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BBEI\EH~E 

3a nocneAH~e ABa A€C~T~neT~~ Ha6n~AaeTcA see soapacTa~~~~ 
~HTepec K npo6neMe B3B~MOA€~CTB~A BOAOPOAB C nosepXHOCTb~, 4TO 
o6yC110BJ1€HQ npaKT~4eCK~M 3HB4€H~eM 3TO~ npo6neMbl, B~XOAA~e~ 
8 HBCTOfHJ..I€€ BpeMR Ha OAHO l-13 nepBbiX MeCT cpegl-1 3B,QB4 COBP€M€H
HOrO MBT€Pl-121108eAeHI.1A. 

PaCTBOPeHHbliii BO,QOPOA lt13M€HAeT MHOrl-1€ $1-13l-14€CKlt1e CBOII!CTBa 
TBep,Qoro Tena /o6beM, xpynKoCTb, 3Jl€KTPOnpOBO,Qlt1MQCTb l-1 ,Qp./. 
B HeKOTOPblX cnyl.larrx /TexHonor~t~A ~t~arorosneHl.1A aneKTPOHHbiX Mlo1K
pocxeM, lt13MepeHl.1e speMeHH *lt13Hlt1 cso6ogHoro HeiiirpoHa c nOMO~b~ 
Yl1bTPBX0110AHbJX HeiiiTpoHOB /YXH/, C03ABHI-1€ COCY,QOB ,QJ1fl OCYI.l.\€CTB
J1eHlt1A ynpaBnAeMoro T€PMOAA€PHOro Clt1HT€3a, nolt1CKH B03MO*HOCTlt1 
,QJ1R ocy~eCTBJ1€Hlt1A XOJ10,QHQrO A,Q€pHOro C~HTe3a, ~3Y4€H~e .ABJle
HL-1R o6pa3088HV1R H8CbiUJ,€HHO~ BOAOPOAOM 30Hbl B noAnoaepxHOCTHOM 
cnoe MeTanna npH TpeHHL-1 V1 AP./ Heo6xoAHMa V1H$OPM84V1.R no pacnpe
AeneHL-1~ BOAOPOAa 8 nPL-1noaepxHOCTHOM cnoe M€T8Jl1la. 

npei-1MYUJ,€CTBO aHalll-138 KOH4€HTP8~L-1L-1 BOAOPOAa B B€UJ,€CTBe M€-
TOAOM pacce.AHL-1.A M€AJleHHbiX H€~TPOHOB COCTOL-1T 8 TOM, 4TO OH .AB
Jl.A€TC.R Hepaapywa~w,HM, a L-1cnonbaoeaHHe YXH All.R aHanl-1aa npHno
aepxHocTHoro BOAOPOAa ABnReTc.A YHVIKallbHbiM, nocKOJlbKY YXH 
He npOHV!Ka~T a eew,ecTBo rny6me 150 A, 4To noaeon.AeT Ha6aBL-1TbC.R 
OT ¢aHa npo~eccoe, nPoTeKa~w,VIX no ace~ TollUJ,HHe o6paa4a, KYAa 
npoHV1K810T Hei1TpQHbl C En >EYXH • 8 npHH4Hne, HCn01lb3Y.A 3¢¢eKT 
npQHYlKHOB€HV1R 8 Be\l.ieCTBO Z -KOMnOHeHTbt npV1 noJlHOM QTpa)l{eHlo11-1 
noA M8JlbtMV1 yr 118M \II I a .... 1 o-3 I BbtCOKOJ.1HT€HCL-1BHbtX ny4KOB Tenno
BbiX Heti!TpOHOB, MO)I{HQ n01lY41Hb 8H81lOrV14Hbl€ P€3Y1lbT8Tbl, OAH8KO 
wepOXOBaTOCTL-1 Ha noeepx~OCTAX np\1180ART K CYUJ,€CTBeHHOMY Y8e1lV1-
4eH~~ /MHoro 6onee 150 A/ rny6V1Hbl npoHHKHo8eHH.A Heti!TpoHa 8 ae
w,ecT80, 

B peaYilbTaTe Harpeea ynbTPaxonoAHbiX Hei~npoHos Ha cTeHKe co~ 
CYA8 8 H8CTO.AUJ,ee speMR H8KJlaAbt8aeTCA npeA€11 H8 3KCnepHMeHTa1lb
HO AOCTI-i)I{VIMOe 8peM.A YAepmaH\ITA ra3a YllbTpaXOllOAHbiX He~TPOHOB 
8 aaMKHYTOM cocyAe. BamHY~ HH¢OPM8~V1~ AllA noHHMaH~A npo4ecca 
Harpesa MO}I(HQ n011Y4V!Tb np\11 L-13Y4€Hlo1H cneKTPOB HarpeTbiX Heti!TpO
HOB. 3HeprHR HarpeTbiX /Heynpyro pacceRHHblX/ Heti!TPOHoB np~-1 YAa .. 
pe 0 CT€HKH COCYAOB \113MePR118Cb M€TOA0M perHCTP84V1\II noTOKa 
116btBwHx 11 YXH c4eT4\.1KOM noAorpeTbtX Heii!TpoHos /CnH/ c H3MeHRe
Motll 3Qxi:J€KTV1BHOCTb~/1! H nO oCna61l€Ht-1~ HarpeTbiX Heti!TpoHOB B ra-



3080M C!lOe 3He, YCTaHOB!leHHOM nepe,q C4eT4HKOM TenlloBbiX Hei:1Tp0HOB /2/. 

no ,QaHHbiM pa6oTbl/tf' nPH TeMneparype 300 K 3Hepnm HarpeTb!X YXH Ha noeepxHocrl-1 Me,QH cocraenAeT 5-.:- 15 M3B, a no .QaHHbiM pa5oTbl 121 - 20 M3B. 8 o5e~-tx pa5orax npHMeHRnacb KanH5poBKa no Hei1rpoHaM, HarpeTbJM Ha nom13THneHe ,qo E ~ 13 M3B npH reMneparype 300 K. KPoMe roro, B pa5ore 12/ noKa3aHo 3Ha4HTe!lbHoe yaenH4eHI-1e lAo rpex pa3/ cpe.QHeH 3Hepnnf HarperbJX YXH no Mepe o6e3ra~HBaHHR o6pa3~a. 
B HaweH pa5ore coo5utaKJTCR 3KcnePHMeHranbHbJe pe3y11b ra Tbl Hccne,qoeaHHR 3HepreTH4ecKoH 3aBHC1.1MOCTH pa3orpeTbiX YXH Ha xHMH4eCKI.1 H 3JleKTPOXHMH4eCKH 04H~eHHbiX o6pa3~aX Me,QH. 0CHOBHOH ~e!lb~ pa5oTbl RB!lReTcA H3MepeHHe cneKrpa no,qorpeTbiX YXH no Mepe o6e3ra*~BaHH~ 3T~X o6pa3~0B, 4TO ,QaeT ~H$opMa~H~ 0 ,QHHaMHKe Bbi,QeneHH~ BOAOPO~a H era CB~3H B noBepxHOCTHOM CJloe MeTanna ron~HHoH AO 150 A. 

3KCnEPHHEHT. PE3YilbTATbl 

1. 3KcnePHMeHT~ npoeoAHnHcb Ha peaKTope CM-2 e HHHAP Ha KaHane YXH 131 . Ha pHc. 1 noKa3aHa cxeMa ycTaHOBKH All~ Hccne,Qoea.;. H~~ HarpeTbiX YXH H HX 3HepreTH4ecKoro pacnpe,QeneHH~ npH pa3-flH4HbiX reMnepaTypax /77-:- 800 K/ o6pa3~oe. B ornH4He OT pa6oTbl 121 , e HaweH pa5oTe: 1 I noTOK HarpeTbiX HeLinpoHoB per'-'!cTpHpyeTc~ B TenecHoM yrne, cocraen~~~eM 90% OT nonHero TenecHoro yrna 4n-; 2/ OAHOBPeMeHHo I-13Mep~~Tc~ noToK HarpeTbiX YXH H nnoTHOCTb noToKa YXH Ha o6pa3~e; 3/ All~ 3HepreTH4eCKoH KanH6poBKH noToKa HarpeTbiX Hei:fTPOHOB t.1cnOllb3Y~TC~ HeHTpQHbl, HarpeTble Ha aTOMaX ra3oo6pa3HOrO 4He. (KOPOCTb TaKHX HeHTPOHOB ,QOCTaT04-HO T04HO paCC4HTbiBaeTC~. 

