,
depending on the type of impact.

Tab. Proposed methods for protecting the spacecraft
and its instruments depending on the type of impact
(OEA and internal contamination) [4, 17-19]

An analysis of the table shows that the phenome-
non of internal contamination requires in-depth study
in order to develop effective methods for protecting
spacecraft elements to increase their service life and
preserve key characteristics.

The degradation of the functional surfaces of
spacecraft instruments as a result of internal contami-
nation can be assessed by the thickness of the films of
contaminants formed over a certain time period. The
significance of the proposed assessment method is
confirmed by the data in [20], according to which lay-
ers of contaminants with a thickness of only 10 nm,
formed on the surfaces of optical devices, can reduce
the transmission in individual areas of the VUV range
by half. Thus, the technical characteristics of space-
craft optical instruments largely depend on the thick-
ness of the resulting films. Therefore, to study the
phenomenon of contamination, it is important to accu-
rately determine their thickness. Various methods can
be used for this.
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For example, it is possible to determine the film
thickness using the atomic force microscopy method
proposed in [21]. The method is based on measuring
the analytical X-ray fluorescence signal from film
elements and substrates using energy-dispersive X-ray
spectroscopy at two different energies of the primary
beam from the marker element included in the sub-
strate. The actual thickness of the deposited film is
determined by plotting the dependence of the signal
attenuation on the marker element.

Another effective method is the non-contact mea-
surement of film thickness using an interferometer.
The method is based on the preliminary exposure of
a film-free substrate to white light to determine corre-
lograms. The impact of white light on a substrate with
a film deposited on it makes it possible to obtain a set
of modified correlograms, after which a reference cor-
relogram is isolated. A set of correlograms is meas-
ured for each pixel, which are approximated by
a weighted sum of two or more reference correlo-
grams, and a set of film thicknesses is calculated [22].

Another method proposed in [23] is based on the
analysis of the dielectric characteristics of samples
and their dependences on thickness using the linear
dependence of the temperature of the change in the
nature of conductivity on the thickness of the films.

The presented methods for measuring film thick-
nesses, despite their effectiveness, are not suitable for
use on board small spacecraft. Thus, the method [21]
cannot be implemented due to the weight and size fea-
tures of the equipment. The method [22] is more
promising, but its use can be difficult due to the fact
that the composition of contaminant films is diverse
and can change over time. The method proposed in
[23] is not universal because it is designed to measure
the thickness of polymer dielectric films, while the
contaminants may include, for example, metals in
spacecraft structures.

In this regard, the authors, who have experience in
designing devices for small spacecraft [24, 25, etc.],
proposed a device that makes it possible to implement
a method for measuring the thickness of thin films
using a crystalline quartz resonator as a sensor.

DEVICE FOR STUDYING
THE PHENOMENON OF CONTAMINATION

The method is based on the use of a piezoreson-
ance sensor that converts non-electrical physical val-
ues into electrical signals. The operation of this sensor
is based on the inverse piezoelectric effect, which
consists in converting the electrical voltage supplied
to electrodes located on opposite surfaces of the pie-
zoelectric plate to mechanical deformations of the
plate. The proposed device [26] consists of two mod-
ules. The first includes a piezoresonant sensor made
on a separate board 1, see Fig. 4, placed inside the

spacecraft body or a separate device. The quartz sen-
sor is connected to the measuring generator, which is
part of the analytical module 2.

Fig. 4. Block diagram of the payload block for study-
ing the contamination phenomenon [26].

IT — piezoresonant sensor; [TH — the actual payload
block (analytical block); KA — small spacecraft

The analytical module also includes a reference
oscillator, the circuit of which includes an isolated (in
its own housing) quartz resonator. Signals from both
generators are sent to the mixer, and then processed
into a microcontroller connected to a ROM, a refer-
ence voltage source, and a real-time clock. The film
thickness is calculated by comparing the difference in
frequencies between the measuring generator and the
reference generator, taking into account the data pre-
viously entered programmatically into the microcon-
troller about the densities of the structural materials
that make up the device being tested for contamina-
tion.

The difference in the natural vibrations of the
quartz sensor is related to the mass of the deposited
substance and, accordingly, to the thickness of the
film. The thickness is determined according to the
method proposed in [27], the calculation is based on
the formula:

_ KfyAM
Np,A

_KNAM
P, A,

Af

m

where: p, — quartz density; K is a constant, the value
of which depends on the distribution of the deposited
film over the sensor area A4,; d, — plate thickness;
AM — the mass of the deposited substance; Af — film
thickness, N = 1.67-10° Hz'mm; fo — the resonant
frequency of shear vibrations of the plate.

The deposition of a certain mass AM on a quartz
resonator causes a change in the resonant frequency,
while the deposited substance affects the resonant fre-
quency only through the mass; the influence of other
parameters is insignificant [27].

Fig. 5 shows a photograph of a laboratory proto-
type of a payload for determining the thickness of
contaminant films on board small spacecraft of the
CubeSat standard, which was designed and manufac-
tured at the K.E. Tsiolkovsky Research and Educa-
tional Center of Amur State University.

Fig. 5. Photo of a laboratory prototype of a payload
unit for studying the phenomenon of contamination

The chosen method for measuring the thickness of
nano-sized films was tested by the authors when con-
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ducting experiments on the formation of thin semi-
conductor films on silicon in a Varianc ultra-high va-
cuum chamber with a base pressure of 107 Pa [28-
30]. Tests of the laboratory prototype (see Fig. 5)
were carried out in the same chamber and gave a posi-
tive result.

DISCUSSION AND CONCLUSION

Thus, the article examines the main phenomena
leading to the deterioration of the characteristics of
spacecraft instruments, such as OEA and internal con-
tamination.

The analysis established that the intensity of gas
emission is directly related to factors such as the tem-
perature regime of the spacecraft and time the satellite
was in operation. Due to the emasculation of materials
over time, the rate of formation of contaminants out-
side the spacecraft may decrease, but not inside it or
its instruments. The main manifestation of contamina-
tion is the formation of thin films of sublimated sub-
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stances based on structural materials, this formation
especially negatively affects the optical surfaces of
devices. The formed layers of contaminants, even
a few nanometers thick, can significantly worsen the
throughput characteristics of optical devices. To study
the phenomenon of contamination, it seems important
to monitor the thickness of the formed films over
time. The main difference between internal contami-
nation and OEA is the impossibility of removing gas,
particles, and films formed inside the spacecraft. The
phenomenon of internal contamination is less studied
than OEA and therefore requires further study. In this
connection, the authors of the article proposed a de-
vice for measuring the thickness of contaminant films
in small spacecraft based on the use of crystalline re-
sonators as sensors, converting non-electrical physical
values into electrical signals. To implement this me-
thod, a laboratory prototype of the device was de-
signed, developed, and successfully tested in an ultra-
high vacuum chamber.



