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PeHmeeHo8CKOE€ u3Jsiyd4eHue Kak

npodosibHasi yOapHasi 3¢hupHasi 80JIHa




PentrenoBsckoe N3JTYICHHUE KaK IMPOoAOJbHaA yaapHasi 3(1)an2151 BOJIHA
Asmapos EBrenuit Muxaiinosuy
Mocksa, nionb 2017r.
Homomnaeno maii 2022r.

Beryniienne k “J¢pupoannaMuke” peHTTeHOBCKOI0 H3JIy4eHUs!

“Dpupoounamuka” Ayrwkoecxkozo B.A. — eduncmeennaa nenpomugopeuugan meopus spupa’

OcHoeHble npuHyUNUAIbHBIE NOI0NHCEHUA DPUPOOUHAMUKY

1. Ucnpasiena omm0Kka npeamecTBeHHMKOB 0 HeMOABUKHOM CTAIlHOHAPHOM
3¢pupe kak MHPOBOIi cpee 00UTAHUS — I(PUP HAXOAUTCS HeNPEePbIBHOM
ABU/KEHHH B MUKPOMHPe, MAKPOMHPe H HA ACTPOHOMHYECKHX MaciuTradax.

2. OnpenesieHbl npeejibl OCHOBHBIX TAPaMeTPoOB 3(pupa, OAMH U3 KOTOPbIX —
napjenne pupa Pe > 1.3 * 10°° kg/m’ noarBep:aenHo 1o paccesiHuI0
3JIEKTPOHOB Ha nMpoToHax Ha CT3Hdopackom yckopurere (SLAC) - naBienune
BHYTpH npoTona Pp = 10° kg/m’ - noanas xoppelsinusi ¢ npeacKa3aHHbIM.

3. JlaHo MoJebHOe npeacTaBjieHne 3pUPHOro BUXPS NPOTOHA — OCHOBHOIO
CTPOMTEJBLHOI0 MATEPUAJIA, U3 KOTOPOIi MOCTPOEHbI Bce MaTepHaJibHbIe
00beKThI Bo BeesleHHOI, peAcTaB/IeHbl MOJeJIH ATOMOB H MOJIEKY.JI.

4. TIpeacraBieHbl MO/IeJIM MHOTHX (U3NYECKHX NMPOLECCOB - JJIEKTPOMAarHUTHBIX,
ONTHYECKHX H T.II. - HA MPOYHOH OCHOBE B3aMMO/AecTBUA I(PMPHBIX BUXPEId.

ITo 3aBeTam AmoxkoBckoro B. A., cka3aBiuero, 4To:
“Dpupoounamuka mpedyem oanvueituie2o pazeumus meopuu Ipupa’,
OMUpasich HA JOCTUTHYThIe paHee pe3yJIbTaThl, Pe1JiaraeTcs 10NMOJTHUTeNbLHbII
HHCTPYMEHTAPHUI HCCIE0BAHNS, OCHOBAHHBII HAa rpaguenTe 3UPHOro JaBJICHHUSA:
“I'paouenmnan Igupoounamuxa”.

Aewapos Eseenuii Muxaiinosuy oxmaobps 2021e.

X-Ray u3iny4yenue kak 3(pMpHas CyIlIHOCTh

PenTtrenosckoe xapakrepuctuieckoe nsiyuenue (X-Ray) — 3To pe3ynbraT OTBETHON peaklMM yIpyroi
KPUCTAJUIMYECKOM PELIETKU HAa BHEIIIHEE MEXaHUYECKOE YIapHOE BO3IAECHCTBUE C MAJIOW JIIUTEIBHOCTHIO,
B pe3yJIbTaTe Yero BOZHUKAET MPOJOJIbHAS yaapHas 3(pupHas™ BoJIHa ¢ 04EHb KPYTHIM BOJHOBBIM
(bpoHTOM (YTBEp)KICHHE aBTOPa, KOTOPOE 0OOCHOBBIBAETCS B HACTOALICH CTAaThE).

B kadyecTBe MEXaHMUYECKOTO yIapHOTO BO3JCHCTBUS MOXKET BBICTYIATh HAIPUMEP aKycTHYecKast
yJIapHasi BOJIHa, 00pa3yIoIascs TPy CXJIOMBIBAHUN KaBUTALIMOHHBIX ITY3bIPHKOB B ITOTOKE KUJKOCTH Y
MeTaJUIMYEeCKON MOBEPXHOCTH **, 6oMOapIMpOBKa TOTOKOM Pa30THAHHBIX AJIEKTPOHOB MUJIH MTPOTOHOB
METaJUIMYECKOT0 aHO/a B BaKyyMe, U T.II

O postcoenuu u uznyuenuu
X-Ray uznydenue — 3T0 yaapHoe ckaTHe 3pupa KpUCTAIUIMYECKON PEeIeTKON MPU BOCCTAHOBJICHUH

er0 GOPMBI KPUCTAIUTMYECKON PELIeTKH, TIOJBEPrHYTOH JIOKAJIbHOW YIPYTo# nonepedHoi negopmanui,
¢ o0pa3zoBaHKUEM MPOJIOJILHON A(PUPHON BOJIHBI U3 SMUIIEHTPa JeQOopMalnu.



@DpOHT NPOIOTBEHON BOJIHBI MOXKET MPEJCTABIAThH CO00M OJIMH (MJIM HECKOJIBKO?), IEPUOI0B OBICTPO
CMaJaroIUX KOJIeOaHUH IUIOTHOCTH 3(Hpa C BEIXOJIOM Ha MEPHOIbI Pa3pEKEHHOTO COCTOSHUSI.

