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AHOM JIBHO ITy0OKO€ NMPOHNKHOBEHHE BOJXOPOJ B HHOOMI

IIPU BO3JEMCTBUM UMITYJIbCHOM BBICOKOTEMIIEP TYpHOM

BOJOPOIHOM ILT 3MBI

Metongom peructp LuM ynpyrop ccesHHbIX siep oTa uu Bopopon (ERD) uzyuen npouecc
H KOIUIEHUS U Ilepep CIpeleseHus BOJOPOA IIPH UMILYIbCHOM BO3[EHCTBUM BBICOKOTEMIIE-
P TYpPHOII BOHOPOIHOI IUT 3MbI OT YCT HOBKH «Ilm 3menHblii ¢okyc» — IIdD-4 B cGopke u3
TpeX HHOOMEBBIX (DOJIBI BBICOKOH YHCTOTHL. YCT HOBJIEHO, YTO II0 Mepe YBETMYEHHs YHCIT
HMITYJIbCOB BOJOPOIHOM I 3MbI IIPOUCXOAUT II€pep CIpeleseHue UMILT HTUPOB HHOIO BOIO-
pox H Gonbluue IIyOMHBI B COOpKE M3 HHOOMEBBIX (DOJIBI, 3H YMTENBHO IPEBBI IOLIME
npoGeru HOHOB BOAOPOA (IPH MX M KCHM JIBbHOI ckopocTH 10 ~ 10% cm/c). M Kcum jibH g
KOHLEHTp 1usd Bopopon a0 60 T.% npu BozuedcTBur 20 UMITYJIbCOB BOJOPOIHOM ILT 3Mbl
noctur erca B OnuxHed k [1M-4 noBepxuoctu Tpetbeil Nb-¢osbru. OOH pyxeHHOe SIBIeHHe
MOXeT OBbITh 0OBSICHEHO BHIHOCOM MIMIUT HTUPOB HHOT'O BOZOPOXA MOJ BO3EHCTBHEM MOIIHBIX
YA PHBIX BOJIH, OOp 3yeMbIX B HHOOMEBBIX (DOJIBI X OT HUMITYJIbCHOH BOTOPOMHOM IUT 3Mbl, U
(unmu) yckopeHueM aucdy3un TOMOB BOAOPOJ MOJ JAEHCTBHEM BOJIHBI CK THUS-P CTSXKEHUS H
(ppoHTE yI pHOIT BONHBI C Iepep cIipefeieHneM Bogopox H OGombinve DTyOMHBL. AH JIOrWY-
HOE TIoBe/leHre 00H pyXeHO B COOpK X U3 JBYX HMJIM Tpex U 6ojee osbr U3 HUKENS, B H 11,
HHOOUS, T HT J1 P 3IMYHBIX TOJILHH, BKJIIOY s U COOPKH (POSIBr U3 P 3HOPOIHBIX M TEPH JIOB,
KOTOpBIe OBUTH T KXK€ M3yYeHBI.

P 6or Bomomnnen BJI 6op Topum saepHsix pe Kuwii um. I'. H. @nepos OWAN.
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Didyk A.Yu. P14-2011-88
Anomalously Deep Penetration of Hydrogen into Niobium
under Action of Pulse High Temperature Hydrogen Plasma

The method of elastic recoil detection (ERD) has been used for the study of storage
and redistribution processes of hydrogen atoms under the influence of pulse high temperature
hydrogen plasma obtained using the «Plasma Focus» PF-4 set-up in three high purity niobium
foils. It was established that with an increase of number of PF-4 set-up pulses there occur
spreading and transfer of implanted hydrogen atoms to large depths in three Nb-foils which are
significantly larger than the projected range of hydrogen ions (with the velocity ~ 10% cm/s).
The maximum hydrogen concentration up to 60 at. % is reached in the nearest to PF-4 surface
of the third Nb-foil at 20 impulses of the PF-4 set-up. The observed phenomenon can be
described by transfer of implanted hydrogen atoms under the action of powerful shock waves,
created by pulse hydrogen plasma and (or) by accelerating hydrogen atom diffusion under the
influence of compression-straining wave at the front of the shock wave at redistribution of
hydrogen atoms at large depths. Similar behavior was discovered and described also in series
of nickel, vanadium, niobium and tantalum foils (two or three foils and more in a series)
including series of foils from heterogeneous (different) materials, which were studied, too.