PHc.l. CxeMa ycTaHoBKH /o5oHCHeHHff CM. B TeKcTe/. 
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1-'lccne,qyeMble o6pa34bl /1 Ha p1-1c .1 I noMe[4ani-1Cb s cepe,qi-1He co
cy,qa /2/ - M€,QHOi:1 Tpy6br C BHYTP€HHI-1M ,QI-1aMeTPOM 7,4 CM, T011141-1-
HOi:1 CT€HKI-1 1,5 MM; L = 150 CM, repM€TI-1~HO OT,Q€J1€HHoi:1 OT BaKy
YMHOrO 06beMa Hei:1TPOHOBO,Qa ,QBYM~ OKHaMI-1 /3/ ,QJ1~ nponycKaHI-1~ 
YXH Ha TOPL.IaX /anJOMI-1HI-1eBafl Q>onbra T011U11-1Hoi:1 100 MKM/, KOTOPbre 
npenflTCTBYIOT nona,QaHHIO 1l€TY~I-1X BO,QOPO,QOCO,Qepma[4HX 8€UI€CT8 
1-13 06beMa Hei::\TPOHOBO,Qa Ha o6pa3€4. 3TOT BHyTpeHHHi::\ 06beM I-1M€€T 
aBTOHOMHYIO BaKYYMHYJO OTKa~KY /4/, KOTOPafl OTK1lJO~anaCb BO spe
Mfl I-13MepeHI-1~. 4epe3 8XO,QHoe OKHO o6beM cocy.Qa 3anonHRnc~ He~T
POHaMH, nOCTynaJOL41-1MI-1 OT KOH8€PTOpa no TpaHcnopTHOMY Hei::\TPOHQ
BOAY /11/. YacTb YXH npoxoA"T 4epea A"a<!JparMY /5/ s BbiXOAHoe 
OKHO 1-1 nona,qaeT 8 ,qeTeKTOP YXH /6/ /nponop41-10Ha1lbHbrill c~eT~I-1K 
Ha ocHoee 3He c n110L4a.Qb10 BXO.QHoro OKHa 60 cM 2 / 41!. AocTaTo~Ho 
ManaR nnow,a,Qb .QI-1aQ>parMb\ - 1 ,77 CM2 - onpegenHeT 1lHHeiiiHyiO 3a
BI-1CI-1MOCTb c~eTa geTeKTopa YXH OT nnoll.la.QI-1 1-1 no3B011ReT HenpepbrB
HO I-13Mepf1Tb cpe,qHJOIO nnoTHOCTb noToKa YXH Ha o6pa34e. 

YXH a peaynbTaTe Heynpyrl-1x CT011KHoeeHI-1~ c nosepxHOCTbiO o6-
pa34a HarpesaiOTCfl AO 3Hepr1-11-1 nopR,qKa 3Heprl-11-1 Tennoe~x Hei:1Tpo~ 
HOB, nOKI-1,QaiOT COCY,Q 1-1 perHCTPI-1PYIOTCfl OKpymaJOW,I-1M ero C~eTYI-1KOM 
no,QorpeTbrx He~TpoHoe /CnH/ /7 I, KOTOpbriii RBn.ReTcR ocHOBHbiM 3ne
MeHTOM ycTaHOBK1-1.U1-1111-1H.QPI-1~ecKI-1i1 CnH - npocTpaHCTBO Mem,qy .QBYMR 
KOaKCI-1a1lbHbiMH l..\1-11lHH,QpaMI-1 C ,QI-1aMeTpaMH 25 1-1 32 CM H 06b€MOM 
25 11 - I-1M€€T 24 pa,ql-1a11bHbl€ C€K4HH H 3anOJ1H€H ra30BOJ1 CM€Cbl0 3 He - 2,5 aTM; Ar - 1,5 aTM; CH4- 30 Topp.Bo scex ceK4HRX Ha
TRHyTa HHTb - aHO,Q 1-13 n030J1Q~€HHOrO B01lb$paMa ,QHaMeTpOM 50 MKM. 
Bee aHogbr o6be.QHHeHbl. 

$opMa aMn111-1TY.QHO-,QI-1$Q>epeH4HanbHOro cneKTPa /pl-1c.2/ I-1Mnynb
cos OT HarpeTbiX Hei::'!TpOHOB nOKa"3biBaeT nOJ1Hbli1 c6op npO,QYKTOB 
peaK\..Il-11-1 3He(n, p) T, TaKli!M o6paaoM 3¢1$eKTI-1BHOCTb K HeiiiTPOHaM, 
3aX8a~eHHbiM Ha 3He 8 CnH, COCTaBJ1fl€T -100%. 

nor1lOUI€HH€ HeiiiTpOHOB B KOHCTPYK4HOHHbiX MaTepHaJTaX /0,5 CM
Al , 0,15 CM - HepmaseiOw,afl cTallb 1-1 0,16 CM -CuI, oT.QenRIOUIHX 
o6pa3e4 HCTO~HI-1Ka Hei1TpoHOB 1-1 3He B CnH, orpaHI-1~1-1BaeT HlllmHI-1ilf 
3HepreTH~€CKllli1 npegen per1-1CTpa41-11-1 Hei1TPOHOB 3Ha~eHI-1eM 10-4 38, 
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np1-1 3TOi1 3Heprl-11-1 3$¢eKTI-1BHOCTb 
npl-161li-13!-1TenbHO pasHa 10%. 

B ,QI-1ana30He CKOPOCTei1 Hei1Tpo-
HOB (1±0,5)VT (VT = 2200 MC-1 -
CKOPOCTb TenJlOBbiX Hei1TpOHOB) 
He Ha6J1JO,QaeTCfl 3Ha~HT€J1bHOi1 3a-

PHc.2. AMrrnHTYAHO-AH¢¢epeH~Hanb
Hhlli crreKTP HMrrynbcoB CITH OT Har-

30 ·n peTbiX H€IYITpOHOB, 
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B~C~MOCT~ 3$$€KT~BHOCT~ CnH OT CKOpOCT~ He~TPOI--108, nOCKOnbKY 
C YM€1--lbWeH~eM CKOpOCT~ He~TDOHa YM€1--lbW€1--11-1€ TpaHCMHCCHH CT€1--lOK KOMneHc~pyeTCfl yeenW-1€HVI€M 3¢xtl€KTHBHOCT\.1 3aXBaTa B 3 He 
/eM. KP~BY~ Ha PHc.2 a 15lf. 

,ll!lfl ~3MepeHHfl Cn€KTPa CKOPOCTe~ nOAorpeTbiX H€~TpOH08 8 KOH
CTPYKI..I\.1\.1 npeAYCMOTP€1--1 C!>HilbTP /8/ - UHnvtHAPH4€CKaR nOilOCTb 
nepeA cnH TOilutHHQ~ 4 CM' aanOill--1fl€MaR BF3 ' o6oraut€HHbiM 108 
AO 86% /4HCTOTa BF3 : 99,6%; coAepmaH~e 02 - 0,4%/. 1-13M€HflR 
AaeneHHe B~ 8 $HilbTpe, HenocpeACTBeHHO so BP€MR 3KCnepHMeHTa 
\.13M€PR€TCR KPYTH3Ha 3aBHC~MOCT~ HHTeHCHBHOCT\.1 per~cTpauHvt H€~T
POHOB OT AaBJl€H~R BF3 . 3Ta KPYTH3Ha aa8HC~T OT CKOPOCT\.1 Harpe
TblX He~TpOI--108, noCKOilbKY 8€Il\.14~Ha C€4€1--lHR peaKU~~ 10 8(n.a) 7 Li 
8 WHPOKOM HHTepeane 3H€pr~~ He~TPOHOB AOBO!lbl--10 XOPOWO Cil€AY€T 
3aKOHY 1 /V H COCTa8IlR€T Ail A TenllOBbiX H€~TpOHOB 3800 6. ,lJ.IlR I-1C
nOilb3Y€MOro o6orauteHHoro BF3 ceLieHI-1e 3axeaTa AilA TennOBbiX HeHT
poHoe pasHa 3400 6. Harpee o6pa3uoe AO T = 800 K ocy~ecTB!lReT
cR 3Il€KTP~LiecKHM HarpeeaTeneM, a oxnamAeHHe AO T = 80 K - npo
nycKaHHeM }f(HAKOro a30Ta nO 3M€€B~KY, HaMOTaHHOMY Ha BHeWH~~ 
noeepXHOCTb M€AHOH Tpy6bl. 8 C€P€AHHe H Ha KpaiO Tpy6bl ~M€Il~Cb 
ABe TepMonapbl, KQHTpoilHPYIOiltH€ TeMnepaTypy o6pa3Lta. npHM€1--1€1--lH€ 
3KpaHoB - $0Jlbr~ J.13 Hepmaee~ute~ CTailH - n03BO!l~IlO YilY4WJ.1Tb 
CTeneHb T€nilOJ.13QI1AUH~ Tpy6bl. llilR nOAA€PmaHJ.1R noCTORI--11--lOH T€Mne
paTypbl /6Jli.13KOi:1 K KOMHaTHOi:1/ CnH H ¢J.1IlbTpa 80 BC€M AHana30H€ 
H3M€1--1€HJ.1R T€MnepaTyp npHM€1--1RilCR cmaTbn::r 803AYX, nponYCKa€MbiH 
no UHilHHAPJ.1LI€CKoi:1 nOilOCTH MemAY ¢HilbTPOM H BaKYYMHoH Tpy6oH. 
npi-1M€H€HH€ AilR 3TOi:1 U€IlH BOARHOrO OXIlamA€HJ.1R HCKI1~4€HO, no
CKOilbKY Aame CilO~ BOAbl TOillltHI--101:1 1 MM MemAY o6pa3UOM H CnH H3-3a 
Heynpyroro pacceRHHR Ha BOA€ nPHBOAHT K Cyllt€CTB€HHOMY HCKame-
1--1\.110 cneKTPa nponycKaeMbiX Hei:1T PO HOB._ BoAflHoe oxnamAeHHe HCnOilb-
3oeanocb AilR oxnamAeHHR nosepxHoCTH HeHTpoHOBOAa nePeA H nocne 
cnH, a TaKme AilR oxnamAeHHfl A€TeKTopa YXH, ~ n03BOil~Ilo nOAA€P
mH8aTb noCTORHHbiMJ.1 napaM€TPbl A€TeKTOpa YXH, cnH H ¢HilbTpa npH 
Harpeee Tpy6br AO 800 K. 