IIpu 3TOM HE BO3HMKAET NONEPEYHAs MEXaHUUECKasl BOJIHA B KPUCTAILIE, U KaK CIIEJCTBUE, HE BO3HU-
kaeT X-Ray n3iyueHne B10JIb IOBEPXHOCTU KPUCTAJUIMUECKOTO MaTEpUaa, YTO XOPOLIO COrIacyeTcs ¢
SMIOPON MPOCTPAHCTBEHHON MHTEHCUBHOCTH PEHTTEHOBCKOTO M3JIy4€HUs1, KOTOpas BAOJb IOBEPXHOCTH
aHoJa npakTuyecku He pukcupyercs (Puc. 4). OnHOBpeMEHHO, 10 KOCBEHHBIM JIaHHBIM, HE BO3HHKAET
yaapHas 3(pupHas BOJHa, HallpaBJieHHAas BIUIyOb MaTepuasa aHo/a.

Ornune X-Ray uznydenus ot 'aMma U3aydeHHsl BBITEKAET U3 Pa3IMUMs B IOBEIEHUH IPOAOJIBHOM
yJIlapHOU BOJIHBI OT PA3JIETAIOLIUXCS OCKOJIKOB SJIEPHOTO ACIEHUS WIN SACPHOTO CUHTE3a, IPU KOTOPOM
OJTHOBPEMEHHO pOXaeTcs MpoJoJbHas yaapHas 3(upHas BoJIHa, onpezaensemMas kak X-Ray uzinydenue.

CKOpoCThb pacrpoCcTpaHEHHsI PEHTT€HOBCKOH MPOI0JIBHON yaapHO#t 3pupHOit BoiHbI (“1-bIi 3BYK™)
MOJKET OBITh KaK MEHbIIIE, TAK ¥ Ha MHOTO TIOPSIIKOB OO0JIbIIIE CKOPOCTH PACIPOCTPAHEHUS TaK
Ha3bIBAEMOI0 ‘“AJIEKTPOMArHUTHOTO U3JIy4EHHUS .

12
B pentrenoBckux Tpyokax mpu toke nopsaaka 200mA 3a 1mkS npoucxonut coynapenue okoso 10

2
AJIEKTPOHOB C MOBEPXHOCTHIO METAUIMUECKOro anoja miomaapio (0.1-:-2.0) mm”, a nopoxAIeHHOE UMHU
X-Ray u3nydeHne npeacTaBisieT co00 CYMepImo3UINI0 AIEMEHTAPHBIX yIApPHBIX YOUPHBIX BOJH,
MOJYYEHHBIX TPU CTOJIKHOBEHUH KaXOTO 3JIEKTPOHA C KPUCTALTMYECKON MOBEPXHOCTHIO aHO/Ia.

*  Tlox ampoM MOHMMAETCS Cpelia CO CBOMCTBaMM, OTIMCAHHAS B paboTe:
“Oormas 3(pr0HHHaMHKa. MOJIEJIMPOBAHUME CTPYKTYP BEIIIECTBA 1 [TOJIEN
HA OCHOBE HPEI[CTABHEHI/Iﬁ 0O T'A30IIOJIOBHOM D®UPE”, A1tokoBckui B.A.,
Mockga, “Oueproatomuznatr’, 2003r. ISBN 5-283-03229-9.

** TloaTBepxaeHue nosiieHus X-Ray uznydenus c sneprueit 10 SkV ot ynapa kaBuTHpyromei
CTPYH O METAJUINYECKYIO IIOBEPXHOCTH!
“ PEHTTEHOBCKOE M3JIYYEHUE TP KABUTALIMU BBICTPOI CTPY U XKUJKOCTH”,
Boiconkuii B. U., Kopuunosa A. A., CeicoeB H. H., KueBckuii HallnOHanbHBIM YHUBEPCUTET
uM. T.llleBuenko, 01033 Kues, Ykpauna. MoCKOBCKHI TOCYyJapCTBEHHBIN YHUBEPCUTET
uM. M.B.JlomonocoBa, ¢pusndeckuit paxynpret, 119991 Mocksa, Poccust. 14.09.2010r.

B 3aBHCcHMOCTH OT BHJIa CTOJIKHOBEHHSI 3apPsDKEHHBIX YacTHUIL (JJOOOBOE MIIH O] PA3HBIMH YIJIaMH) €
aTOMaMU KpUCTAJUIMYECKOU PELIETKU, KayKbIi 3JIEMEHTAPHBIN aKT COYAAPEHHUS POKIAACT PA3HYIO
SHEPTHUIO MPOAOIBHOM AIeMeHTapHON yaapHOi 3pupHOi BOJIHBI. MIHTErpanbHas cOCTaBIIsIOMmast
AIIEMEHTAPHBIX aKTOB COYAApEHUsI peoOpa3yeTcst B HEMPEPHIBHBIN ceKTp X-Ray uzinydeHus.

MakcumanbHoe 3HaueHue kV B cnektpe X-Ray uznyuenus siBnsieTcs pe3ysnbTaToM J000BOTo
(LIEHTPaIBHOT0) CTOJIKHOBEHMSI € y3JIaMU KPUCTATIMYECKON PELIETKU aHOIa.

Increase KVp

100 KVp

50 KVp

Number of photons

T ' L] ' L] ' L] ]' L l
0 20 40 60 80 100
Energy (keV)

Puc. 1. Cnextp usnydeHus peHTreHoBcKoi TpyOku (manusie MOI'ATD), BEIOpOCHI —
3TO PE30HAHCHBIE YACTOThI KPUCTAININYECKON PEILIETKH MaTepHasa aHoa.



He noGoBoe coynapenus ¢ aToMaM# KpUCTAJUIMYECKOH PEIIETKU BBI3BIBAIOT U MPOIOJIbHBIC KOJICOAHUS
s¢upa BHYTPU KPUCTALUTUIECKOM PEIIETKH, KOTOPBIE OBICTPO TacsATCs.