The investigation has been performed at the Flerov Laboratory of Nuclear Reactions,
JINR.
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BBEIEHUE

3 mocnegHUE TOIBI B CBA3U C YCIIEX MU B JI 3€pHOH TE€XHUKE M CO3J HUEM
MOIIHBIX MMITYJILCHBIX J1 3epoB B muko- (10712 ¢) u demro- (1071° ¢) cekyna-
HBIX U 1T 30H X 3H YUTENIBHOE P 3BUTHE IOJIYYW]I OTHOCHTEJIBHO HOB 51 OOJ CTb
H YKH — (PU3UK BBICOKOI IUIOTHOCTU 3Heprud [1,2]. Dro H Hp BieHHEe p 3BU-
B JIOCh K K IO IIyTH HCCJIEIOB HUSl BO3AEHCTBUS KOPOTKUX HMITYIBCOB H KOH-
JAEHCUPOB HHBIE CpEJbl, T.€. C LEJbI0 U3y4eHUs T KUX NPOLECCOB, K K JI 3€pPHOE
p cmbuleHue, Omsums, mepep clipefeneHue NpuMecell, BOSHUKHOBEHHE HOBBIX M
p CTBOpeHHME CT PbIX ¢ 3, T K M UCCIEAOB HUS BIMSHHUS ¥ BO3HUKHOBEHHS MOII-
HBIX yO pHbIX BOiH [3,4]. ITomMumo aTOrOo COPMHPOB JIOCH U JIPYroe B KHOE
H Tp BJI€HHE UCCJIEIO0B HUU 10 BO3AEHCTBUIO MOIIHBIX MMIYJIbCOB J1 3€pHOTO U3-
JIy4eHHs, UMEIOIUee LeJIbI0 CO3]] HUE JI 3epHOrO0 YIIP BIIE€MOro SIe€PHOrO CHHTE3 .
B T Kux mporecc X OCYIIECTBISIETCS ®KCTPEM JIbHO BBICOKOE 3HEPIOBBIIEIICHHUE
B BEINECTBO, T K K K TEIUIONPOBOAHOCTh (3JIEKTPOHH $, JIy4HCT 9 M (POHOHH )
HE YCIEB €T HOBJIUATh H OXJI XJICHHE MHIICHH 3 BPEMs MMITYJIbCHOTO H IPEB .
OnH KO B CBS3U C TeM, 4YTO JUIMH BOJHBIJI 3€p M J1 , BBICOKOY CTOTHBIH CKHMH-
a(h(heKT 3H YUTENBbHO YMEHbII eT IIyOMHY IPOHUKHOBEHHUS CBET B TBEPHOE TEIIO,

T KXe 1 B 00p 3YIOLIyIoCsd IIPH 9TOM IUIOTHYIO IPUIIOBEPXHOCTHYIO IT 3MY, 3/1eCh
HUMEIOT MECTO JIUIIb MOBEPXHOCTHBIE 3((PEKTHI.

K k m3BectHo, pu p 60TE TEPMOSIEPHBIX pe KTOPOB B M TEPH Jie NEpBOH
CTEHKH JAOJIKHO IPOUCXOAUTh H KOIUIEHHE KOMIIOHEHTOB ILT 3MBI (#eiTepus u
TPUTHSI) U MPOLYKTOB TEPMOSAEPHBIX pe Kuuil B Buje renus. Ilostomy uzyde-
HHE IPOLECCOB H KOIUIEHUS M JICOpOLMH-IecOpOLIH JIETKMX I 30B U 0COOEHHO
TPUTHSL UMEET B XKHelillee 3H yeHue [3,4].

Lensio H crosumeir p OOTHI ABISeTCd W3Y4eHHE P CIIPOCTP HEHUS I PHBIX
BOJIH B MET JUTMYECKHX (poIIbr X 10 3(PeKT M, BO3MOXKHO, OOYCIIOBIEHHBIM MPO-
LecC MU Hepep CIpelesieHus U H KOIUICHUS MOHOB OT MMITYJIIbCHOW BONOPOIHOM
U JieiiTeprueBoi 11 3Mbl. BBIOOp ®THX IABYX THIIOB IUT 3MbI OOYCJIOBIIEH BO3MOXKHO-
CTBIO PETUCTP LIMH C UCIIONIB30B HHEM IETEKTHPOB HHS YIPYTOp CCESHHBIX TOMOB
orn un (elastic recoil detection — ERD) Bomopon wu neiitepust mpu pesepgop-
noBckoM 00p THOM p ccesituu (Rutherford backscattering spectrometry — RBS).



1. METOJMKA UCCJIETOBAHHUI

B unccienoB HusiX ObIT HCIIONB30B H METOAMK oOiydeHHs H 60p osbr 13
met jiioB, BTCII-kep MUK, MET JUIMYECKUX CIUT BOB, MHOTOCJIOWHBIX CTPYKTYp U
[IOJIMMEPHBIX IUIEHOK H ycT HoBKe [1®-4 B @usnyeckom uncruryre um. I1. H. Jle-
6enes PAH [3-5].

