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K aacTollmeMy BpeMeHll ~axonneH 06w11p1Ibill axcnep11Me11TanbHblll MaTepHan 

O npoueccax o6pa3oBaHHll Ill!OHOB B coyJlapeHHSIX 11·y_KnOHOB C HyKnOHSMll II C llllPSMH. 

Bonbllll!IICTBO pa6oT B STOil: o6nacTll IlOCBllU18IIO H3y'leHIIIO o6pa30B8Hllll Ill!OHOB B 

CTOnKH0B8HllllX npOT()HOB C npoToHaMII II !l)lpaMll. nn11 SHeprHil: OT nopora Jl0 700 M 3B 

o6cTOllTenbHO ll3y'leHo p0)l{JleH11e 11° -Me30HOB II ,,+ -Me3ClHOB B (p-p) -coyJlapeH11-

nx. Meaee nonHO ll3Y'l8H0 o6pa30B8Hl!e aapll)l{eHHbIX Ill!OHOB B coyJlapeHl!SIX npo

T0H0B C !!JlpaMII. PeaynbTaTbl 3Jlecb nony'leHbl B 0CH0BH0M- B orpaHH'leHH0M · HHTep

·5a1Ie yrnoB, '!TO 3aTpyJlH!l8T nonHblil: aaan113 xapaKTepl!CTl!K oopa30BaHl!ll IIIIOHOB 

Ha cnolKHbIX !!Jlpax. 

Ha11MeHee ll3y~el!Hb!MII K M0MeHTy Ha'!ana Oill!CbIBaeMblX B Jll!CcepTBUl!ll 0ilbITOB 

11Bn11n11cb npouecchI reHepau1111 aapnlKeHHhIX m10H0B B ( n - p ) -coy1lapea11llx: 

n + p ➔ ,,+ + n + n· ( l) 

n+p ➔ rr+p+p ( 2) 

TpyJlHOCTH uccneaoBaHH!I peaxi!11il: ( l) H ( 2) CB!l38Hbl C 0TH0CHTenbH0 ManbIMH 

ceqeHl!llMH STHX npoueCC0B H 11e6onbWHMll HHTeHCIIBH0CTllMH tteil:TpOHHblX Ily'IKOB, 

HMelOUIIIX w11poxoe sHepreT11'1ecxoe pacnpeJlene1111e. 

3xcncpuMeHTbl no o6pa30B8HHIO aapSilKeHHbIX IIH0HOB IIpll B38l!MO)leli:cTBIIHll 

11eli:Tp0II0B C lIJlpaMI! npaKTH'leCKII 11e npoB0JlllnHCbo BMecTe C TeM C T0'IKII 3pe!IUSI 

aaplIJlOB0li: Cl!MMeTpHH IlO)l06HbJe 0ilblTbl He lIBnlIIOTClI npoCTblM Il0BTope11ueM anano

I"H'lllblX OilblT0B C npoT0HaMn, ·a Il03B0nSIIOT nony'!l!Tb H0BYIO 11mjiopMaUl!IO 0 npouec

cax, CB!l38HHblX C p0)l{fleHl!eM ITII0IIOB Ha !l)lpax. 
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Om1ea1rnoe nono)Kem10 no6ymmo Hae aaqaTb B 1958 r. neTanbH0e 11eeneit0Baa11e 

npoueeeoB o6pasoBaHIISI OIIOH0B npu B3allM0Jl8il:eTBHH aeil:TpOHOB C npoTOHaMH H 
. ~ 

en0)KHblMII SIJlp8Mll e II0M0mb10 MHoroKaHanbHoro ii.iarHHTHoro eneKTp0M8Tpa .. Ha H8il:T-

poHH0M ny'!Ke c11axpou11Kn0Tpoaa OHHH e acliclieKTHBHOll aHepr11ell• 600 Maa. 

Henonb30BaHHaSI HaMn M8T0Jll!Ka II03Bon11na B yen0BHSIX 0JlHoro 0ilhlTa nony'IHTb. 

nonpo6ay10 . nHcliopMaUHIO 06 oeH0BHblX xapaKTepHeTHKax J)O)KJl8HHSI IIIIOH0B B eoynape

HIISIX H8il:Tp0H0B e. I!p0T0HaM11 H srnpaMH. 