PerHCTPaLtHfl ~HTeH018HoCTH noToKa HarpeTbiX Hei:1TpoHoB npoH3-
BOAHnacb OAHOBpeMeHHO aMnnHTYAHblM aHamfaaTOPOM Af.1-256-6 
H 3Il€KTpOHHQ-C~eTHoi:1 CHCT€MO~, HHmHHi:1 H B€PXHHi:1 noporH aMnilH
TYA KOTopo~ ycTaHaenHeanHCb e cooTBeTCTBHH c nonHo~ perHcTpa
UHeH ecex npOAYKTOB peaKLtHH 3He(n,p)T. 

3autHTa ~3 6opHpoBaHHoro nOilH3TVIIl€Ha /9/ /TOil~HHOi:1 25 CM/ 
H fli-1CTOBOrO KaAMH~ /10/ /TOillltHHOH 0,1 CM/ YM€HbWana ¢01--1 
OT peaKTOPa /CH-2, 90 HBT/ Ha paccToflHHH 7 MoT aKTHBHo~ 30H~ 
AO 0,8 c-1 cnH H 0,04 c-1 A€T€KTOPa YXH. npvt oCTaHOBfl€1--lHOM 
peaKTope CM-2 ¢oH cnH COCTaBilR€T 0,3 c-1 ~ onP€A€IlR€TCR pa6o
TOH pacnonomeHHoro e6nH3H peaKTopa PbT-6, KOCMH~ecKHM ¢oHoM 
H a-aKTHBHOCTb~ CTeHOK CnH. 
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nocKOilbKY CKOpOCTb C~eTa CnH B 3a~~Te AOCTaTO~HO Mana, noCTORHCTBO era napaMeTpoe perynRPHO KOHTpon~posanocb no nonomeH~~ n~Ka OT He~TPOHOB C E = 0,764 M38 C nOMO~b~ HCTO~H~Ka H€~TPOHOB 252 Cf 8BO,Q\.1MOrO Ha H€KOTOPO€· BP€MR BHYTPb 3at4~Tbl cnH. 
noTOK HarpeTbiX H€~TPOHOB Ha o6pa31.4€ onpe,qeilRJlCR no pa3H\.11.4€ c~eTa CnH ~ C~era CnH np~ 3aKP~TOM H€~TPOHOBOA€ M€,QHO~ WTOPKOH /romL\~HoH 10 MKM /12//. Ham-1~1-1e a He~rpoHoBo,qe YXH ~erbrpex yrnosbrx nosoporos 11o~~t4aeT 11 noroK YXH or He~TPOHOB co cKopoCTRM\.1, H€CK0IlbKO npes~wa~~~M~ rpaH~~HY~ CKOPOCTb M€,Q\.1. QcraswaRCR ,QOilR Ha,qrpaHHL!Hb!X H€r/rTpOHOB Ha o6pa34e He npeBbiWaeT 2,5% OT noroKa YXH, a B CBR31-1 c TeM, ~To ,QilR Me,ql-1 a a I aie > 10, I-1X BKJla,q B o6w,Y1H nOT OK no,qorpeTbiX H€HTPOHOB, onpe,qeilR€MbiX no M€TO,QI-1Ke WTOPO~Hoi1 pa3Hi-11.4bl' - MeHee 0 ,3%. noT OK YXH KOHTPOili-1POBaJ1CR B Ha~ane ~ KOH4€ Kam,qo~ cep~l-1 lt1 6bl11 ,QOCTaTO~HO CTa6HJl€H s npe,qenax 0, 5%. Kone6aHI-1R MOW,HOCTI-1 pea KTopa He npesbrWafl\.1 0, 5%. ~JlR o6e3ramHBaHHR o6pa34a BO Bp€MR OTmHra \.1 3$$€KT~BHOH OTKa~K\.1 Tpy6~ npV1M€HRfl~Cb MHOrOKPaTHbl€ 3anOJ1H€H\.1R reJ1\.1€M-4 ,qo ,qasneHHR 50 Topp c nocne,qy~t4\.1M~ OTKaL!HBaH\.1RM\.1 era AO ,qasne~ HJ..1R ~ 1 0-4 Topp. AroMbr refl~R nP\.1 CTOJlKHoseH\.11-1 c nosepxHoCTbiO Meranna Bbr6Y1Ba!OT 1-13 Hee cna6ocBfl3aHHbre a,qcop61-1posaHHble aTOMbr npJ.1MeCe~ Ji 1renHeBaR OL!I-1CTKa 11/, KOTOpbl€ 3aT€M 3¢$€KT~BHO YHOCRTCR c noTOKOM oTKa~HsaeMoro renHR. Harpes YXH Ha ocTasweMCR renH\.1 /2x 10-6 c -l; He ,qaer 3aMeTHoro BKJla,qa s noroK Harperbrx Hei1TPOHOB OT o6pa34a \.1 QT CTeHOK TPY6bl, nocKOJlbKY Co,qep~aH~e np\.1Meceilr 8 HCnOJlb3Y€MOM refl\.11-1 /8biCOKOLir ~~CTOTbl - 99,.99%/ He-3Ha~J.1T€JlbHO, 113¢¢eKTI-1BHbl!li BaKYYM 11 nocJle TaKOrO M€TO,Qa OTKal.!K~ He xy}!{e 1 o-s Topp 161 /6ea Y4eTa aTOMOB 4He/. 
4ro6br o6ecne~HTb KPaTL~aLirw~Lir nyrb AI-1¢¢Y3~J.1 npHMeCHbrx raao8 1-1 C8R3aHHO€ C 3TI-1M 6onee KOPOTKO€ BpeMA ,qera3a1.41-11-1, nP~M€HRJ1\.1Cb o6pa31.4bl ~3 Me,QHO~ ¢oJ1brl-1 MaPKI-1 M 1 nflOll\a,QbiO 5x 1 0 3 CM 2 , TOilJ.tt\.1HOH 60 MKM, csepHYToLir B cn1-1panb Apxi-1MeAa c war oM 6 MM, KOTOPbre paaMell.laJ1V1Cb 8 4€HTpe CnH. ¢onbra OI..!\.1UJ,aflaCb pacTBOp\.1T€I1RM~ /cn\.1pT, a4eToH, ,q~cr~nnHposaHHaR 8o,qa/, 3neKTPOXJ..1M~~ecKo~ nonHposKoH s H
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~n\.1 rpasneHV1eM 8 HN03 . 

2. I-1HTeHc\.1BHOCTb per\.1CTPa4V1\.1 HarpeTbiX YXH 

N~¢·<(nux,O) lute a, .s, 
i 

r.Qe rJ;- nnor:HOCTb noroKa YXH Ha o6paa 4e; £ ( n ax ,0) - acfl!lleKTI-18-HOCTb per\.1CTpaL4\.1\.1 HarpeTblX YXH 8 cnH 8 3aB\.1C\.1MOCTI-1 OT 3<P¢l€KH1BHoi:1 Tofl~I-1Hbr nornoTHTenR nax 1-1 .QOil\.1 n renecHoro yrna or nonHero 4 rr, no,q KOTOPbiM CnH 11 B\.1Alo1T 11 noeepxHOCTb o6pa34a; a
1
: - ce~eHlo1e Heynpyroro pacceRHV1R YXH Ha o6pa34e; ai - noeepXHOCTHaR KOH-
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l..l€HTPal..li-1.A np1-1rc1eCHbiX aTOMOB 8 npl-'tnoeepXHOCTHOM CJlOe o6pa31..la 
To.nmHHo~ 100 A; S- nnomaAb o6pa314a. 

n.noTHOCTb noToKa YXH Ha o6pa314e onpe.Qen.Anacb c noMomb~ ,qe
TeKTopa YilbTpaXOJlO.QHbiX H€~TPOHQ8, no.QKI1~4eHHOrO Ha KOHI4€ H€~T
POH080.Qa. na,qeHI-1e nnoTHOCTI-1 YXH e cocy,qe, Bb13BaHHoe pa3MeU\e
HHeM o6pa314a, cocTa8n~no 8 cpe.QHeM -10% 1-1 Y41-1Tbmanocb npH o6-
pa6oTKe pe3YI1bTaTo8. C y4eToM roro, 4To 8 3a3opax Mem,qy nHcra
MH Me.QH ceepHyroro o6pa314a YXH pacnpe,qeneHbl H30TPOnHo, nnor
HOCTb YXH Ha o6pa3~e onpe,qeneHa m1He~HblM npl-16m1)t{€HHeM KaK cpe.Q
Heapi-1$MeTI-14ecKoe 3Ha4eHI-1e nnorHocTH YXH c o6pa3UOM H 6e3 Hero. 