[IpumeneHue ycT HOBOK THII «IUT 3MeHHOTo ¢okyc » (I1D) mma momydeHuns
MOUIHBIX IMOTOKOB IUT 3Mbl M M3y4eHUE €€ BO3JEHCTBUA H M TEPU JIbl Ipel-
CT BSIETCS T KX€ BeCbM KTy JIBHBIM C TOYKH 3PEHHS BO3MOXHOCTH MOJAEIH-
poB HUg T Kux rporeccoB. Cpeau KTUBHO p OOT OMmMX ycT HOBOK Tum [1D
MOXHO BbLIENUTh YCT HOBKY I1d-4 B @usnueckoM uHcturyre PAH. II p merpst
P-4 cnenyromme: sHeprus KOHACHC TOpHOH 6 T pen — 3,6—4 K[IX, M KCUM JIb-
HBIH TOK ~ 400 KA, CKOpPOCTPh IUT 3MEHHOTO MOTOK — JIO 108 cm/c, WIOTHOCTD
W1 3Mbl 10 &~ 1018 cM™3, WIHTETBHOCTD T 3MEHHOTO umnyasc  50-100 He, mnot-
HOCTb BHOCHUMOM B IIOBEPXHOCTh MMILEHH 10 ~ 108—10° B1/cMm2, BbIXOX HEUTpO-
HOB — 110 ~ 108 3 uMmysIbC eiTepueBoii T 3Mbl, BpeMs MEX/y UMITYIbC MH
IUTSL 9 CTUYHOTO OXJI XIEHUS MHUIIEHH — He MeHee 5—6 MUH.

B BBHINOTHEHHBIX KCIEPUMEHT X IO U3yYEHUIO BO3JIEHCTBUA BHICOKOTEMIIED -
TYPHOM T 3MBI P CCTOSIHAE OT HOIHOHM BCT BKH (pHc. 1) coct Bmswio 35 mm. g
U3y4eHUs yI PHBIX BOJIH UCIIONIB30B JI Chb BOJOPOAH ¢ U AeiTepueB £ 11 3M . [lpu

Puc. 1. C6opk Nb-chosbr [y1st U3ydeHUs BO3ACHCTBUS MMITYJIbCOB BBICOKOTEMIIEpP TYPHOIA
wi 3Mbl H 00p 3upl H [1d-4 [4,5] (moToK cHU3Y): [ — HUXHSA Y CTh JUCKOBOTO JEpX -
Telis 00p 310B H yeThipe cOopku u3 Hepx Betomeid ct i X18HI10T (HC); 2 — nepennsis
o ¢p ™ ¢ au MeTpoM oTeepcTus 3, p BHbIM 10 wim 15 MM; 4 — NpPHXUMH £ U1 CTHH
u3 HC, 5-8 — H Gop ¢osbr U3 OfHOTO WM P 3MHYHBIX M TepH JIOB. 6 O3H Y €T, YTO
(osbI  MOABEPrHYT C 3 YepHEHHOH CTOPOHBI HEKOTOPOH 0Op GoTke



BO3IEHUCTBHUU JEUTEPUEBON IUT 3MBl H OOp 3IbI OCYIIECTBISIOCH T KXKe U3MepeHue
BBIXOJl HEHTPOHOB U3 TepmosaepHoii pe kuuu D't +2 DT ¢ ucnons3os nuem
HEHUTPOHHBIX OETEKTOPOB, ONMC HHBIX B [0, 7].

2. PE3VJIbTATBI HCCJIETOBAHHUIA

2.1. HcciienoB HHe YNpyrop CCesHHBIX fiep OTA 4M BOAOPOJ M JAeHTe-
pus. OO6p 3ubl ¢oser U3 HHOOUS YUCTOTOH 99,9 % u ¢ TommuuOi 110 MKM
Obutn 00iydensl H ycr HoBke [1d-4 [3-5] B cOopke M3 Tpex INIOTHO NPHXK ThIX
Nb-cdomnbr 1B Al ThIO UMITYJIBC MU BOZOPOIZHOW IIT 3MbI. P 3psnH s B KyyMH 4
K Mep ycT HOBKU II®-4 mocie p GOThl H JAedTepueBoil 1 3me ObUT OTK 4 H
n0 1073 Topp, 3 TeM BHOBb H IOJHEH YHCTHIM BOAOPOIOM 10 P GOYEro j Bie-
Hud ot 2 1o 3 Topp. Ind cHUXeHHd H TPeB MUIIEHU MEePUOJUYHOCTb CIEA0B HUSA
numiynscoB I1M-4 npesbir 1 5-6 MuH. [Ipu 3TOM BBIXOA HEHUTPOHOB U3 BOJO-
POIHO# IUT 3MbI, €CTECTBEHHO, HE H OJ0j Jioch [6,7],  ypoBeHb HEUTPOHHOIO
o i oboux meTeKTopoB cocT Bisul npuMepHo 30-40 umnyibcoB 3 10 c.
st ynoGcTB  BBeeM CHMBOJIMYECKOe 0003H ueHue T Koit Nb-cGopku osbr B
Buge 'Nb-12 | INb-22 | INb-32.

H puc.2 npeacr el crnektp ERD [uig ynpyrop ccesHHBIX giep BOAOPOL
(IpOTOHOB) U, BO3MOXHO, Aeiirepus (neidTpoHoB) oT nepeaHeil k I1d-4 nosepx-
HocTu Tperheir Nb-cponbru B c6opke. Criektp coorBercTByeT Onuxneit Kk [1dD-4
MOBEPXHOCTH TpeTbeil Nb-ombru ¢ M KCHM JIbHOH W3MEPEHHOW HHTErp JIbHON
KOHLEHTp Lueil Bogopol oOT Bo3aeicTBUs 20 UMITyIbCOB BOAOPOJHOM LT 3MBI.