He noGoBoe coynapeHnn (CTOJIKHOBEHHS) 3apsHKECHHBIX YaCTHIl ¢ KPUCTAITMUECKOH PELIeTKOH,
MOCIIEIHUE MTPOHUKAIOT Ha TTTyOMHY B HECKOJIBKUX €IMHUII CJIOEB aTOMOB C ITOJIHOM MoTepeii cBoe
KMHETUYECKOM 3HEPIuu, KOTOpasi B OCHOBHOM IIEPEXOJUT B TEIJIOBYIO SHEPIHIO.
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Puc 2. Kpucrammueckas kyondeckas 00beMHO-IIEHTPUPOBAHHAS CTPYKTypa

HawuOouee mydimue pe3ynpTarsl 0 BEIXOAY X-Ray n3nydeHus moyryqaroTcs MpHu UCHOJIb30BaHUN
MaTepHAJIOB C KECTKUMHU aTOMHBIMH pPeIIeTKaMH - KyOM4eCKMMHU 00BbEeMHO-IIEHTPUPOBAHHBIMHE (KaK Yy
mosmb6aena (Mo) nm Boabsdpama (W), min KyOM4eCKUMHU T'paHelleHTpUPOBAaHHBIME — Kak y anmasa (C),
HMMEIOIIETO CaMbIil BBICOKUH BbIX0J X-Ray H3imydeHus, IIpy UCIOJIb30BaHUU €r0 B KaUeCTBE MaTepuasa
aHoja X-Ray TpyOku.

Hauunnas ¢ HEKOTOPOTO PacCTOSIHUSA OT IUIOIIAAKH aHOJIa, Ky/a TIOTMaaioT JIEKTPOHBI (TaK Ha3bIBAEMOE
(oKyCHOE MATHO) UHTETPATBHYIO MPOJIOJIBHYIO YIAPHYIO 3()UPHYIO BOJIHY, UCXOISIIYIO U3 HEOOIbIIOH
TUTOIIAJIKH, UMEET TPEXMEPHBIN roiorpad HHTEHCUBHOCTEH ¢ Pe3KUM MaJeHUEM HHTEHCUBHOCTHU BIOJIb
MOBEPXHOCTH aHOJa JI0 HyJIsA, IO (hopMe MOXOKUH Ha IIapOBYIO KAILTIO BOJIBI HA HE CMaYMBaeMOM
MOBEPXHOCTH - peajibHasi KAPTHUHA MPOCTPAHCTBEHHON MHTEHCUBHOCTH M3JTyUEHUS, YTO TOATBEPIKIACT
ee pacrpocTpaHeHHe Kak MpoA0IbHOM ynapHoit a¢upHoii BonHs! (Puc. 4).

[Tagenue BIOJb MIOCKOCTH aHOA €IIe B HAMpaBIeHUH S5° moabema coctanisier 60%, mpu mpuodImke-
Huu Kk 0° pesko magaet 1o 0, a mpu 7° mpessimaeT 90% u ¢ 15°n no 165° coorBerctByer 100%, uTo
MOKHO OOBSICHUTH TOJIBKO 1POO0IbHOU YOAPHOU dhUPHOL BOIHOU Cheputecko2o pacnpocmpaneHus.
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Puc 4. IIpocTpancTBEHHOE paclpeielieHne HHTEHCUBHOCTH PEHTI€HOBCKOTO U3TYUEHUS
(IO MpaKTUYECKUM pe3yibTaTtaM) Bosib(pamoBoro aHosa npu 100k V.

Jlnst 00bEKTOB MEHBIIMX MM PAaBHBIX pa3Mepam IJIOHaku (POKYCHOTO MATHA (€ro MPOEKIUH B
HaNpaBJICHUU 00BEKTA), IS TIOJTYUYECHHUS JTOCTOBEPHBIX PE3yIbTaTOB MPOXOXKICHUS X-ray U3ITydeHUs
gyepe3 3TOT 00BEKT, HEAOMYCTUMO TpeHeOperaTh pacupeaenéHHOCThI0 HCTOUHUKOB 3JIEMEHTapHBIX
yIapHbIX 3(UPHBIX BOJIH MO MOBEPXHOCTU (POKYCHOTO ISTHA, YTO JOJKHO OBITH YYTEHO B pacyeTax.



BonnoBbie pyHKINMN X-Ray BOZHUKAIOT B CIIEACTBUH CBOMCTB A(HPHON yIapHOH BOJIHBI, 00JIagaromeit
TaKUMU BOJHOBBIMU CBOMCTBaMH Kak JU(pakuueit 1 nHTepdepeHIren, paclpoCcTpaHEHUEM 10 3aKOHAM
0o0paTHO KBaJpaTHYHON 3aBUCUMOCTH UHTEHCUBHOCTH OT PACCTOSIHHUSI HICTOYHUK — OOBEKT BO3JICHCTBHUS,
U T.I.
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Puc 5. PactipocTpaHeHue faBieHus y1apHOH BOJIHBI B rase.

Pacnpoctpanenue 3¢hupHOil ynapHOI BOJHBI aHATOTMYHO PACIPOCTPAHEHUIO BO3AYIIHOM yIapHOM
BOJIHBI C UPE3BBIYAMHO KPYTHIM MEPETHUM (PPOHTOM BBICOKOTO JaBJICHUS, 30HOH YMEHBIICHHOTO
3(UPHOTO JABJICHUS MO0 OTHOIIECHUIO K AaBJICHUIO APUpa B OKPYKAIOIICH cpejie.