Pac4eTHa.A reoMeTpi-14€CKa~ 3~eKTH8HQCTb cnH npH H3MepeHH.AX 
cpe,qHe~ 3HeprHH HarpeT~x YXH Ha 4He cocra8.n.AeT 85%, a npH H3-
MepeHH.AX C Me,QHblMH o6pa3UaMH - -90%. no.QTBep}I{,QeHJ..1€M CnpaBe.QI1H-
80CTI-1 pac4eTa MOryT CJly)t{J..1Tb 3KCnepHM€HTaJ1bH~e .QaHH~e H3MepeHH.A 
reoMeTpH4€CKOi1 3$$eKTHBHOCTH C nOMOU\b~ nOJ1H3TJ..1!1€Ha Manotlr n.no
uta.Ql-1, H€3Ha4J..1TenbHo 803MYuta~ll\eH pacnpe.QeneHHe nnoTHOCTH YXH 
8HYTDI-1 Tpy6bt, nocKonbKY .Q!l.A nonH3THneHa a

1
e laa -250, TO 8e

DOATHOCTb Harpeea YXH npH y,qape o noni-13THneH - -1. ~3MepHe no
TOK nO,QorpeTbtX HeMTpOHOB OT npoTf~)!(eHHOro KYCKa no!1H3H1J1€Ha 
nnoma.Qb~ 1 , 5 ct·r2 no ecetlr .Q!lt.1He CnH H cpaeHI-18 ero co 3Ha4e-
HJ..1eM nOTOKa no,qorpeTblX HeMTPOH08 OT Taro }!{€ KYC04Ka nOJ1H3THJ1€
Ha 

1 
C8epHyToro 8 H€n!lOTHbli'1 KOMOK 8 t_teHTpe CnH 1 nOI1Y4HJ1H xopo

UJee cornacHe c pac4eTHbtM 3Ha4eHHeM reoMeTpH4eCKoali 3$¢leKTt.18Ho
CT" CnH. 

PacTeopeHHe eo,qopo,qa e MeTannax MO)!(eT npo1-1CXO.Qt.1Tb c o6pa3o
eaHJ..1eM TBeP.Qbtx pacTeopoa 17'. Ecnt-1 He npt.1H.ATb cneLtl-1anbHb1X Mep, 
OCHOBHOe KOJ1H4€CTBO H2 nor.nOU\a€TCR 80 BpeM.A n!la8KH MeTanna 
VI COCTaBJ1.A€T .QI1.A 60J1bUJJ..1HCT8a MeTai1I1Q8 10-2 aT.%. n.n.A BC€X Me
TaJlJlOB, KpOMe Al VI Au , nocne 8bl.Q€P)!(t.1BaHJ..1A HeKoTopoe 8P€MR 
8 Ofib14Hb1X YCI10Bt.1RX Ha 803.QYX€ Ha noeepXHOCTI-1 o6pa3y~TC.A rH.Q
paTHbl€ nneHKH nma /Me x OH/, ca.Qt.1TC.A eo,n,a 1-1 yrneeo,qopo.QHbre 
coeJJHHeHHA. TOilU\1-'tHa OKHCHbtX nneHoK t-ta noeepxHOCTI-1 Cu- MeHbUJe 
15 A 181 . Henocpe.QcTBeHHbtM KOHTaKT Me.Qitl c eo.Qopo.QoM He npHBO.QV1T 
K o6pa3oBaH1-110 rH.QPHAOB M€.QH.'9 • LO • 19/. 

8t-te,QpeHI-1e BOAOPOAa 8 MaTPV1UY MeTanna npHBOAHT K 1-13MeHeHHIO 
¢oHOHHOro cneKTpa. npl-1 HeynpyroM B3aV1MOA€MCT81-11-1 He~TPOHOB C no
eepxHQCTbiO npoHCXO.Ql-1T 06MeH 3HeprV1t.1 M€*AY ¢JOHOHaM1-1 V1 HeMTpoHa
Ml-1 !11'. HenocpeACTBeHHbtt1 pac4eT cneKTpa $OHOHOB KOHKpeTHbiX no
BepXHOCTHblX CTPYKTYP npe,QcTaBJl.AeT co6oM BeCbMa TPYAHYIO 3a.Qa4Y. 
Oo3TOMY nPH nocTpoeHHH MOAeneM npo~..tecco8, npoTeKa~utHX Ha no
eepxHocTI-1 BO BP€MA BbiAeneHHA BOAOPO.Qa H CB.A3aHHb1X C HI-1M H3Me
HeH1-1M ¢lOHOHHOrO cneKTpa, nOI1€3HYIO V1H¢0pMa~HIO MOryT AaTb 1-13Me
peHI-1A cneKTP08 He~TPOHOB, no,qorpeTbtX Ha no8epxHOCT1-1 eeuteCTBa. 
YXH, ltlMeA Ha4a!lbt-t~M t.1Mnynbc, npaKTH4eCKH pa8H~ali Hyn~, 8 pe3yilb
TaTe y.Qapa o noeepxHOCTb eemecTsa t-tarpesaeTCA npel-1My~ecTeeHHO 
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Ha .R,qpax eo,qopo,qa, nepexo.QR a o6naCTb TennoBbiX 3Hepnu::t, npi-1-
4€M cpe,QH.R.R 3Hepri-1.R 3THX H€~TPOHOB CO.Q€P*I-1T I-1H$0pMa~l-1~ 0 xapaKTepe CB.R3€~ aTOMOB BO,QOPO,Qa Ha nosepXHOCTI-1. 

nn.R OTHOCHT€IlbHO~ O~€HKH cpe,QHe~ 3Heprl-11-1 cn€KTPa no,qorpeTbiX YXH Ha nosepxHOCTI-1 pa3HbiX o6paa~o8 8 Ka4eCTBe Kanl-16poaKH HcnonbaoaancR raa 4He. Heynpyroe ce4eHHe 83aHMOAe~cTBH.R YXH C aToMaMH 4He onpe,qen.ReTC.R CKOPOCTb~ aTOMOB 4He H nerKO MO*€T 6b1Tb paCC4HTaHo, K TOMY *e 4He He a,QCOP61-1pyeTC.R Ha nOB€PXHQCTH MeTallll08 1-1 He 3aX8aTbiBaeT H€~TPOHOB. nn.R Kan!-16po8KI-1 I-1CnOilb-30BallC.R 
4

He BbiCOKO~ YI-1CTOTbl /99,99%/. 3Ha4eHI-1€ ,qaBJl€HI-1.R 
4

He p = 50 Topp COOTB€TCTB08allo Ili-1H€~HO~ 4aCTH 3aBHCI-1MOCTI-1 KOni-1-4€CTBa no,qorpeTbiX YXH oT ,qasneHI-l.R 4He /np~-1 6onbWI-1X ,qasneHVITIX renl-l.R ocHOBHafl YaCTb YXH no,qorpesaeTcfl B Ha4allbHO~ YaCTI-1 TPY-6bl y BXO,QHOrO QKHa/, 
Cor nacHO pa6oTe /12/ cneKTP HarpeTbiX H€~TPOHOB Ha O,QHOaTOMHOM raae MaccoH M /sepo.RTHOCTb Taro, 4To YXH npHo6peTaeT 3Hepr\.110 E/ Bb1Pa>Ka€TCTI COOTHOW€HI-1€M 

(M+m) 2 

W = c • exp [- '" .lL.] · dE , /1 I 4Mm kT 
r,qe m- Macca He~TPOHa, E - 3Hepri-1R HarpeTbiX Hei1TPOHOB, T -TeMnepaTypa_raaa, k- KO~CTaHTa 6onb~MaHa. 

3Hepri-1.R E 1-1 CKOPOCTb V HarpeTbiX H€HTPOHOB On\.'ICbiBaiOTCfl ¢opMyno~ 

(W·E·dE 
E=-----

(WdE 

v =v ~- = 2v m 

4Mm 
-....::;;-.,...-. kT, 
(M+m) 2 

yMm 
M+m 

/2/ 

_ nnfl He E = 
V=1760M/C. 

0,64 K. T " V= 0,8VT ,nP" T = 300 K E = 16 M3B, 

lllcnonb3Y.R /1 I ,qn.A pacnpe,qeneHI-l.R HarpeTbiX YXH Ha ra3e MaccoH M, nocne o,qHoro 

- . .!. 
~=J...e T 
dE T 

dN dN - = --'"-
dE v · dV 

1 

T 
• e 

(M+ m) 2 v 2 /31 
4M 2T 

Ha p1-1c. 3 npl-lae,QeHbl pacYeTHbl€ cneKTPbl paaorpeTbiX He~TPOH-08 nocne nepsoro coy,qapeHI-1A c aTOMOM rel1H.R np~-1 TeMnepaTypax 150, 300 " 450 K cornacHo 
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PHc. 3. Pacnpe,I:J;enem-m no cKopocTRt-1 
HarpeTbTX HefiTpOHOB nocne nepBoro 
coyp;apennn: c aToMoM rennff AJIH 
pa3Hh~ TeMnepaTYP rennff. 

Pnc. 4. 3aBHCHMOCTb HHTeHCHBHo

CTH perncTpaunn Hei1:TpoHoB 13F 3 
aT p;aBneJUUJ BF 3 /B aTM./ P,JIH: 
1 - neo6e3raJKennoro Me,o;noro otS
pagua; 2, 3 - o5pa3ua nocne era 
o6egraJKHBaHHH npn TeMnepaTypax 
600 H 800 K COOT~eTCTBeHHo; 4 -
reJIHH npn ,I:J;aBJieHHH 50 Topp 
H TeMnepaType 300 K. 

dN 

y2 
J... e-0,78T 

T 
dV. 