Energy, keV
0 100 200 300 400 500 600 700 800 900 1000 1100
1

—e— BE280.DAT
—— Simulated

L LA W e e e o
0 100 200 300 400 500 600 700 800 900 1000
Channels

Puc. 2. CrexTp simep OTI 4H BOXOPON | AeiiTepms ¢ moBepxHocTH ‘Nb-3-chomsr



BBuny Toro, 4ro mo uccienoB HUS A HHOM cepun Nb-oOp 3LOB yCT HOBK
[Id-4 p Gor 1 H peiiTepuy, U B HOBEPXHOCTU BCEX BHYTPEHHUX BJIEMEHTOB P 3-
PSAAHON K Mepbl MOT H KOIHUTHCS JACHTEpHid, p CYETHl NPOBOAWINCH M IS YIPY-
rOp CCESHHBIX MOHOB AeliTepus. SICHO T Kxe, 4TO B 0Op 31 X (hOJIbI U3 HHOOHS
T K€ IPUCYTCTBOB JI BOZOPOJ B K YECTBE TEXHOJIOTMUECKOH NPHMECH, I103TOMY
WCXOJH s KOHLEHTP LHs BOAOpOA ObUT M3MEpeH B UCXOMHOH (posibre U3 HUOOMS
nepesl BO3AEHUCTBUEM HMITYJIbCOB BOAOPOJHOHM IT 3MBI (CM. T KXe€ 3 KJIIOYEHHE).
To ecTh ®TOT cleKTp cooTBeTcTBYeT hosbre 'Nb-3 B 0603H YeHHSX, BBEIEHHBIX
BBIIIIE.

Bce ERD-crekTpsl ObUTH TMOMYYeHBI C HCIONB30B HUEM H JIM3UPYIOMIETO
My4yK HOHOB refus ¢ aHepruei 2,3 MaB npu ckosb3siiieM yriie o jeHus H o0p -
sey B 15° H anekrpoctT TuveckoM renep tope DI-5 JI 6op TOpuu HEHTpPOHHOU
zuku um. U. M. @p uk OUSAU [8,9]. O6p 60TK CcHeKTpoB ObUT MPOBEICH
¢ npuMeHeHueM cT Hi prHoi nporp MMmbel SIMNRA 6.05. K x BHAHO, 4UCIIO UM-
nyabcoB B 001 crit or 800 mo 1000 X H JIOB cOCT BJISIET TOJIBKO 1 MMITYJIbC NpH
3H YEHUU B M KcuMmyMe ~ 260 orcuyetoB. MOXHO cien Tb BBIBOA, YTO T Y CThb
CHEKTP COOTBETCTBYET yPOBHIO (DOH .

Wzmepenue criektpoB ERD GbUIO BBIMONHEHO H 00EHX CTOPOH X K XJIOW U3
tpex Nb-cponsr B c6opke 'Nb-12|'Nb-22|'Nb-32. U3smepeHHsle p cripeneneHus

TOMOB BOIOPOA M JEUTEpHs 1O [IyOMHE M OLIEHOYHBIE 3H YEHHUS MUX MHTErp JIb-
HbIX KoHLeHTp uuil (Cy u Cp B eAMHUL X Tom/cM?) IIPEJICT BJIEHBI IOl PHO U1
OyKHEH M 1 JTbHEeW K HOjy CTOPOH ycT HOBKH [1D-4 st x Xkj10ii u3 Tpex osibr
H puc.3u 4, puc.5 u 6 u puc.7 u 8§ COOTBETCTBEHHO. P cueTHoe p crpeneneHue
H puc.7 COOTBETCTBYET CIIEKTPY H pHC. 2.
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K X BUAHO, KOHLIEHTp LMS AE€UTEpPHUd T KOB , YTO €€ MOXHO CUUT Th CHCTE-
M THUYECKOU OIIMOKOM u3MepeHuil u (poHOM.

Mp B s Kp iiHsag Touk H 1p chuke ¢ ny = 2,01 - 1017 cM~2 T Kke npeBbi-
Il €T UCXOJHYI0 MOBEPXHOCTHYI0 KOHLEHTp IMI0 Bogopox B Nb-comsr x. Ilpu
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Puc. 7. P copenenenue Bogopon u geiite- Puc. 8. P cnpenenenue Bomopon wu jeiirte-
pus B 'Nb-3-chomere pus B Nb-32-chomere

M KCHM JIbHOH MHTErp JIbHOW KOHLEHTP LM BOXOPOJ JUISl IIEPBOM MOBEPXHOCTH
Tpetbeii osbru (1Nb-3) OTHOCHTENbH $I KOHIEHTD LMl BOJOPOA B MET JLTHYE-
CKOM ruapue Huobus coct Baser 8,75 - 1017 cm™? 58 %, T.e. ruupua MOXHO
omuc Th H 3THX NIyOuH X opmynoit NbiHy 5