Hannune naxe oqHOTO KOJeOaHHs MMOCIE MEPETHEr0 YAAPHOTO (PpOHTA BOJIHBI ONPEIETSET BCe
BOJIHOBBIE CBOHCTBA PEHTI€HOBCKOTO U3JTy4eHUs 0€3 MPUBIICUESHUS TEOPUU DIICKTPOMArHUTHBIX
IIPOLIECCOB

O penmzen06CcKOM u3nyueHuu npu Kagumayuu cmpyu yxeuokocmu **

Ecmun X-ray uznyuenue poxuaercs
YAAPHOU BOJIHOM CXJIOTIBIBAIOIINXCS
KAaBUTALMOHHBIX ITY3bIPbKOB, KaK OIMCAHO

B pabote “ PEHTTEHOBCKOE M3JIYYEHUE
TP KABUTALIMU BBICTPOU CTPYU

XKUJAKOCTU” (Boicoukuii B. 1.,
Kopuuiosa A. A., Ceicoes H. H.),

NPU HEKOTOPBIX KOHCTPYKTHBHBIX
0COOEHHOCTSIX, TTO3BOJIUIIO CO3/1aTh
YCTPOHCTBO KOMOMHUPOBAHHOTO aKyCTO-
PEHTI€HOBCKOTO B3aUMOCHCTBUS C
MHOTOKPaTHBIM ITpeo0pazoBaHuEM
PEHTI€HOBCKUX M aKyCTHYECKHX YAapPHBIX
BOJIH Ha MOCJIeI0BATEIHHO
PacHoONIOKECHHBIX MEK(Pa3HbIX IPAHUIIAX.

Oo6napyxeHHbIe 3()(HEKThI
CBHUJIETEIILCTBYIOT 00 OTKPBITUH HOBOTO
(U3NYECKOTO SIBJICHUS, YTO TIO3BOJIHIIO
chopMupoBaTh KOMOMHUPOBAHHBIE

Puc. 13. Cxema gpoprnposarina emopuurion permizenoscrori 60 3, | AKyCTO-PCHTTCHOBCKUE JIMH3BI M CHCTEM

olipasyesolt 3a cuemr snympenezo omparcerun 2 uexodnoi yoaprod JULsl yIPaB/ICHUS U (POKYCHPOBKH
PCHTICHOBCKHX BOJIH

(cm. puc.13 u puc.14 aBTOpOB CTaThHH).

soanse 1 om nosepxrioeni 4.




TonmuHa TMH3HI B LIEHTpE ObLIa paBHA

4 mm. IlepBslii cinydail COOTBETCTBOBAI

: (boKycHpOBKE UTOTOBOTO PEHTI€HOBCKOTO
\ ' U3JTyYCHHs, @ BTOPOH - 1e(POKYCUPOBKE.

. dopmMupyeMoe MepBUYHOM
KAaBUTALlMOHHON YJIbTPAa3BYKOBOU yIapHOU
BOJIHOM C IMOMOIIBIO IIJIOCKO-BBIITYKIION
(BBEpXY) U MJIOCKO-BOTHYTOM (BHU3Y)
METaJUIMYECKHUX JTUH3, ObLTH CO3/aHbI:

- CHJIbHO pacxoasiascs (BBEpxy),

- TaK ¥ CWJIBHO CXOAsIIIasics (BHU3Y)

: . PEHTreHOBCcKasi d(PUpPHAs ylapHas
4 : X-Ray Bosina! (koMMeHTapuil Moif).

Ha noBepxHOCTH METAIUIMUECKOTO
9KpaHa (2 — AUCK Bosb(pama TOIIUHON
R, 3MM) ¢ Hapy>KHOM CTOPOHBI BOSHUKAET
' KOT€PEHTHOE PEHTTEHOBCKOE U3JIyUEHHE,
Ha 3Ty )K€ CTOPOHY HAHECEH
HEOJITHOPOJHBIMN CIIOW KPACKH.

/0

Puc. 14. Pezuempayus permeenoscxoeo usaywens, gaprupyerioeo
REPEUNHOL YOapHON BOAHON ¢ NOMOWEIO HAOCKO-BLENYKAOH (88eDX))

U RAOCKO-6O2HYION (6813)) Memaareckux ains. B aeson vacmn

KANCOO20 PUCYHRG RPEOCHABAENA CXEMd PAclOAONCEHHR 80eX denaielt
akenepumeria: 1 - ceepacseyiosan cmpys eode, sixo0suan 13 Kata-
Jid 8 COCTIOAHIUN Kasumalit, cnaxan 13 60.1sgpama, 3 - Memaiii-
UeCKaR AN, 4 - PEHIIZEHOBCKAR NACHKA 6 CBEMIOIAUUIIHOM HaKe-
e, B npasoii uacmt — PeHmieenosckas NACHKa N06A¢ IKCROMUDOSG-

A 8 mieetiie 5 MIEHYTE I i'!f;’.fr‘.:‘fﬂ.cr‘,bﬁﬁfﬂﬁ' Hpﬂ,‘a’b‘h}’ﬁ

Ha puc. 14 npencrasiieHbl pe3yabTaThl
JEUCTBUS UTOTOBOTO PEHTI€HOBCKOTO
U3JIy4eHUs IPU UCIOJIb30BAHUH IJIOCKO-
BBIITYKJIOM U IUIOCKO-BOTHYTOM CTaJIbHBIX
JIMH3 BHEIIHUM JuaMeTpoM 34 MM u
panuycoM KpUBU3HBI chepuyecKon

nosepxHocT R = 10 cm.

Beiire 66110 MOoKa3aHO Kak MeXaHWUYECKas yAapHasi BOJIHA B MeTaJIe poKaaeT 3pUpHYIO (IIPOIOIBHYIO)
yIIapHYIO BOJIHY, T.€. CO3J]a€TCsl CHUHXPOHHOE PEHTT€HOBCKOE M3IIydyeHHE, KOTOpOe 001a/1aeT K TOMY K€
ONTUYECKUMU CBOMCTBAMM, IPOSIBIISIEMBIE C IOMOIIIBIO BBITYKJIBIX MJIM BOTHYTBIX METAJNINYECKUX JTUH3.