3Tn HecnenoBaHHSI eoeTaBnSIJOT eonep)K~HHe nneeepTauHH. OeaoBHbie ee pesynb-
/ 1-5/ . 

T8Tbl ony6nHKOB8Hbl B pa6oTax • 

HecMoTpSI Ha 6onblll08 K0nH'!eeTB0 9KCI18pHM8HTanbHblX_ JlaHHblX, Jl0 CHX nop 

He eymeeTByeT o6mero II0JlX0Jla K 0I!HeaHHIO npoueeeoB p0)KJl8HHSI IIH0H0B B HyK-

noH-HYKn0HHblX eoynapeHl!lIX e T0'IKH 3p8HHSI TeopHH nom1. Attanns naHHblX no 06-

pasoaaHHIO IIH0H0B I!p0ll3B0JlHTeSI B oeHoBII0M C II0M0mbJO clieHoMeHonoruqeeKHX Te

opHil:. Tio Mepe HaKonnemlll 9KenepHM811TanbHblX naHHblX H C yBenH'l8HH8M aHeprHH 

B3aHMO)leil:eTBYKlmHx HYKn0H0B 6binO pasBHT0 HeeK0nbKO TaKHX M0Jleneil: npoueccoB 

0JlHH0'IH0ro o6pa30Ba!IHSI IIH0II0B JlnH pasnH'!HhlX JlHalla30II0B 9HeprHil: 11aneTa10mHx 

IIYKn0II0Bo 

B BBOJlHOil: rnaBe Ilp0H3B0JlHTCSI o6sop OCH0BHblX TeopeTH'leCKHX Monenen. 

EonblIIHHeTBO 9KCnepHMeHTanbHblX naHHblX, nony'!eHHblX a6nH3H nopora Meso

Hoo6pasoBaHHSI, yenemao 061,HeHttna Teop1rn, pa3BHTaSI B pa6oTax renn-Maaaa H BaT-
/6/ /7/ · 

C0Ha H PoaeaclienbJla • ilnH 9Heprllil: .. 1 TaB n Bblllle naHHbJe MH0rllX 9Kene-

pnMeHT0B ynaeTCSI X0P0III0 on11eaTb e II0M0mblO '11so6apHoll M0Jlen11 n11aneH6ayMa II 
18/ N 19/ 

llITepaxail:Mepa II Monen11 o6MeHa 0JlHIIM IIHOHOM' • flpn, SHeprllHX Ha'IIIHaSI 

c 500 MsB n BnnoTb no 1 fsB Ha116onee nonaoe n TO'IHOe onncaaue npoueccoB 
/10/ 

p0)KJleHIISI IIII0H0B naeT pe3oHaHCHaSI TeopllSI MaanenblllTaMa • B 9TOil: o6naeTII 

9Hepr11ll Monenb 0JlH0IIII0HHoro o6MeHa 0I!llebJBaeT 9Kenep11MeHTanbHbJe JlaHHble Meaee 

T0'!H0. 

Q61,en11HSI10men qepToil: aeex pa6oT no n11oaoo6pasoaaa1110 SIBnSieTeSI npennono

)Kett11e 0 npellMymeeTBeHHOil: ·pon11 B3allM0Jleil:eTBIISI reHep11poBaHHoro Illl0Ha C 0JlHIIM 

H3 HyKn0H0B B ( 312,3/ 2) -eoeT0HHIIII, ITp11 ST.OM B 113o6apHoll M0Jlen11 II Monenn: MaH

nenblIITaMa pe3oHaHeHhlil: Kattan o6pa3oBaHHSI IIH0H0B paeeMaTpHBaeTeSI KaK eJlHHeTBeH

Hbiil:. 
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B eaeTe eKasaaaoro oeo6b1ll l!HTepec npe.!leTaBnSieT neenenoBaHtte aepeaoHaH-