0.1 
3 

2 3 4 
p (aTM) 

/4/ 

rAe NL- 4HCI1o flowMHATa, u 1 - ce4eHHe nornoll\eHHA Hei1rpoHoB 10B 
npH CKOpoCTH Tennoeoro Hei1TPOHa V 

1 
~ 22QQ M/C 1 d - TOI111\HHa 

$HI1bTPa 1 V e&r - 3$$eKTH8Hafl CKOpOCTb HarpeToro Hei1TpoHa, p -
AaeneHHe 1 BF3, P0 - HopManbHoe Aa8neHHe. J.1aMepHB aaeHCHMOCTb 

H3MeHeHHA C4eTa cnH OT AaeneHHfl 8 $HilbTpe /pHc.4, npAMafl 4/, 
HaXOAHM AaBI1eHHe petr 1 npH KOTOPOM C4€T CnH YMeHbwaeTCfl 
8 e paa • 

3KcnepHMeHT ailbHO onpeAeileHa aaeHCHMOCTb Vert I VT ( P err 
/p1-1c. 5/. P.,rr onpeAellflilOCb H3 H3MepeHI-1!':1 N(P) npH T 11 e = 150, 
500 1-1 450 K, a V err - 1-13 pac4era cpeAHei1 cKopocTH Harperoro 

He~TPOHa, paCCI-4\.1TaHHOi:1 Ailfl COOTBeTCTBYIOW.e\:1 TeMnepaTYPbl reilHA. 

B Aai1bHei:1weM AllA Kaill-16poBKH npH onpeAeneHHH cpeAHI-1x CKopocreM 

Hei1TpOHOB 1 HarpeTbiX Ha I-1CCileAY€Mb\X o6pa3ll,aX 1 B 

npM6Jli-1}1(€H\.1H npHHHMaeM AilA Perf = l aTM 3Ha4eHHe 

± 0,03/VT. 

8 

MOHOCKOpOCTHOM 

v.11 = /0,44± 



1.0 
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PHc.S. KanH5poBD4Harr 33BHCH
MOCTb 3¢q)CKTHBHOf! CKOpOCTH Ha
rpeTbiX HetJ:TpOHOB H3 !~em-Hi OT 3¢

tlJeKTHBHoro AaBneHHH BF
3 

• 

Pac4€THoe 3Ha4eH~e TPaHcM~C
Cl-H1 Tr HeYiTpoHos co cneKTpaM\.1, 
V1306pameHHbiMV1 Ha p1-1C,3, 4€P€3 
$11DbTP, 3anonHReMbiLI! BF

3 
, onpe

A€DReTCR ¢opMynoLII 

r v p Tr ~ . - exp (-A - -
T V 

vz 
0,78-

T 
dV. /5/ 

3AeCb A - KOHCTaHTa, 3aBHCR~aR OT reoMeTpt.14eCKOV! 3$¢eKTI18HoCTV1 
cnH, ce4eHI1Fl 3axsaTa s nornonnene BF3· 1-1 cTeHKax. Pe3YilbTaT 
TaKOrQ paC'--!eTa \11306pameH LI€PHblMI1 TQI..!KaMl-1 Ha PL-1C. 6. npl-1 3aAaH
H0\:1 norpeWHOCTH, He npeBOCXOAR~e~ 8% B Ka>KAO~ TQ4K€ \11 nOArOHK\11 
no MHK nP\11 Hcno!lb30BaHHH KPV1TepHR ~~nHpcoHa, nony4eHHaR pac
LleTHaR 3aBV1CHMOCTb Tr(P) Ha ypoBHe AOCTosepHoCTH 90% 1-1 BbiWe 

1.0 

Tr 

0.5 

0.25 

"'' "''" "" "' 0. 0 5 '-----'---'-----.L__--__L----' 

0.5 1.5 3.0 p (aTM) 
P11c.6. 3aBHCHMOCTb Tr -TpaHCMHCCHH HeHTPOHoa, HarpeTblli 
Ha renHH ~epeg ~HrrbTP, OT AaBneHHR BF

3 B ¢HnbTpe. To~
KaMH o6ogHaqeHbi pact.IeTHbJe gHa-qeHHH Tr cor nacHo /5/; 
ilPRMaH nHHHR coOTB€TCTByeT pacqeTHOMY 3H3t.I€HHID Tr co
rnacHo /6/ npH 3a.uam10H rrorpeumoCTH 8% B Ka)I(Aot'r TOG:Ke, 
nyHKTHPOM ITOKa33H KOpH,UOp OlliH60K annpoKCHMaiJ;HH. 
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annPOK01MHpyeTCfl OAHO~ 3KCnoHE!HTO~ C V ""Veff 
Ha pV1c.6/: 

/cnnowHaR llHH\.1R 

Tr " exp (-A 
p 

) . /6/ 

TaKHM oOpa30M, annpoKCHMaLtHA cneKTpa HarpeTbtx He~TPoHoe OAHo~ 
MOHO!lHHHe~ AB!lfleTCA AOBO!lbHO XOPOWHM npH6!1HmeHHeM. 

3. 8 HaCTO.Rll.le~ pa6oTe paCCMOTpeHbl HCCJleAoBaHH.R cneKTPOB Ha

rpeTbtX He~TPOHQB. Ha 3JleKTpononHpOBaHHOi:1 \.1 npOMbtTOi1 AHCH'InJll-1-

poBaHHQ~ BOAO~ Me,QHO~ $OI1brl-1 TOJ1ll.IHHOi:1 60 MKM. nocne H3MepeH\.1fl 

noToKa 1-1 cneKTPa HarpeTbtx YXH npH KOMHaTHOi1 TeMnepaType o6pa-

3eLt 6hrn oTommeH nocneAoeaTenbHO npH TeMnepaType 600 1-1 800 K 
B Te4eH\.1e 10 H 6 4aC08 COOTBeTCTBeHHO. nocne KamAOH CTaAH\.1 

o6e3ramV~eaH\.1.R $onbra-o6pa3eLt oxnamAanacb .QO KOMHaTHOi1 TeMnepa

TYPbt 1.1 np1-1 3Toi1 TeMnepaType I-13Mepflnacb 3aBHCHMOCTb N(P), npe,Q

cTaeneHHaR Ha PI-1C.~, npflMble 1-3. 3Hepr\.11-1 \.1 CKOPOCT\.1 HarpeTbiX 

Hei1TpOH08 npHBe,QeHbt 8 Ta6n. 1. 8 3TOJ.1 me Ta6J1HI.te np\.1Be,QeHbl aHa

I10n14Hble ,QaHHbre ,QJl.R MeAHbtX o6pa3LtOB C pa3J11-14HOi1 XI-1MH4eCKOJ.1 o6-

pa60TKOJ.1 1.1x noeepxHoCT\.1 AO o6e3ra}I(HBaHHR, a TaKme .QaHHhte ,QilR 

o6pa3LtOB 1-13 nonH3T\.1IleHa H r1-1APHAa LtHPKOHVIR. CneKTpbr HarpeThtx 

Hei:1TPOHOB Ha nOI1\.13T\.1JleHe \.1 rH,QpVI,Qe LtHPKOHHR npe,QCTaBJleHbl 

Ha PVIC.]. 

YMeHbweHHe 3Ha4eHHi:1 N(O) 1-1 Verr nocne o6e3ramV~BaHVI.R o6pa3-

t.ta, o4eBI-1AHO, CBRJaHo c .Qecop6t..tHe~ a,Qcop6V~poBaHHbrx ra3oe H eo

AOPo.QoCo.Qepmall.IHX 3arpfl3HeHHH \.1 1 no-BH,Q\.1MOMY, C 04HCTKOi:1 npH
noeepXHOCTHOrO CilOfl, KOHLteHTpat..tHR paCTBopeHHbiX npHMeCei:1 8 KO

TOPOM BbiWe, 4eM B OCT a!lbHOM 06beMe. KoHTpO!lbHhli:1 3Kcnep\.1MeHT 

.QilR onpe.QeneHHfl BKila.Qa np\.1noeepxHOCTHoro cnofl a Harpee noKaJan, 

4TO nocne CTPaBI1HBaH\.1.R 8 a30THOi1 KHCJlOTe TOilll.IHHOH 5 MKM N(Q) 
\.1 V eff CTaHOB.RTCA O,QHHaKOBbiM\.1 CO 3Ha4eH\.-1flMH 3T\.1X napaMeTpOB, 

' • 
z 

025 L_ _ __jL__ __ , __ _, _ _, 

1.5 30 Plclm I 

z 

nony4eHHbiX Ha o6paJt..te nocne oT

}I(Hra era npH reMnepaType 600 K. 
Bo epeMR o5eJramHBaH\.1R nPH 

3aKpbiTOr/s OTKa4Ke 6hii1H H3MepeHbl 

3aBHCHMOCT\.1 ra308bi,QeJ1eHH.R 1--13 Me,Q

HblX o6pa3LtOB c 3JleKTpononHpoeaH

HoH H C npoTpaeJ1eHHoi:1 B a30THOi:1 

KHCJlOTe noeepXHOCT.RM\.1 /p\.1C.8/. 

PHc..7. 3aBHCHMOCTb noToKa Harpe
TbtX Heti:TpOHOB Ha llOnH3THJteHe /1/ 
H rH,UpJiAe UHpKOHHH /2/ OT AaBne
liHH BF

3 
B ¢HnbTpe. 
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0.5 2 

2 t I ~I 

PHC. 8. ra30Bbl,[I,€JieHHe H3 M€,D;HblX o5-
Pd3~0B c 3JieKTpononHpoBaHHoH /1/ 
H npoTpaBJT€HliO:H: B d30THOH KHCJlOTe 
/2/ TIOB€PXHOCTRMH /cTp€JIKdMH yKd3d
Hbl MOMeHThJ TI0Bbilll€HHH Hanp.l'DK€HHH 

Ha HarpeBa Terre I. 1 - ,JJ;JJH T -= 800 K, 
2 - nnH T = 550 K. 