2.2. PeHTTeHOCTPYKTYpHbIIT H Jn3. CieqyeT OTMETUTh, YTO U3MEpPEHUE KOH-
ueHtp 1mu B Nb-cosbr X Bogopon u geitepust meronoM ERD 6bi10 nposeneHo
yepe3 OIUH Toj IOCNe BO3IEHCTBHA H HHX OB JII ThIO UMITyIIbC MU BBICOKOTEM-
nep TypHOU AEUTEpUEBOil IUT 3Mbl. DTO OBLIO ClieSl HO CIELH JIbHO C TeM, 4TOObI
MPOBEPUTH H JIMYME WM OTCYTCTBHE IPOLECCOB AeCOpPOLMH BOAOPOI B TEUEHHE
JUTMTETIBHOTO BPEMEHM «BbIIEPXKHMB HUsI». K K MOK 3 1M M3MepeHusi, lecopouus
BOJOPOJ OTCYTCTBYET B IIPEAE] X TOYHOCTU BBIIIOJHEHHBIX U3MEPEHUN IIpU IIPU-
meHenuu Merol ERD. [Ing onpeneseHus coCTOsSHUA, B KOTOPOM H XOQWICA U H -
XOIUTCSI BOXOPOA, ObUIN BBIMIOIHEHBI PEHTICHOCTPYKTYPHBIE UCCIIEIOB HUSI T KXKe
C IBYX CTOpOH Bcex Tpex conbr u3 c6opku Nb-12|'Nb-22|INb-32. Hccneno-
B HMd OJHO3H YHO MOK 3 JIM, 4TO BO BCeX TpexX (oJbI X IPUCYTCTBYIOT ¢ 3BI,



COOTBeTCTBYIOINUE rupuay HHoOuss — NbH. O6beMH ¢ 0SS THIPUIHONH HUOOUS
¢ 361 H XOOUTCS B COINT CHH C OLEHOYHBIMH 3H YCHHSIMH, CIET HHBIMHU IO METOMY
ERD- H mu3 (cm. puc. 3-8).

10 . . . . . .
r m Third Nb-foil 1
8 - —
9 L Second Nb-foil 1
5 of " ]
E | Fi i /H i
S First Nb-foil
. n
T 4r u -
=
;/ 1 7
2 -
| 1
. A L A .
0 110 220 330
Depth, um

Puc. 9. P cripenenenue UHTErp JIbHBIX KOHLEHTP LMl Bogopon ¢ o6enx cropoH Nb-¢osmsr
B 3 BHCHMOCTH OT HOMep (hOJIBIH WM OT IIyOMHBI B cOOpKe U3 Tpex (posbr

H puc.9 npencrt BiaeHsl CBOAHBIE Pe3YJbT Thl 110 U3MepeHuto MerogoM ERD
MHTETP JBHBIX KOHIEHTP muil Bogopon . OueHouHble 3H YEHHS HHTETp JIbHBIX
KOHIIEHTP LM COEIUHEHBI MPSIMBIMU JTMHHUSIMH.

3AKJIIOYEHHUE

B npoBesieHHBIX MCCIIEI0B HUSX ObLT IPUMEHEH IPOCTOH METOM ONpeaeneH s
KOHILIEHTP LIMHM JIETKUX IpUMeceil Bogopox B cO0pK X u3 Nb-¢posbr ¢ TONMIIUHOM
mo 110 MKM K XI 4.

YcT HOBNEHO, 4TO 110 MEpE YBEIMYEHHS YHCII MMITYJIbCOB BOAOPORHOM LT 3MBI
IIPU UCTIOJIB30B HUM yCT HOBKH I1d-4 mpoucXomuT nepeHoc UMIUT HTUPOB HHOTO
BOZIOPOA H Oomnblure DIyOMHBI (CM. pHC.9), 3H YMTETBHO IPEBBIII IOLIME MPO-
Geru MOHOB geiirepus co ckopocTamu nopsaak  10% cm/c [10-14]. Tlpu stom
M KCHM JIbH 9 KOHIEHTp g 10 60 T.% (mpu 20 UMIyIbC X BBICOKOTEMIIEp -
TypHOU T 3Mbl H [1®-4) moctur ercd ¢ OIIXHEH CTOPOHBI TpeTbell (PoIbIu, TO
ecTh B 0003H YeHHsIX 1 HHOW p 60Thl ¢ 'Nb-3-chombru (cm. T Kke [11-14]).

PeHTreHOCTpYyKTYpHBIM H JIM30M IIOK 3 HO, YTO B ()OJIBI X M3 HHOOMS 00p -
3yercst tuapuaH g ¢ 3 NbH, orHocuTenbH 51 00beMH s J10JIS 3TOH ¢ 3bI, B IPUH-
LUIIe, COIVl CyeTcd C U3MEPEHHBIMHM 3H YEHHSIMH WHTErp JIbHBIX KOHLEHTp LI
BOJIOPOA B HUOOUEBBIX (POJIBI X.