O skcnepumenmax Kosvipesa

B skenepumenTax Kosbipesa 10 H3MEPEHUIO HACTOSIETO (MTHOBCHHOTO) HOJIOKCHHUS COJTHIIA HIIN
3Be3n (“O AMCTAHIMOHHOM BO3JJEMCTBUU 3BE3]/1 HA PE3VCTOP” u “O PETUCTPALIUU
NCTHUHHOT' O [IOJIOXKEHM A COJIHLIA™),

JlerekTop pUKCHpPYET HA MOMEHT U3MEPEHHsI MTHOBEHHOE IOJIOKEHUE 3BE3/Ibl, KOTOPOE OHA JIOCTUTHET
TOJIBKO Yepe3 MPOMEKYTOK BPEMEHH PAaBHBIM BPEMEHH MPOXOKIEHUS CBETA OT 3TOM 3BE3/1bI 10 3EMIIH,
MOJKET OBITh MHTEPIPETUPOBAH KaK MPOIIECC U3ITyUSHHs 3BE3/JaMU IIPOIOJIbHBIX YIapHbIX BOJIH (1-bIif

3BYK 3(upa co ckopocTthio ~ 10"~ * V cBera).

910 H3JIY4YCHUC 06J1a;[aeT TaKUMHU K€ OIITUYCCKUMHU BOJTHOBBIMH CBOﬁCTBaMH, KaK U pCHTTCHOBCKOC
U3JIy4CHHE IIPU KaBUTALUU CTPYH KUJIKOCTH Ha METAJUINYECKON IIOBEPXHOCTH, OIIMCAHHOM BBIIIE, T.€.
IIPU IPOXOXKJICHUN YePe3 ONTHKY TEJICCKOIa MPETIOMIISIFOTCS TaK JKe, KaK M CBETOBas BOJIHA.

ITo Bceit BUAMMOCTH € 3KcTiepuMeHTax Ko3bipeBa TOBUTCS Ype3BbIUaiiHO cl1aboe peHTI€HOBCKOE
U3y4YeHUE BECbMa HU3KOTO 3HaUeHHs eV, T.€. MpoJobHas yaapHas d(pupHas BOJIHA, KOTOpas
coOupaeTcs JMH30M U PUKCHUpyeTCs Ha YyBCTBUTEIILHOM MOCTOBOM JETEKTOPE, [0 aHAJIIOTUH C KaBUTa-
IIUMOHHBIM PEHTT€HOBCKUM U3Ty4YE€HHEM, HO 3TO BCE TPeOYyeT 3KCIIEPUMEHTAILHON MTPOBEPKH.



O skcnepumenmax Casenvesa u K°

“@oTorpadupoBaHue HICTUHHOTO MOJ0keHuss CoHIa” TPOU3BOIMIIOCH Yepe3 JUPPAKITHOHHYIO
pemeTKy udpoBeM anmaparom B utone 2011 roga (matepuansl nonanu K aBropy nocie 2017 rona).

®otorpadun CoiHIa C BUIUMBIM H HCTHHHBIM MOJIOKEHUSIMH (BKJIIOYasi MHUMOE) Ha HeOe CXOXKe C
teM, uto KoseipeB H.A. Habmronan y 3se3q M31, M2, M13 u np. u y Consia.

CneBa — m3o6paxxenue CoJHIIA, BUIMMOE B ONITHYECKOM JHAINa30He, B CEPEANHE - peaIbHOE
MOJIO’KEHHE COJTHIIA B JAHHBIM MOMEHT BPEMEHH, BUIUMOE OJ1aroiaps JUQpakiMOHHON penieTke, B
KagecTBe KOTopoi BeicTynan ceeropunbTp HC-13 nepen o0bekTBOM 1M(POBOTO ammapara, CpaBo —
¢bantomHoe n3o0paxenne CoyHIA.

Bce tpu m306paxenus ColHila, HOTy4EHHBIE OJTHOBPEMEHHO Ha IM(PPoBOH oTorpaduu, MoJIHOCTHIO
MOJITBEPXKAAIOT SKCTIEPUMEHTHI Ko3bIpeBa B TOM YTO CKOPOCTHIO paCpOCTPAHEHUS! PEHTTEHOBCKOTO
U3IYYEHUs, KaK yAapHOU 3(pUPHON BOJHBI B MHTEPIIPETALMU aBTOPA HACTOSIIEH CTaThH, HA MHOTO
MOPSIKOB MPEBBIIIAET CKOPOCTh PACIIPOCTPAaHEHHS CBETA B BaKyyMe.

Ha paccrosauu ot CoustHiia 10 3eMiu yapHasi 3(pupHasi BOJHA IPAKTUYECKU HE TepsieT CBOEH CKOPOCTH
B CJIEJICTBUU MAJIOM BEJTMYUHBI AUCCUITALIUN SHEPTHH B KOCMHUUECKOM BaKyyMe, I03TOMY MbI BUIUM Ha
($oTO OHOBpPEMEHHO JBa N300paskeHUs, Ui YAAPHOU A3(UPHON BOJIHBI ONTHKA 0OBEKTUBA UMEET IpYTHe
KO3 PUIIMEHTHI MPEIOMIICHUH, TOITOMY U pa3Mephl pa3HBIE.

Puc. 6. ®ortorpadupoBanue uctuHHOro nosoxxenust Cosnnua. [IpenBapurenbHbIe pe3ynbTaThl.
JL.U. Xononos, 1.B. T'opsiues, B.H. Tpetbsixos, I'.®. CaBenbes, C.B. JInToBueHKo,
«Axanemus Tpunurtapuzmay, M., 91 Ne 77-6567, my6:1.16690, 30.07.2011



Ha OoJibmMx paccTOsIHUAX B HAYaJIbHBIN MEPHOJ PEHTIC€HOBCKOE U3TyUEHHE PACIIPOCTPAHACTCS
MHOTOKpATHO ObICTpee CBETa, 0 Mepe UCUepIIaHUsl SHEPTHH yIapHOU 3(UPHOM BOJIHBL, CKOPOCTh
JBMKEHUS] CPAaBHUBAETCSL CO CKOPOCTHIO MIEPBOTO 3BYKa 3(UPHOI Cpeabl, T.€. CKOPOCTH PacIpOCTPaHEHUS
CBETa B KOCMMYECKOM BaKyyMe, KaKk CKOPOCTH Iepeady MajJblX BO3MYIICHUN AaBICHUS B dpHpe.