113 pl-1CYHKa BI-1,QHO, l.lTO ra30Bbt,qeneHlt1e 
pacTeT C nOBbiWeHI-1€M T€MnepaTypbl 
11 npaKT114eCKlt1 npeKpa~aeTCR 4epe3 

2 1..1aca nPI-1 ¢lV1KCY1posaHHoYi T€MnepaType, a ra30Bbt,QelleHI-1e 113 oG
paa~a, nPoTpasneHHoro B aaoTHo~ Kl-1C1loTe, e 2 paaa M€Hbwe, l.leM 
l-13 31l€KTPOnonl-1POBaHHOro. 

06pageu; 

He.o;HaH 
¢onbra, 
TOJIIli;HHd 

6Q MKM 

-"-
-"-
Mep;Hafl 
¢lonbra, 
TOJIIIJ;HHa 

60 MKM 

-"-
MegHaH 
tllonhra, 
TOJTlll;HHa 

50 MKM 

-"-

Crroco6 o6pa6oTKH TeMrreparypa 
noBepxHocTH o5e3raJKH-
.o;o o6egrmKHBaHHH BaHHH, K 

-"-

-"-

-"-
3JI€KTPOTIO

JIHpOBaHHe 

-"-
ITpOMbillKa CTIHPTOM 

JlpOMhillKa CTIHpTOM 

600 

800 

800 

800 

11 

Ta6JJU1-(a 1 

23 ±I ,5 0,96 ± 0,06 

12,7±1 0,71±0,05 

8,7±0,7 0,59 ± 0,05 

14,8±1 0' 77 ± 0,06 

9,0±0, 7 0,60 ±0,05 

17 ,3±1 ,2 0,83 ± 0,06 

9,6±0,8 0,62 ±Q,-05 

14,8±1 

39,0±3 

o, 77 ± 0,05 

I ,25 ±0,09 
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PHc.9. TeMnepaTypnaR 3<JHHCHHOC.Tb 
noTOKa H8.rpeTbiX ne(JTPOIIOB OT 

o6e3rmKelliiOH Me.D;HOti nosepXHOCTH. 

Ha p~c.9 npeAcraeneHa TeMne
paTypHaA 338~C~MQCTb nOTOKa Ha
rpeT~X H€~TPOHOB AilR o6e3rameH
HOM MeA" /np" T = 800 K, 6 Y/. 
non~TKa 33MeTH~M o6pa30M 3arpn3-
H~Tb o6e3rameHHyro nosepxHoCTb 

MeAHOro o6pa3~a BOAOPOAOM He YAanacb: np~ T = 800 K 8 re~eHHe 
8 ~ 8 Tpy6e c o6pa3~0M HaXOAHncn BOAOPOA npH P = 300 Topp, 
nocne oxnamAeH~R Tpy6bt Ao T = 300 K oH 6btn oTKa~eH; np~ T = 
= 300 K TPY6a 3anonHnnacb napaMH H2 0, 3THnoeoro cn~pra e Te~e
HHe 1 ~aca. nocne orKa~KH ~ npoM~BKH 4He eo ecex cny~anx He 6~
no 3aMe~eHo H3MeHeHHn noToKa HarpeTbtx He~rpoHoB or o6pa3~a. OA
HaKo np~ KoHTaKTe o6e3rameHHoro o6pa3~a c aTMoc¢ePHoi1 e Te~e
H~e HeCKonbKHx Mecn~ee 6htna 3aMe~eHa ~acTI-lllHan noTepn 3¢¢eKra 
o6e3ra}f(HBaH~R 

0 
~TO 1 BepORTHO 1 8bl3BaHO XHMI-1ll€CKt.1MI-1 npo~eCCaMlt1 

Ha noeepxHocn1. 
BKfiaA nOTOKa HarpeTbiX Hei1TpOHOB Ha CTeHKaX MeAHOi1 TPYfibl 

cocraenneT /0,37 ± 0,043/ c~l or Heo6e3rameHHoi1 1-1 /0,18 ± 
± 0,023/ c-1 - oT o6e3rameHHoi1 TPY6hl 1-1 He Bbtlllt1TancR 1-13 o614ero 
nOT OK a HarpeTbtX Hei1TPOHOB np\.1 lt13MepeHHlt1 p err AfiR MeA~, noCKOfib
KY KPYTlt13Ha HaKfiOHa rpa¢HKa V eH ( p err ) He 3aBHClt1T OT reoMeT
Plt1ll€CKOro ¢aKToPa, KOTOPbl~ HMeeT P33filt1LlHbte 3Ha~eHHR AfiR rpy6bf 
H o6pa3f..la. 

8 ~3MePeHHRX KanM6poeo~Horo Perr or 4He H Verr AfiR ( CH2 )n 
H ZrHl,S nOTOK HarpeTbiX Hei:1TPOH08 OT TPY6bt BblllHTanCR \.13 0611\e
ro noroKa Harperbrx Hei1TPOHOB. 

4. Bee pe3yfibTaT~ no xpaHeHHro YXH CBHAerenbcTBYroT o npH-
CYTCTBHI-1 BOAOPOAHhiX ~ITOMOB B npV1nOB€PXHOCTHOM cnoe CTeHOK CO
CYAOB /TOilL4HHoi1 100 A/ c KOH~eHTPa~Hei1 3THX aTOMoB 
I 1-3/x 1 0 16 CM - 2112·1 3 ~ Bnocnegcre~H 3TO 6blfiO nOATBepmgeHO H 3KC
neplt1MeHT3MJ.-1 C HCnOilb 30BaHV1€M pe30H3HCHblX peaK~Vli:f 14 N ( p 1 ay) c12 , 11B (p, 2a)a H paCC€RHHR 4 He Ha RAP ax BOAOPOAa/1 4 • 151 • 

8 HaCTOR\1\€\1 pa6ore no I-13MepeHH10 KOfit.1~eCTBa HarpeTbiX Hei:fTPO
HOB H t.1X CP€AH€H 3HeprHH onpeAeileHa KOH~eHTpaf..lHR npHnoBepxHOCT
Horo BOAOPOAa Ha Heo6e3rameHHoi1 H o6e3rameHHoH /npJ.1 T = 600, 
800 K/ noeepxHOCTH M€AHoH ¢onbrt.1. YXH, pacceHeaRCb Ha CI-1CTeMax 
cBH3aHH~X aroMOB, yeen~~~ea~T ceo~ 3HeprHm 3a c~er Tennoeoro 
ABHmeHHR 3T~x aroMoB, no3TOMY raKoe B3ai-1MoAeHcreHe AnR YXH RB
nReTCR Heynpyr~M H nPHBOAVlT K norepnM YXH B nosxwKax. nnR M€AH 
BKnaA Heynpyroro pacceRHI-1R I cr Cu = /0,2 ± 0 , 16/ 161 I Ha gsa ie 
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nop~AK€ MeHbW€
1 ~eM HarpeB Ha BOAOPOAOCo,qep*a~HX 3arp~3H€HH~X 

1-1 COCTaBil~eT npeHe6pe*I-1MYIO AOiliO 8 06~eM nOTQK€ Harp€TbiX OT nO
sepXHOCTH MeA~ YXH. 

Ko3¢¢1-1U.H€HT noTepb 17ie ,qn~ YXH, HarpeTbiX Ha nosepxHOCTI-1 
MeAHOro o6paau.a /npe,qnonaraeTc~, ~To YXH HarpeBaiQTC~ Ha BOAO
POAHO~ nplo1M€CH B npHnoeepXHOCTHOM cnoe/ 1 OnP€A€Il~€TC~ B€IlH~HHO~ '12,1!7:': 

17 
ie 

C·u 
inc 

Eerr 
T 

- 1 ) 

r,qe uinc - ce4eHI-1e HeKorepeHTHoro pacce~HI-1~, werr - l..!aCTOTa 
KOne6aHI-1~ nP~~tMeCI-1 BOAOPOAa 8 P€W€TK€ MeTanna COOTB€TCTBYIO~e~ 
E eff , b c - Ail~~tHa KorepeHTHoro paCC€f!HI-1~ Ailfl M€A1-1, C - KOHU,€HT
paU,It1fl BOAOPOAHO~ np~~tMec~~t. Anfl y,qo6CTBa cpasHeHHfl c H3B€CTH~MH 
3Ha~eHI-1.f!MI-1 ce~eHI-1~ BCe Benl-11-lHHbl np~~teeAeHbl K CTaHAaPTHO~ Ten-

JlOBOfi T04Ke K = .1.!!.. rAe ' 1 8 Q n 
2 " rAe " T ,\ ' 1\T ' A. ·rie -;-,..ie' ,..ie-

YCP€AH€HHbl~ no MaKC~€IlllOBCKOMY cneKTPY CKOPOCT€~ K03¢$1-1U,H€HT 
noTepb YXH Ha Harpee. 3Kcnep~~tMeHTallbHO Haxo,qHTC~ J!ie =n ie:lnYXH 
3,qecb nie - noTOK HarpeTbiX He~TPOHOB OT o6paau.a, a nYXH- no
TOK YXH Ha 3TOT o6pa3e~. 

8 nPeAnOilO*eH~~tl-1, l-ITO aTOMbl BOAOPOAa HSXO,qRTC~ B CB~3aHHOM 
COCTOf!Hio1H /a inc = 80 6/, H3M€PYIB K03$¢li-1U,I-1€HT nOT€Pb ·71ie H cpe,q
HI-1€ 3HeprH~~t HarpeTbiX YXH, no11y1-1aeM lt13 npHBe,qeHHo~ BbiW€ 3aB~~tCI-1-
MOCT~~t 7Jie (C,E 6 rr) 3Ha4€Hio1~ AI1R KOHU,€HTpaU,I-1H aTOMOB BOAOPOAa 
Ha noeepxHOCTH o6pa3u,a, CM. Ta6n.2. 