CHoro KaHana o6paaoBaHHSI nH0H0B. HHTepec 9T0T onpenenSieTeSI Heo6x0JlllMOeTblO 

ycTaHOBIIT? npenenbI I!pHMeHIIM0eTn peaoHaHeHblX M0Jlenen II B03M0>KHbie. cnoeo6b! 

yTO'!HeHHSI HX sa e'!iiT BKn10qeHHSI Hepe3oHaHeHblX nepexonoB, Ha116onee yno6Hb1M 

e aToll TO'IKH speH11SI SIBnSieTeSI necnenoaaHne peaKunn (1) 11 (2). B clieHoMeHono

rtt'!eeKoe Bbipa)KeHtte nnSI nonHoro ee'!eHnSI l'ITHx peaKunn 

,r+ 
u 

.nP + 
rr 

u 
np. 

u + II. u 
01 

KpoMe HHTepeey10mero Hae napu11anbH0ro ce'!eHnSI 

8/2) - eocTOSIHHe. He MO)KeT IIMeTb MeeTa, BX0JlllT 

u 
01 

(3) 

Jl_nSI KOT0poro ( 3/ 2, 

TOnbKO ceqeHl!e o6pa3oBaHIISI 

rr
0 

-Me30H0B B (p - p ) 
/ 11/ 

eoynapem!llx 
U II X0p0III0 1rnyqeHHoe _ilyHail:ueBblM H 

flpOKOlIIKIIHb!M • 

HapSiny c 113yqett11eM npoueecoa po>Knemrn IIIIOH0B B HyKnoH-HYKn0HHbIX eoyna

peHHSIX 6onblll0ll IIHTepee npeneTaBnSI10T 11eenenoBaHl!SI "o6pa3oBaHl!SI IIII0H0B Ilpll eTonK

HOBeHl!SIX HYKflOHOB e SIJlpaM11. 3TII 11eenenoBBHl!SI II03BOnSIIOT nony'IIITb CBeJleHIISI 0 

pOlK.!teHIIII IIIIOHOB B aneMeHTapHblX aKTax II npoaepllTb HeK0T0Pble eneneTBIISI r11no

Te3bl sapsfnoaon HesaBHel!M0CTII, KpoMe Toro, Ill!0HbI, P0>KJleHHb!e Ha SIJlpax, MoryT 

eny>Kl!Tb acticlieKTl!BHb!M epeneTB0M JlnSI 11eenenoBaHl!SI SIJlpa, B qaeTH0CTII TaKIIX ero 

xapaKTepllCTIIK, KaK npoeTpaHeTBeHHOe II IIMnynbeHoe paenpeneneHHSI HyKnoH0B B 

SIJlpax, 

2 

Conepl!<aHne BTOpoll rnaBbl JllleeepTaunn II0CBSI!l{eHo 9KenepnMeHTanbHOMy YCT-

~oiieTBy. 

MeTon MHoroKaHanbHoro MarnnTHoro cneKTpoMeTpa noaaonSieT Han6onee nonao 

H acticlieKTHBHO 11eenenoBaTb CileKTPbl IIH0H0B o6onx 3H8K0B B lllllp0KOM HHTepnane 

yrnoB. 

3KenepnMeHTanbHaSI ycTaH0BKa npeneTaaneHa Ha pne. I. CoeTaBHbIMH ee a11eMeH

TaMn SIBnlIJOTeSI aneKTpoMarHHT, ClleTeMa raaopaapSIJlHblX H eunHTHnnSIUII0HHblX C'liiT

'll!KOB ll aneKTpOHHaSI exeMa C JlHCTBHUH0HHblM ynpaaneHneM. ITl!OHbl, reHep11pyeMbie 

ny'IKOM He11Tp0HOB B MHllleHII, Ilp0X0JlSIT qepes KonnI1MaTop B BepTHKanbH0ll eT0l!Ke 

SipM~ MarHI1Ta, nepeeeKaSI e'!iiT'IHKH C I II c
2

, nonana10T B Me>Knon10eHoe npoeTpaa-

cTao sneKTpoMarHIITa, rne aaanI1aI1py10Ten no IIMnynbeaM e'liiT'II1KaMI1 c
3
,c 

4 
II c

5
• 
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HaMepeHH!I cneKTpOB ITHOHOB Mornn 6bITb BbmonHeHbl non mo6bIM H3 yrnoa 

oT Ono 150° K HarrpanneHnIO HefiTpoHHoro rryqKa. Ilna sToro sneKTpoMarHnT rrono-
,.~ ... 