(0] npoxoafcdeuuu PEHMZ2EHOBCKO20 U3IYUHECHUSA 6 KOCMOcCe

B aBrycre 2021 rona pentrenoBckuii nerektop eROSITA poccuiickoit opouTansHOi 06cepBaTOpUN
“Cnextp-PI™” 3adukcupoBan BemblKy peHTreHoBcKoro ucrounnka SRGe J131014.2+444315 ¢
HanboJiee MIATKUM CIIEKTPOM, 20-TH KpaTHO MPEBBIIIAIOIIYIO PAHHIOIO aKTUBHOCTh UCTOSIHUKA (aBTOP
otkpeitus I1. Mensenes, otaen actpodusuku Beicokux sHepruii UK PAH).

HecstumerpoBbiit Teneckon Keka (I"aBaiin) moaTBepIul, 4TO pacCMaTpUBaeMOe COOBITHE CBS3aHO
MMEHHO C paHHEW cTajuel MPUIMBHOTO pa3pylIEHUs HICTOYHUKA U3JIy4E€HUs, KOTOPBIM OTAAJIEH OT
HAaIlel COJIHEYHOW CUCTEMBI Ha ~ 2,5 MUJIIIMAp/la CBETOBBIX JIET.

CoOpaHHbIe TaHHBIE C AMEPUKAHCKON CHCTEMbI paHHETO OOHAPYKEHUSI aCTEPOUTHON aKTUBHOCTH,
yrpoxatomeit 3emne, ATLAS nokaszanu, 4ro:

00Hapyscennoe peHm2en08CKoe u3yienue onm uzyiaemozo 00vexma 0vlio 3ayuKcuposano

HpUMEPHO 3a 06e Hedellu 00 Mo20, KaK 0blj10 00HAPYIHCEHO U3YyUeHUue 8 BUOUMOM CHEeKmpe.

DTO MOATBEPKIACT TO, YTO PEHTTEHOBCKOE M3IIyYCHUE CHAYAJIA IBUTATIOCH CO CKOPOCTHEO MHOTOKPATHO
NPEBBILIAIONICH CKOPOCTh CBETA B TEUSHHH, 110 KpallHEeH Mepe, He MeHee JIBYX Helelb (CKopee BCero
ropaszio OosbIie).

ITpu npoX0KAEHUHU TUTAHTCKOI'O PAacCTOSIHUSA B 2,5 MUJUIMAPAA CBETOBBIX JIET, CIIEPBA CKOPOCTh
MIPOXOKJICHUSI B3PBIBHOHM 3()MPHOI PEHTI€HOBCKOM BOJIHBI MTPEBBIIIANA CKOPOCTHIO CBETA, a 3aTEM
CPOBHSIIACh C HEW JOCTATOYHO OBICTPO (TI0 MepKaM 2,5 MUJUIHAp/Ia CBETOBBIX JIET), yIapHAas CBEPX
cBeTOBas 3(pupHast BoHA OBICTPO TepseT SHEPTHIO HA OOJIBIINX PACCTOSIHUSAX, XOTS HA PACCTOSIHUU B
OJIHy aCTPOHOMHUYECKYIO eAMHULY (~ 8 MUH. 20 ceK.) CKOPOCTbh pacIPOCTPAHEHUS IPAKTUUECKH HE
npeTepnuBaeT u3MeHeHui (cM. pasnaen — “O skcnepumentax CapenbeBa u K°)

Jlanee CKOpOCTh PacIpOCTPAHEHUsI YMEHBIIATIOCH 3a CUET JUCCUIIAIIMU SHEPTUHU B CPe/ie KOCMUYECKOTO
adupa ¢ moTepei perucTpupyeMoil SHEPruu 10 MATKOTO PEHTTEHOBCKOTO CIIEKTpPa. T.€. TPalueHTa
3(pHUpPHOTO NaBlIeHUs Ha TiepeHeM GpoHTe Y(PUPHOIN yAapHON BOJHBI.

CkopocCTb pacrpocTpaHeHus nepeaHero GppoHTa 3pUpHON yIapHON BOJHBI PEHTI€HOBCKOTO
U3ITy4eHUs], PETUCTpUpYyEMast IETEKTOPOM B 30HE TpreMa (Todka JIMOpanuu 2), BUANMO CKOPEe BCEro
CYLIECTBEHHO HUXKE CKOPOCTH CBETA B BAKYyM€ KOCMOCA, JIOTUYHO BBITEKAET U3 3aKOHOB COXPaHEHUS
SHEPTUU NPU AUCCHUIIALINY €€ B IPOCTPAHCTBE M BPEMEHU IPU YMEHbBIICHUH I'PAJUEHTa JaBJICHUS Ha
nepeaHeM ¢ppoHTe 3PUPHON yaapHOI MPOJOIbHOM BOIHEI.

0 noziouienuu u pacceuearnuu

IToryonienue 3aBUCUT OT aTOMHOI'O HOMEpa MaTepuala, yepe3 KoTopbiil npoxoauM X-Ray usiyuenue,
HAJIMYHE CJIOS TIOJIOBUHHOTO OCJIA0JICHHS MTPEJICTABIsAETCS KaK MajJieHue IaBJIeHUs Ha repeaHeM (GpoHTe
yaapHOi 3(hupHOIT BOJHBI TPHU MPOXOKICHUH Yepe3 CPey ¢ U3BECTHON “pPEHTTEHOBCKOM’ IIIOTHOCTBIO.