Ta6Jlut;a 2 

05pa3e~ ~· . Io-4 ,. Eerr • M3B c' aT.% 

Heo5e3raJKeHHbi:H: 5,8±0,8 23 ± I ,5 32 ± 4,0 
Q5e3raJKeHHbiH 
ITPH 600 K 1 '3:!: 0,2 12,7±1,0 4,3±0,7 
05e3raJKeHHblH: 
ITPH 800 K 0,6±0,1 8,7±0,7 1,6±0,3 

KaK e~~t,qHo Yl3 Ta6n~~tu,bt, nocne o6e3ra)I(HBaH~~tA np~~t T = Boo K 
Ha nOB€PXHOCTH M€AHOrO 06pa3U,a OCTa€TCA KOHU,€HTpaU,HR aTOMOB 80-
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AOPO.Qa, Ha .Qea nop~.QKe npee~wa~~a~ cpe.QH~~ o6oeMHY~ KOH~eHT
pa~~~ aTOMOB BOAOPO.Qa lQ-2 ar.% !1!. HecMOTP~ Ha TO, YTO noTOK 
Harper~x He~rpoHoB nocne o6e3ram~eaH~~ np~ T = BOO K H3M€H~IlCA 
B 4 ,2 pa3a, nPRMbJe H3MepeHH~ .QereKropoM YXH noKa3biBaiOT, 4TO 
nnorHoCTb noroKa Ha o6pa3~e eo3pacraer e 2 pa3a. 

PaCTBopeH~e BO.QOPOAa B peweTKe MeA~ He npHBOAHT K o6pa3oBa
H~IO rHAPH.Qoe, no3TOMY Ail~ .QeMOHcrpa~~H yyecre~renbHocTH Hawe
ro cnoco6a I-13MepeH~~ Eerr Ha PHC. 7 noKa3aHa 3aeHCHMocTb N ( P) 
An~ r~APH.Qa l\HPKOHH~, Ail~ KOTOPOrO 4€TKO BblpameHbl BbiCOK03Hep
reTH4Hble Y.aCTOTbl ¢oHOHHOrO CneKTpa BO.QOpO.Qa /24.' , npHBO.QA!ll~e 
K Eerr = 39,0 ± 3 M3B. /Pac'-leTHoe E

6
rr·= 35,3 M38/. Ha 3TOM me 

PHCYHKe npe.QcraeneHa 3ae~c~MoCTb N(P)An~ non~3THileHa. 3ra 3a
BHCHMOCTb .QOBOilbHO XOPOWO OnHCbiBaeTCA Il~HetirHbiM 3aKOHOM N(P), 
4TO 06bACHAeTCA cpaBHt.1T€IlbHO ManbJM pa36pOCOM CKOPOCT€~ Harpe
TbiX He~rpoHoe Ha i:poHoHax nom13THneHa, ,llnA nom13HtneHa E 6 rr = 
= 14,8 ± 1 M38, a npHB€.Q€HHOe e 111 pacYeTHOe 3HaYeHH€ 3TO~ Be
Ilt.14HHbl COCTaBJ1A€T 13 M38. 

06CYmaEHHE PE3YnbTATOB 

Ha6niO.QaeMoe B 3THX 3KcnePHMeHrax cMAr4eHHe cneKrpa no.Qorpe
Thlx Hei:=JTpOHOB MOH<HO 06bACHt.1Tb, HCn011b3Yl=l cne,QyiO~YIO MO,Qellb .QH
HSMHKH Bbi.Q€Il€Ht.1A aTOMOB BO.QOPO.Qa t-13 np~noeepxHOCTHOro CilOJ=I 
eo epeM!=I Harpeea: 

1. npH MeXaHH'-leCKOtir, 3IleKTPOXt.1M~4eCKOH o6pa60TKe t.1 04t.1CTKe 
noBepXHOCH1 opraHH4eCK~M\t1 paCTBOPitfTeilJ=IM~ npHnoeepxHOCTHbiH CilOtir 
3arpR3HAeTCJ=I BO.QOpo.QOCOAepma~HM\.1 XHMH4€CK~MH coe,QHHeHHl=IMH T~na 
Me x OH ,BOAO~ t.1 yrneBo.Qopo.QaM~ .bonbwaA 4acTb noroKa HarpeTbJX 
HeHTpOHOB /75%/ H meCTKOCTb era CneKTpa /23 M38/ onpe,QeilRIOTCJ=I 
3T~M\t1 Xt.1MH4€CKHMH COe.QHHeHHAMH. npo4HOCTb Y.Qepm~1BaHHJ=I HX He
Beil~Ka, H OHH ynery4HBaiOTC!=I npH Harpeee .QO T = 600 K, 4TO eM
pamaeTCR 8 CMl=lr4eHHt.1 cneKTPa /13 M38/ \.1 8 YM€HbW€HHH noTOKa 
HarpeTbiX HeHTpOHOB /eM. pHC.4/. 

2. BepxHHiir npe.Qen CHilbl CB!=I3H ¢H3H4ecKoi1 a.QCOP5~..tHH -
60 K.Q>~<. Man. -l . T aK~e a.Qcop5HpoeaHHbJe ee~ecrea 5YAYT .Qecop6H
poeaTbCA c noeepxHocnt np~ T - 200 K 118 • Cne.QoearenbHO, ocrae
w~ec!=l BO.Qopo.QHMe aroMbl nocne o6e3ra>~<~BaHI-1J=I /nPH T = 600 K/, 
eepo!=ITHO, X€MOCOp61-1POBaHbl, 4TQ nO.QTBep)f(,QaeTCA B pe3yflh TaTe J.13-
MepeHHA ra30BM.QeneHHR /pHc.8/, a TaKme noroKa H cneKTPa Harpe
TblX Hee1rpoHoB /ra6n.1/ nocne crpaenHeaH!.1A e HN0 3 noeepxHocr
Horo CilOA TOil~I--IHOH 5 MKM. nonyyeHHble 3Ha4eHHR noToKa H Ee(f 
HarpeTbiX HetirrpoHoe nocne rpaeneHHR Heo6e3rameHHoro o5pa3~..ta coa
na.Qa~T c cooreercrey~~HMH 3Ha4eHHAMH AilA o6e3rameHHoro /npH T= 
=600 K/ o6pa3ua. 
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E 

E, 

MemaM 

B3f!Tbl~ L-13/l 9 ', C.259/, 
aTOMbl ao,qopo,Qa. Wlt1Pl-1Ha 

X 

PHC, J 0. ,L{HarpaMMbl IIOTeHIJ,HanhHOH 

3HeprHH aToMa H Ha noeepxHOCTH 
MeT anna. 

3. OcTaswltl~cr~ /-5% aT./ so,qo
po,q e npwnosepxHoCTHOM cnoe 1.1 ero 
,qanb He~ wee Bbr,qeneHVIe np~t~ TeMnepa
rypax o6e3ra>t<I-1BaHit1FI /csbrwe 600 K/ 
Onpe,qenfleTCfl y,qep>t<HBBHitleM aTOMOB 
BO,QOPO,Qa B CTPYKTYPHbiX HeO,QHOpO,Q
HOCTFIX MaTepltlana /BaKaHCL-11.1 lt1 lt1X 
KOMnileKCbl, ,QIIICJloKa~lt1J.1, MVIKPOTpe
ll!V1Hbl/ 1-1 T .,q., npe,qcTaBJlfiJOLl.IIIIX co-
6oi-1 noTeHU,It1ailbHble RMbl /eM, PVIC, 1 0, 

ynaBillt1BaJOL1!1-1e A1t1¢¢YHA1t1PYJOL1!1t1e 1.13 06beMa 
flMbl COQTBeTCTByeT PB3MepaM 3TI-1X CTpyK-

TYPHbiX Heo,qHopo,qHOCTei-1 lt1 onpe,qeJlfleT Clo1CTeMy 3HepreH14eCKVIX 
YPOBHei-1 KOne6aHit1i-1 HaXO,Qflll!ltlXCfl B Hlt1X aTOMOB BO,QOPO,Qq. npltl ,qailb
HeiiiweM noBbrweHl-11-1 Tet-mepaTYPbl o6e3ram~t~eaHit1.R /T > 600 K/ aTOMbl 
BOAOPOAa 3aHHMa~T Bee 6onee Hlt13KOJ1ema~He YPOBHI-1 (E

2
) B 3THX 

.AMax, a 3HeprH.A Aera3al.lvtvt (E 1) /BbiCOTa noTeH\..11-lanbHOro 6apbepa/ 
ysenl-141-lBaeTC.R c YM€HbWeHit1eM 3HePrl-1vt ypoBH.A, 

TaKit1M o6Pa30M, MO}I(eT 6b1Tb o6c.AeHeHo Ha6J110AaeMoe eM.Ar4eHI-1e 
cneKTPa HarpeTbiX He~TPOHOB, a see ysenl-141t1BaiOLl.la.AeR no Mepe 
o6e3ra}l(lt1BaHI-1FI TPYAHOeTb BbiXOAa aTOMOB BOAOPO,Qa 1-13 .AMbl onpe,Qe
n.AeT epaBHI-1T€IlbHO 60JlbWYIO OCTaBWYIOC.R KOH\..I€HTpa\..IHIO aTOMOB BO,QO
POAa nocne o6e3ramlt1saHit1.R npH T = 800 K. 