Heo6xomuMo OTMETUTb, YTO INPU H KOIUIEHUH BOIOPOX B IOBEPXHOCTHBIX
CIIOSIX MET JUIOB NPOUCXOJUT OKP IIMB HUE MOBEPXHOCTH IPH JOCT TOYHO BBI-



COKUX KOHLEHTp LHUSX BOJOPOA U ero u3oTtonos (cM., H mpumep, [15]). K k
XOpOIIO BHAHO, C NMPHMEHEHHEM ONTHYECKOH MHKPOCKONHMM H MET Juiorp ¢u-
yeckoM Mukpockorie NEOPHOT B M KCUM JIBHOM H CBHIILIEHHOM BOLOPOIOM WIIU
meiitepueM cioe MeT JUI H OMog eTcd OKp LIMB HHe, LBET KOTOPOro p 3JIHYeH
IS p 3HBIX MeT JiioB. H mpumep, n ju1 uil OKp IIMB €TCS B CUHMI L(BET, B -
H JUi — B 30/710TUCTBIN (cM. T kxke [16—18]). Ilpu ToM au MeTp OKp ILIEHHOTO
kpyr (10 wnu 15 MM) B TOYHOCTH COOTBETCTBYET JU METPY BXOAHOW IU hbp I'MbI
B cOopke m3 ¢pomer (puc. l, mo3.3). DTOT ¢ KT CBUAETETBCTBYET O TOM, UYTO
IOM 1 HHE IUT 3MEHHBIX IOTOKOB HEIOCPEICTBEHHO C Kp €B COOPKM HCKIIOY -
sock. TTomumo atoro B p Gote [10] ObUIO U3Y4YEHO Iepep cHpenesieHue BOLOPOL
u Jeiirepus npu Bo3aeUcTBUU 20 UMITYIbCOB BBICOKOTEMIIEP TYPHOIl BOAOPOIHOM
IUT 3MBI H COOPKY UX TpeX (hoJybr, Kyd BXOHST: a) NepenHsisi ONMXKHSS K HOLY
P-4 Nb-¢ponsr (¢ TommmaOH 110 MKM), 6) TpoMeXyTOouH g (POIBr W3 OCi-
tepupoB HHOro momuatwieH (CDs), (¢ rommuuuoit 210 MKM) U B) IMOCIEHHSS
Nb-¢omer (¢ TommuHON 110 MKM), IpUX T § IUIOTHO K TepenHei au ¢p rve
¢onsr (puc. 1, mo3.3). Ycr HOBIEHO, YTO NMPOUCXOAUT H KOIUIEHHE BOAOPOH B
¢honbre ¢ 10 45 T. % ¢ ogHOI cTopoHsl onbru U 10 41 T. % c apyroil. IIpu aTom
00H pyXEH «BBIHOC» JielTepus U3 (PoNbIu 6 6 06beM U H NOEEPXHOCMYb (oJbeU
¢ n3 Huobus. Hecmorps H Hu3Kyio Temrep Typy p 3msirdexust (120-125°C) u
temnep Typy i Bienus (125-132°C) g o6erasoro (CHz),, u Gmu3kux coort-
BETCTBYIOIMX TEMIIEp Typ Ui AeiitepupoB HuHoro noimatwieH (CDs), Temme-
P TYpHOH sedopM IIMU M P 3pylieHHs: 00p 31l , P CIOJIOXEHHOIO MEXuy IBYMs
Nb-consr mu, He H 6100 emcA.

B sHumkmonennu [3, c. 375] nmpeact BIEHBI pe3yNbT ThI, TOIyYeHHBIE TP U3Y-
YEHUU BO3JEHCTBHA BBICOKOTEMIIEP TYPHOM NEUTEPUEBOM IUT 3MBl H H KOIUIEHHE
Aeditepusi B TOBEPXHOCTHOM cjoe 0Op 300B M3 HEpX Belowed CT I
(25Cr12MnMo20W) u uuctoro Bonbp M (W) B 3 BUCHUMOCTH OT YHCI HM-
mynbcoB. Crienl H BBIBOJ, UTO 110 Mepe YBEJIMUYEHUS YUCT HMILYJIbCOB JeiTepueBoit
IUT 3MBI TIPOMCXOAUT OOp 30B HHE «P 3BHTOW» IOBEPXHOCTH, T.€. MOBEPXHOCTh
NpeBp I eTcd W3 2-MepHOW B 3-MepHy0, ¢ KOTOpOi 3()(eKTUBHO MPOUCXOIUT
aecopOuusl UMIDT HTUPOB HHOro jaeiitepusa. I[Toxoxwuii apekT mMeer MecTo u ¢
0o0p 31 MM HMOOHS B HIPENCT BIEHHBIX KCHEPUMEHT JIbHBIX pe3yibT T X. KoH-
LEHTp LU BOAOPOX B IIEPBOM CIIO€ HE YBEJIUYUB €TCs, JOCTUr g npu 20 uM-
IyJIbC X BOJAOPOIHOMN IUT 3MBI MHTErp NbHOTO 3H yenus Cy > 2,46 - 1017 em—2,
KOTOPOE JIMIIb HE3H YUTEIBHO IIPEBBIII €T HCXOAHYI0 MOBEPXHOCTHYIO KOHIIEH-
p o (~ Cx > 2,01 - 1017 cm™2).