PaccenBanune X-Ray nznydenus Ha MatepuaibHOM 0OBEKTE C pa3HOMN MIIOTHOCTHIO MOTJIONIECHHS
MOJITBEPXKAAET XapaKTep MPOX0KICHH yIapHO# 3(hUPHOI BOJHBI Uuepe3 Cpeiy, MPUBOISAIIYIO K
Pa3MBITUIO HAIIPABJIEHHOTO XapaKTepa JABMXKEHUS MepeHero ppoHTa yAapHOU 3(pUPHON BOIHBI OT
¢doxycHOro nsATHa B noiycdepe pacnpocTpanenus X-Ray nzmyuenus.

Taxum 00pa3oM BHYTpU MaTepHaIbHOrO 00BEKTa BOZHUKAET MHOXKECTBO BTOPUYHBIX UCTOYHUKOB
(okycoB) pacipocTpaHeHUs YAAPHBIX d3PUPHBIX BOJIH MAJIOH HHTEHCUBHOCTH.



X-Ray n3nydyenue He OTpaxaeTcst OT IOBEPXHOCTH IEPEX01a U3 OJHOM PEHTT€HOBCKOM IIJIOTHOCTHU B
IPYT'YIO, 4 pacCeUBaeTCs B Macce Cpelibl, COOTBETCTBEHHO ee X-Ray moTtHocTu.

ITornomenune X-Ray u3nydeHus 3aBUCUT OT aTOMHOIO HOMepa. HeT oTpakeHHBIX PEHTTEHOBCKHUX
YaCTHUI] OT MaTEPUAIBHBIX 00BbEKTOB, TUIIA KPUCTAJUINYECKOMN PEIIETKH, a €CTh YMEHBIIICHUE J1aBJICHUS
yIapHOU BOJIHBI IIPU IIPOXOKAECHUHU yepe3 MaTepuro. IIpu 3ToM 0 THOBpEMEHHO ITPOUCXOAUT Pa3MbIBAHUU
HaNpaBJICHHOCTHU (BEKTOPA) pacpoCTpaHEHHs MepeIHero GpoHTa yAapHOH BOJIHBI pEHTTEHOBCKOTO
U3JIy4EHUS, YTO BBIPAXKAETCS KAK BTOPUUHOE (OTPAKEHHOE) PEHTT€HOBCKOE U3JIyUEHHUE.

HpI/I OOJIBIIIOM 3HAYEHHUH MACCHI TSDKEIIBIX AACP reHepanusa pCHTICHOBCKOI'O U3JTyUCHUSA CYIICCTBCHHO
nmaaacTt, T.K. MHCPIHUOHHOCTD SAJACP BCJIIMKA U CHJIBHOM paCKadk HC NPOUCXOJUT, a MOTJIOMICHUC
YBCIMYHUBACTCA MMOYTHU ITPONOPHHUOHAIIBHO MACCC TAXKCIIBIX AACP.

0 npeaomjieHuu u ompaxcenuu

IIpenomiienne X-Ray usirydeHus Ha TpaHULIE CPEX C PA3HOU PEHTIE€HOBCKOM INIOTHOCTBIO IIPOUCXOIUT

¢ K03(UIIMEHTOM MTPETOMIICHUS WK paBHBIM, i MeHbleM 1.00000 Ha 10_5 - 10_6 (' ') npu mepexoze
U3 BaKyyMa B MaT€pUaJIbHYIO Cpelly, B OTIMYUU OT IEKTPOMATHUTHOTO U3TY4EHUs, IAe KOAPPHUIIUEHT
penoMIIeHUs 0oJbIie 1-5I (T.€. B MPOTUBOIOJIOKHYIO CTOPOHY), MOATBEPKAAS YTO 0J1 PEHM2EeHOB8CKO20
U3IyYeHUus 6aKyym Hauboiee naOMHaA cpeda, 9To TIOJHOCTHIO COTJIaCyeTCs ¢ MpeCcTaBiIeHneM 3dupa
KaK ra3o00pa3Hoii cpepl.

Otpaxenue X-Ray uznydeHus npu npoxokI€HUHU €ro yepe3 BOJIOKOHHYI0 onTHKY (KymaxoBa) mon
BECbMa OCTPBIM YIJIOM K CTEHKaM PEHTT€HOBCKOTO BOJHOBO/A, TOATBEPKAAET IPUPOLY PEHTTEHOBCKOIO
U3ITYYEHUs KaK yJapHO#l 3()upHOI BOJIHBL, KOTOPasi HE MOKET BBIPBATHCS U3 KAXKJOTO JIEMEHTAPHOTO
BOJIHOBOJa, MHOTOKPATHO OTPaXkascCh OT €r0 CTEHOK.

JUi peHTreHa Kak 4acTULIbI HETIOHATHO NIOYEMY 3Ta YacTUIA HE MOXKET BBIMTH 3a Mpeel
3JIEMEHTAPHOI'O BOJIHOBOJA B MEHEE IUNIOTHYIO AJIsl PEHTIEHA, CPEAY — BO3/1yX WA BaKyyM?

O uonuzayuu mamepuanvHoil cpeovl

[Tpu mpoxoxxaennn X-Ray uznyuenus yepe3 MaTepHaabHbI 0OBEKT yapHas pEeHTTEHOBCKasl BOJIHA
CBOMM TepeTHUM (PPOHTOM CPBIBAET JIEKTPOHBI C ATOMOB MaTepHAIbHBIX 00BEKTOB, C 00pa30BaHUEM
IIOJIOKUTEIbHBIX HOHOB

0 HanpaejieHHOCMmu U3jiyuernus

Jns X-Ray nznydeHus Henb3si 00eceunTh MPEeMMYILIECTBEHHOE HAIIPaBICHHOE U3ITydeHue, popma
MPOCTPAHCTBEHHOTO roiorpada MHTEHCUBHOCTH M3JIy4EHHsI OJMHAKOBA MPH OOMOapAMPOBKH aHO1A
YCKOPEHHBIMHU 3JIEKTPOHAMH U HE 3aBUCUT OT MaTepuasia U OpMbI aHO1a.