Hey,Qa4HaR nonbiTKa 3arp.A3H1Hb noeepxHOCTb o6e3rameHHoro 
/npH T = Sao K/ o6pa3l.la BOAOPOAOCO.Qepmall.II-1Mit1 sell.lecTsaMI-1 o6cRc
HReTCR 60J1bWit1M 3Ha4eHH€M 3Heprlt1H aKTit1Ba\..llt11t1 paeTBopeHHFI (E 3) 
BOAOPO,Qa B M€,Qit1. 

CMRr4eHit1e eneKTPa HarpeTbJX H€~1TPOHOB nocne o6e3ra}l(lt1BaHit1.A 
TaK*e MO}I(HO o6c.AeHit1Tb HarpesoM YXH Ha aToMax eo,Qopo.Qa, KoTo
pble }l(eeTKO eB.A3aHb1 e aTOMaMit1 Me,QI-1 lt1 KOI1€6J110Te.A cornaeHO 4aCT
HOMY cneKTPY M€Ait1 1201 . Pac4eT 3Hepn11-1 HarpeTbiX He~TPOHOB .Qil.A 
3Toro cny4a.A ,QaeT 3Ha4eHJ.1e Eerr = 14,5 M3B*. 

JlJ.1H€i1HOCTb 3aBHCI-1MOCTJ.1 nOTOKa HarpeTbiX He~TPOHOB OT T€Mne
paTYPbl o6e3ra}l(eHHOro o6pa3qa /eM. plt1c.9/ no.QTBep}I(,QaeT nplo1M€HH-

*Pact~eT Eerr 
HaTOBHl.IeM. 

,!J;JIH Cu, a TaKJKe ,r::vm ZrH 
6 

rrpOH3BeAeH B.K.I1r-
1, 
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MOCTb MO,Q€JH1 C8fl3aHHoro BOAOPOAa Afifl t.1CCfie,QyeMbiX HaMH o6pa3L\OB 
M€,Qt.1 • .Qnfl CB060.QHOI·o 80AOPO.Qa Ha noeepxHOCTI-1 3aBHCt.1MOCTb nOTO
Ka HarpeTbtx Hd·1TPoHoe 6brna 6br ~ v 1 T . 

BbiBOI\bl 

1. Pe3YilbTaT 3TOi-1 pa6oTbt noKa3bteaeT, llTo .Qa»<e nocne TepMI-1-
LJecKoro o6e3ramt.1BaHt.1~ MeAHO~ nosepxHOCTI-1 Ha He~ HaxoAt.1TCfl ro
pa3.QO 60fibWC aT(;MOB BO,i~Opu.Qa /~2 a-r. %/, I..! eM 3TO OTBellaeT o6blll
HOMY o6beMHOMY pacnpe.QeneHI-110 BO.QO!-•OA2 e MPTannax l-2x 10 - 2aT. %1. 
TaKafl KOHL.l'~HTPal..lt.1fl arow:'B BC:AOPO.Qa s6n1-131-1 noeepxHocn.1, sepoRT
HO, BM3BaHa C8fl3bl0 BOAOPO,Qa CO BCeB03MO»<HMMH KpHCTa!l!lM4eCKt.1Mt.1 
.Qe¢leKTaMH I .QJ.1c!loKal..lt.1t.1, Mt.1KPOTpelJ.IvtHbr, 6m1CTePHbt t.1 T. A. I ,noKant.1-
3YIOil\1-1Mt.1Cfl 8 ropa3AO 60!1bWe~ CTeneHI-1 y no8epXHOCTt.1 MeTanna.3TO 
KOI1t.1Ll€CTBO BO.QOpoAa 8 npt.1nOB€pXHOCTHOM cnoe t.1 06bflCHReT Cl..lt.1-
TaBW€€Cfl paHee 11aHoManbHo 11 ManbtM epeMfl xpaHeHt.1fl YXH e cocyAax 
1-13 TBep.Qblx Be111ecTB. Ha 3To YKa3breaeT t.1 TO, llTo s cocy.Qax c )l(t.-l.Q
KHMI-1 CT€HKaMJ.1 \.13 6e3BO,Qopo.QHOrO ~acna, 8 KOTOPOM OTCYTCTBYIOT 
xapaKTepHble .QfiA TBep.Qoro Tena noeepxHoCTHbre .Qec!JeKTbl, npwno
sepxHoCTHafl KOHL\eHTpa~\.1fl BO.QOPO.QOCO.Qep»<alJ.It.1X 3arpfl3HeHH~ Bcero 
e -1 ,5 pa3a npeebrwaeT o6beMHy10 /21/ . 

2. rio Mepe TepMt.14ecKoro o6e3rawJ.1eaHHfl MeAHo~ noeepxHocTI-1 
Ha6JIIO,QOeTCfl CMArl..leHHe cneKTpa HarpeTbiX He~TPOHOB loT 23 
AO 9 M3BI, 4TO, eepQflTH0

1 
CBA3aHO C ,Qecop6~t.1e~ COe,QHHeHH~ 80-

AOPO,Qa, o6naAa10til,t.1X ::o!lbWt.1HJ.1 4ClCTOTaMt.1 KO!le6aHHfl B HHX aTOMOB 
Bo.Qopo.Qa no cpaaHet-H110 c t.JacToTaMH BOAOPO.Qa, ocTaJOillerocfl nocne 
o6e3rawt.1eaHt.1fl. 

3. 3 HaCTOflllleH pa6oTe no.QTBepm.QeH pe3ynbTaT, nony4eHHbrH 
8 111 , 4TO Ha noeepxHocTI-1 Ollt.1lJ.I€HHoi:1 AO 11- 3,7x10- 4 M€AJ.1 Eerr 
COCTaB!lR€T 10 M3B. 3TOT pe3y!lbTaT HaXO.QH!lCfl B npOTH80p€4t.1t.1 
CO cne,QyiOIJ.Ier:l pa6oTOH /2/ , B KOTOpoi1 cn:..oKTp Har penrx Hei:1TPOHOB 
no Mepe o6e3rawt.1BaHHfl nosepxHOCTH 1·1e,QJ.1 cTaHOBHilCR see 6onee 
weCTKt.1M, a 3Ha4eHHe Eerr AOCTt.1rano 60 M:JB. HaM vameTcn, ~To 
B03MO»<Hb1Mt.1 owt.16KaMH B pa6oTe 121 .RBilAIOTC.R: 1 I H€AOCTaTC'4H<::fl 
cTan1CTH4ecKafl T04HOCTb onpe,QeneHI-1R E 8 rr Is HaweH pa6oTe npl-1 
TaKoH we, KaK H 8 121 , nnoTHOCTH YXH 3¢¢eKTJ.1BHOCTb perHcTpa~t.1t.1 
HarpeTbiX Hei1TpOHOB 8 50 pa3 BbiWel; 2/ HeKoHTPOilt.1pyeMOCTb 4\.1-
CTOTbl 3fie s nornoTJ.1Tene 18 HaweM cnyllae Ka~eCTBO MCnoJ1b3yeMo
ro nornoTt.1Tenfl - ra3a 10BF

3 
a8ToMaTH4eCKH npo8ep.Rnocb 8 Ka*

AOi:t cepJ.1H t.13MepeHHi1 noJ1HbiM SbiMopamH8aHHeM 3Toro ra3a B nosyw
Ke AO p < 1 o-3 Topp npl-1 T = 80 Kl; 31 HCno!lb30BaHHe ,QJlfl KanH6-
POBKH Eerr nonH3THneHa t.1 JlJ.1TepaTypHb1X ,QaHHblx no era 4aCTOTHO
MY cneKTPY MOrYT BW38aTb CJ.1CTeMaTt.14eCKYIO OWH6Ky, 8W38aHHY~ 
€CT€CT8eHHbiM pa36POCOM 8 TeXHO!lOrl-1t.1 t.13rOTOB!leHt.1.R KOHKpeTHoro 
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o6paa~a /~<~cnonb3Y€Mbl~ e Hawei:1 pa6oTe MeTOA Kanl-16poeKI-1 Eerr 
no Harpeey YXH Ha aTOMax 4He pacC41-1TbiBaeTCfl AOCTaT04HO npocTo 
11 nOAT8€PH<AaeTCfl XOPOWJ.1M cornaci-1€M YI3MepeHHbiX 3Ha4eHI1~ Eeff 
c pac4eTHbiMI-1 Allfl (CH 2\ 11 ZrH1,6 /. 

4. AeTa11bHoe 113MepeHllle cneKTPOB HarpeTbiX YXH, nOBbiW€Hllle 
T04HOCTII1 J.13MepeHI-1A KOH4eHTpa41-11-1 BOAOPOAa Ill ero pacnpeAeJ1€Hll!e 
no rny6li!H€ MQH<eT 6~Tb AOCTI-1rHyTO Ha CY~eCTBY~~I-1X 6onee I-1HTeH
CVIBHbiX /Ha 3.-:-4 nOPRAKa/ li1CT04HVIKax YXH ·' 22 • 23 /. 

Aarop~ 6naroAaPH~ B.K.HrHaToBH4Y aa pac4eT~ 1-1 liiHTepec 
K 3To~ pa6ore, B.H.Mopoaoay, H.M.nnaKIIIAe 111 ~.H.noKOTVIllOBCKOMY 
a a o6CY>«AeHit1A. 
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