paqnaancH c rroMO!IlbIO sneKTpOMOTopa BOKpyr nepTnKanbHoli ocH, rrpoxonameli qepea 

ueaTp HeliTpoaHoro nyqKa. MnweHb pacnonaranacb Ha ocn npameHnn n TaKHM 06-

paaoM nnn acex yrnoa naMepeHHli c_oxpaHHm1cb HneHTHqHb1e reoMeTpHqecKHe ycnoBHH. 

TpeTb!I rnaaa .r:mccepTaUHII IlOCB!IWeHa aorrpocaM IIHTeprrpeTaUl!II peaynbTaToB 

B ycnoBJrnx, Korna 60M6apn11py10m11e qacTHUhI HMeIOT wnpoKoe sHepreTHqecKoe pac

npeneneH11e. PacqeThI noKa3bIBa10T, qTo peaynbTaTbI 11aMepeH11li Ha 11cnonhayeMoM · 
/12/ 

HeliTpOHHOM nyqKe MOl!CHO cq11TaTb 9KBl!BaneHTHbIMII H3MepeHH!IM Ha nyqKax 

c He3HaqnTenbJihIM paa6pocoM sHeprnil. 

B qeTBepToli rnase nnccepTaunn paccMaTp11na10Tcn rrpouenypa H3Mepea11ii II rrorr-

paBKH K peaynbTaTaM. HaI16onee cymecTaeaHan rronpaBKa canaaHa c npI1Mecb10 

sneKTpOHOB. Ha OCHOBaHHH H3BeCTHblX 9Kcnep11MeHTanbHbIX pa6oT no o6pa3oBaHHIO 
0 

rr -MeaoHoB 6bmH paccqnTaHbI OTHOCIITenbHbie cneKTpbI n yrnoaoe pacnpeneneH11e 

sneKTpoHoB. Ilnn onpeneneHHn )Ke a6con10THoli aen11qHHbI q11cna sneKTpOHOB npo11ason11-

.nacb HOpMl!pOBKa cneKTpOB aneKTpOHOB no naHHbIM ~3MepeHHi1 Ha cneKTpOMeTpe.· 

3 

PeaynhTaTbI 11aMepeH11li paccMaTp11Ba10TCH B n_nToii 11. wecToli rnasax, HaMepeH11n 

cneKTpOB ,,+_ H rr~ -Me30HOB rrp0113Bon11nI1Cb non n~Tb!O yrnaMII: 16,30,.60,90 

II 123°. Hccnenoaanocb po)KneHne n110HOB B coynapeHnnx HeliTpoHoB c npoToliaMn 11 

. smpaMn Be C , Al , Cu II . Pb • 

Ha pHc. 2 npencTaBneHbl cneKTpbl ITIIOHOB, o6paaoBaHHbIX B (n-p) -coynapeHHSIX 
0 0 • 

non yrnaMn 16,30, n 60 . Ha yrne 90 , KpoMe 11aMepeHnli Ha crreKTpoMeTpe, 6bmII 

rrpOI13BeneHbl H3MepeHI!ll cneKTpo"li ·rr110HOB o6oifx -3HaKOB C noMOillbIO 

CIIOHHOli KaMepbI. 

qJOTOSMynb- . 