B kauecmee 3axnouenusn

X-Ray n3nydyenue 310 He MEKTPOMArHUTHAs BOJIHA C IPUIMCBIBAEMBIMU €1 IIapaMeTpaMu, 4TO He
OCHOBAHO HA NPOBEIACHHBIX U3MEPEHUIX U ONBITHBIX DKCIIEPUMEHTAIBHBIX JAHHBIX, 10 TBEPKIAIOIINX
TEOPETUYECKUE ITPEATIOIIOKEHUS - HEU3BECTHO HU OJTHOTO HKCIIEPUMEHTA U3MEPEHMS IJIUHBI BOJIHBI WX
YacTOTHI KOJICOAHUH MPEaonaraeMoro 3JIeKTPOMarHUTHOTO U3y4eHHs (1 Tie TOT yacToTomep? Uitn
M3MEPUTENb JUIMHBI BOJIHBI?, Bellb 3JICKTPOMAarHUTHBIE TPUOOPHI HE MOTYT paboTaTh ¢ TAKUMH 4aCTOTaMHU
U AymHamu!), 3To Bce aKCMOMAaTUUYHBIE YTBEP)KIEHUS HE TIOJIKPEIUIEHHbBIE U3MEPEHUSMHU.

DNEKTPOMarHUTHYIO IIPUPOLY PEHTTEHOBCKOTO U3IY4EHHsI HUKTO HE 10Ka3aJl SKCIEPUMEHTAIbHO! !

Het Hu 01HOTO OTIBITA OTIpEeNICHHsI [UTMHBI BOJHBI, YaCTOTHI KOJICOaHUs (3IEKTPOMarHUTHBIMHU
METO/IaMH1 ATO NIPUHLUIINAIBHO HEBO3MOKHO), HU CKOPOCTH PaclpOCTPAHEHUS! PEHTI€HOBCKOIO
n3nyuyenus!!



3aro npupo/ia yAapHbIX IPOAOJIbHBIX BOJH 3(Upa MPEKPACHO JOKHUTCA Ha SKCIIEPUMEHTAIIbHBIE
JAHHBIE C MOJy4YEHUEM PEHTI€HOBCKOTO U3JIyYE€HHUS KaK IIPU COYJapeHUU Pa30THAHHBIX JJIEKTPOHOB
00 aHOM, IPY KaBUTALIUU CTPYH JKUIKOCTH Ha METAJUINYECKON TOBEPXHOCTH, IPU (PUKCUPOBAHHUHU B
TEJIECKOII Ha MOJIYIIPOBOJIHUKOBOM JIETEKTOPE UCTUHHOTO IOJIOKEHUS 3BE3/1, IIPOXOKICHUN
PEHTTEHOBCKOTO U3IY4YE€HHUs YEPE3 PEHTIC€HOBCKYIO ONTUKY KymaxoBa.

B rnaBy 4.3 ®opmel apmkenus a¢upa “O0mei a3gpupoauHaMuk” AIIFOKOBCKOTO JKeJIaTeIbHO BBECTH
Yoapno eéonnoeyio (npooonwvnuyro) popmy, HeyareHHoU panee hopMoii IBKEHUS dupa, KOTopas
MPOSIBISIETCS B CTAHAAPTHOM MOJIENH KaK PEHTTEHOBCKOE XapaKTepPUCTHUECKOE U3TyUYeHHE.

Kcratu HeykaszanHa emie ofHa (hopma 1BuxkeHus 3pupa — JIunenno-yckopennasn gpopma BUKEHUS,
MpeJCTaBIsAIomas co00H rpaBUTALIMOHHOE YCKOPEHUE Tell B M0JIE TATOTEHUS 3BE3/] U TUIaHET, HO 00 3TOM
B JIpYyrOM CTaThbe.

IIpunoxenne Ne 1. Unopmanusi Vit CPaBHUTEIBLHOT0 aHAJIM3A.

Mounoaen (Mog/96), p = 1.0*106 kg/ms,
0

Huametp atoma @y, = 2.6%¥10  m, mar pemeTku A = 3.15*10_1 m
(xyOuueckasi 00beMHO-IICHTPUPOBAHHA),

Boandpam (Wr4/184), p = 1.9%10° ke/m,
0

Huamertp atoma @Dy = 2.8*10-10m, 1iar pemeTku A = 3.1*10-1 m
(xyOuueckasi 00beMHO-IICHTPUPOBAHHAS ),

Bonopon (H), muamerp @g=10 m.

Tpoton (P) m=1.67%10" kg, mmamerp @, =2.2*10" "m, py=2.8%10" ke/m’.

Jaexcrpon (¢) m=9.1%10" kg, amamerp D = 1.8¥10 °m, pe=4.0%10' ® kg/m-.

Amep (dup) m=1.5%10""" ke, amaverp @, = 4.6%10 " m, p,=8.8%10"% kg/m’,
P> 1.3*10°° H/m’.

1-H 27IEKTPOH COCTOMT U3 9.1%107" kg / 1.5%10" 1 kg ~ 6+10" aMepoB dbupa.

12
ITpu Toxe 100mA 3a 1mkS mpoxoaut > 0.5*%10 ~ 351eKTpOHOB, KOTOPBIE NPH COYIAPEHUU C aHOJIOM
pacchInarTcsi B aMepsl 3pupa, YTo MPUBOIUT K B3PIBHOMY POCTY KOJMUECTBA aMEPOB, T.€. IUIOTHOCTH,

B 00beme 0.00lmm™ Ha momanke 0. Ilmm * 0.1mm, 4To cooTBETCTBYET OpOCKY JaBiieHus 3(hupa B

6 . o o
~ 10 pa3!! BoT HCTOUHUK IPOJOJILHON yAapHOU 3(UPHOI BOJIHBI B PEHTT€HOBCKOM H3JIydyaTerie.