H3mepenns KOHLEHTP LHMU BOXOPOX IO DIIyOMHE W MHTErp JIbH S KOHLEH-
TP 1M BOZOPOJ B IPHUIIOBEPXHOCTHOM CIIO€ BelyT ce0s MH ue, 4yeM B p 6ote [3].
K K BUAHO, IPOMCXOAUT H KOIUIEHHE UMIUT HTUPOB HHOTO BOAOPOJ , BO3MOXHO,
U BBIHOC BOJIOPOZX , KOTOPHI IPHUCYTCTBYET B HUOOMM B K YECTBE TEXHOJIOIMYeE-
CKOW mpuMecH, H OGonpiuye IyOUHBI B cOOpKe U3 (DOJIBI M0 Mepe YBeTMYEeHHS
YUCT UMITYJIbCOB BBICOKOTEMIIEP TYpHOI BOZOPOAHOM 1 3Mbl [10-14].



OGH pyXeHHOe SIBJIeHHE CBEPXITyOOKOro IPOHUKHOBEHHUS BOIOPOL , T KXe
u neitepust ([10-14]), npearnosoxuTenbHO, MOXET ObITh OOBSICHEHO BO3/IEHCTBIEM
MOIIHBIX YA PHBIX BOJH [1-5,19-24] H mepep cnpeneneHne BOAOPON C BBIHO-
COM €ro K K JIerKOil U ¢ 60cB43 HHOU MpUMecH H Ooubline rTyOuHbl. MOXHO
MPUBECTU J JIEKYI0O H JIOTHIO: IBUXKEHUE BOLOPOJ MOXHO Cp BHHUTb C TeM, K K
BBICOK $I BOJIH TIPWJIMBH s BOJH BbIHOCHT cepuHruct (surfing) H OGosnbliuue
p ccrosHus H cBoeM rpebue. Ho 1 HHbIA mogxox TpeOyeT BCECTOPOHHEIO p 3-
BUTHSI COOTBETCTBYIOIIETO MOJETIBHOIO MOAXOH M €ro JeT JIbHOTO P CCMOTPEHHUS.
B x uecrtBe agpyroro, Gomee p 3p 60T HHOrO MOAXOZ MOXHO BBIIEIUTH TP JH-
LMOHHBII TOIXOJ, OCHOB HHbI H yCKOpeHHOH auddysuu npumeceil Ipu H JIU-
YUM BHEIIHUX JBUXyux cun F' (cm. moHorp ¢mo [10]). B coorBercTBum c
9TUM MOAXOAOM, 3 KOHbl DPUK I NOTOK Y CTHLl CIeAyeT HPeICT BUTh B BUJIE
([25, c.11] u [26, ¢.300]):

J= —D%C(E) +K-(V),., (1)

00 _ % [pVe@)] - k-9 (7). @

IJie BHEIIHSS ABMKYL s CW1 F' npuj eT K XJIOMY TOMY CPEIHIOI JOIOJIHUTEIb-
HYI0O CKOPOCTb <V> o I — Koadduument nponopuruoH bHOCTH. CpeHss 1o-
TIOJIHUTEIIBH 51 CKOPOCTh K XJIOTO TOM <V> > IPEIIOTIOKUTENBHO, MOKET GbITh
COIIOCT BJIEH CO CKOPOCTBIO P CHPOCTP HEHHs yJI PHOH BOJIHBI, KOTOp I, K K U3-
BECTHO, IIPEBBIII €T CKOPOCTh P CHPOCTP HEHHS 3BYK B M TEpH Jie B HECKOIBKO
p 3 [1-6,23,24]. K K mu3BeCTHO, PN MOIITHOM HMIIYJIbCHOM BO3ICUCTBHU BH -
Y Jie B M TepH Jie P CIPOCTP HAETCS YNPYT S BOIH , KOTOp 9 H ONpenerIeHHON
ryouHe Rp_g, 3 BUCAIIEH OT M TepH J U IUIOTHOCTH MOIIHOCTH UMITYJIbC H
MOBEPXHOCTH, TP HC(OPMHUPYETCS B yJI PHYIO BOJHY C KPYTBIM IEpeIHUM (DpOH-
TOM — BOJIHY CX THS M BOJIHY P CTSDKEHHUS 3 (DPOHTOM YA pHOU BoJIHBIL. [loaTomy
H OTHOCHTENbHO HeGonbiux myoun X R < Rp_g B K 4ecTBe JOMOIHUTETbHOU
CKOPOCTH JIETKOTO HE CBSI3 HHOTO XMMHYECKOH CBsI3bI0 U (MiM) i1 60 CBSI3 HHOIO
NPUMECHOTO TOM <7> > BO3MOXHO, CIIEflyeT BBIGUD Tb CKOPOCTb OGBEMHOI IIPO-
NOJIbHON V]| WM monepevHoi V. ynpyrux BOJIH.

AH JIOTMYHOE NIOBEJEHHE C HOM JIbHBIM IIepep CIpeleJIeHUeM OOH pYyXeHO H
B cOopK X ¢posibr (110 1Be, TpH B cOOpKE) U3 B H JUsl, HHOOMS U T HT JI , BKJIIOY o
1 (HoNbIM M3 P 3HOPOOHBIX P 3IMYHBIX M TEpHU JIOB, KOTOpPble OBUIM T KXe U3y-
YEeHbI.

K ¢ tenpHO c60opok u3 ogHOpomHbIX (I HH 51 p 60T u [11-14]) wiu p 3HO-
ponusix [10] osbr, B KOTOPBIX T KXe H ONI0J €Tcs BBIHOC BOAOPON U JeUTepHs
(ms pefiTepueBOM U1 3Mbl) H 3H YMTENbHbIE [TyOWHBI, IPUMEHEHUE BbIP KEHHUIA
(1) u (2) cnenyer NIpUHUM Tb BO BHMM HHE C YYETOM BO3HUKHOBEHMS H Ip -
HHLE P 3[€1 MeT JUI-T 3—-MeT JII ¥ T.J. OTP KEHHOH BOJIHBI U €€ CYIepIo3uLHN



C Il ] oueil BOJHOW, T KXe U MU3MEHEHHE CKOPOCTH P CIPOCTP HEHHd BOJIH B
3 BUCHMOCTH OT COCT B CIIO4.

Ipenct BiseTcs B XHBIM M IEPCHEKTHUBHBIM NpoBeeHHe Oojiee OeT JIbHBIX
UCCIIeOB HUH O BBIAICHEHUIO OCOOEHHOCTEH OOH pPYXEHHOro gBiieHud. Ilomumo
9TOrO CIIEAYET P CCMOTPETb K K TEOPETHYECKHE CIIEKThl IO BIUSHUIO YI PHBIX
BOJIH H «YJI PHO-BOJIHOBYIO IM(phy3HIO» JIETKUX NIPUMECEi B MET JUT X, T K U IOJ-
XOJl, OCHOB HHBIi H YCKOpeHHOH nuddysuu npuMeceil mpu H JMYUM BHELIHUX
ABUXYIMX cwi. K K BHIOHO, B BBIIEONNC HHOM BHAE [ HHbBIE MOAXOABI COMMXK -
10TCA.

MoxHo npusectd crnemywomue oneHkd. CKOpocTh 3ByK B MET JII X IIpe-
Bl et V. > 2,0 - 10° cm/c, IIUTENnbHOCTb AEHCTBHS HAMITYJIbC  BBICOKOTEM-
nep TypHo# mi 3Mbl — nopsaak  50-100 Hc, T.e. 3TO BpeMsl cocT BisgeT ¢ =
(0,5—1,0)-10~7 ¢, cnesioB TeabHO, M KCUM JIbH 5 ITyOHH BBIHOC JIETKHX IPHMe-
ceif BOIOpoll M AeHTepust MOXKET NMpeBbI Tb 3H dyeHne R ~ V¢ > 100—200 MxMm.
OueHOYHOE 3H YeHHe [IyOUHBI IPOHHUKHOBEHUS BOOOPOA H XOIHUTCA B XOPOLIEM
COINl CHUU IO NOPSIKY BEJIMUUHBI C SKCIEPUMEHT JIbHBIMU 3H 4eHusmu [10-14].

IIpenct BnsgeTcd B XHBIM IPOBECTH JET JIbHbIE HCCIEN0B HUS U yTOYHUTDH pe-
3yJIBT Thl ®KCHEPUMEHTOB 110 00p 30B HHIO TMAPUIHBIX ¢ 3 B H Oope posbr npu
BO3[EHCTBUU UMITYIIbCHON BBICOKOTEMIIEP TYPHOIl BOJOPOAHOMN IUT 3MBI C IpUMeE-
HEHHEM PEHTIEHOCTPYKTYPHOTO H JIU3 U C M JIOYINIOBBIM P CCEIHHEM CHUHXPO-
TPOHHOTO U3JIy4eHUs.

ABTOp p 6OTHI BBIp X eT cepaeunywo O rog pHocts B. 5. Hukymuny 3 mpe-
JOCT BJICHHYIO BO3MOXHOCTb IPOBECTH UMITYJIbCHYIO IUT 3MEHHYI0 00p OOTKYy M -
TepU JIOB H ycT HOBKe «IIn 3MeHHblil okyc» — [1D-4 Ousnyeckoro UHCTUTYT
nM. I1. H.Jle6enes PAH.
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