CneiTphl 11- -MeaoHoB Ha nnpax non onHHM Ha yrnoB 11aMepeHHli 90° npencTan-

neHbl Ha pHc. 3. 

nonHbie ceqe[JHSI o6pa30BaHHH nHOHOB onpenensinHCb HHTerpHpOBaHHeM yrnoBhlX 

pacnpeneneHHli. nonaoe ceqeaae B Cu - Pl - coynapeHIIHX, KpoMe Toro, orrpenenanocb 

rro H3MepeHHIO Bb!XOllOB nHOHOB non nnyMH H30TponaqecKHMI! yrnaMH, COOTBeTCTBYIO

WHMH nnH HaWHX sHepraii HeliTpOHOB yrnaM 31 H 90° a na6opaTOpHOli CHCTeMe. Yc

penHeHHOe aHaqeHHe rronHoro ceqeHnH o6paaoBaHl!H rr !.. - MeaoHoB no naMepeHnHM 

Ha crreKTpOMeTpe COCTaBnHeT 
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O np • 

-27 2 
( 1,3:t.0, 2) .10 CM (4) 

Ba11ny Toro, qTo sennqaHa ceqeHHH (4) IlrpaeT Ba)KHYIO ponb nna qieaoMeaono

rnqecKoro aaanaaa npoueccoa pO)KJleHnH rr110HOB B HyKnoH-HYKnOHHhlX coynapeHnax, 

6bmH npo11aaeneHbI nononHn-renhHbie naMepeHHH nonHoro ceqeHna c rroMO!IlbIO cunH-

TnnnsiunoHHoro TenecKona n )KHnKoBonoponHoli MnweHn cneunan~aoli KOHCTpyKunn. 

rr.! ( ) -27 2 nonyqeHHaSI nocnenanM cnoco6oM aennqnHa a ___ = 1,35:+:_0.18 .10 CM 
up, 

xopowo cornacyeTcn c naHHbIMH ( 4), rronyqeHHhIMH Ha cneKTpoMeTpe, a 'l)aK)Ke. B 
/13/ 

C peaynbTaTaMn npenenax own6oK HaxonnTcsi B cornacnn 

nonHbie ceqeHnsi o6paaoaaHIK! rrnoHoB Ha sinpax npaaeneHbI a cneny10meli Ta6-

nnue. 

,,+ rr a a 
fl,zJ;po 

t t 

lo-27cM2 10-27cM2 OTHOCliT.e,zJ;. OTHOCliT.e,zJ;. 

Be 4,01±0,23 0,58±0,03 40,2±1,6 0,98±0,04 

C 6,9 ±0,4 1,00±0,06 41,0±2,-0 1,00±0,05 
Al 13,1±0,6 1,90±0,09 73,0±2,5 1,78±0,06 
Cu 21 ,U±0,15 3,04±0,22 II5 ± 4 2,81±0,10 

Pb 29,7±3,0 4,31±0,43 220±23 5,36±0,56 

Ha pnc. 4 npencTaBneHbI yrnOBbie pacnpenenennsi ,,+_ MeaoHoB oT 

nccnenyeMblX sinep B CHCTeMe ueHTpa Mace nnyx CTanKHBaIO!IlHXCSI HyKnOHOB. 

4 

CenbMaSI H BOCbMaSI rnaBbl nnccepTaunn IlOCBSIWeHbl o6cy)KneHHIO peaynbTaToB 

naMepeHnli. 

ConocTaaneHne naMepeHHhIX aennqnH ceqeHnli co aHaqeHnnMn ceqeanli nnH 

npyrnx npoueccoB po)KJleHHSI nHOHOB Il03BOnSieT nponepHTb. HeKOTOphle COOTHOWeH11S1, 

Bb1TeKa10mne na npnHunna aapsinoaoli naaapnaHTHOCTH. HaMepeaHoe rronaoe ceqeane 
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poxmemHI II':!: -M830H0B B (n- p) - coynapeHl!llX (5) He rrpoTl!Bope'!l!T 113B8CTH0My 

C00TH0W8HIU0 Me)KJly C8'18HllllMII o6pa30B8Hllll aapmKeHHbIX II H8fiTpanbHbIX IIII0H0B 
. /14/ 

B coynapeHHllX HyKn0H0B C HYKn0H8MH II C llLlp8Mll C 1130T0nil'l8CKIIM CIIIIH0M T=0 

II'+ 
f1 + 

II' 
f1 

11'0 
2 f1 (5) 

PeaynbT8Tbl 113MepeHl!fi Ha yrnepone II0Kaaan11, '!TO C00TH0lII8Hl!8 (5) xopowo 

Bb!IT0l!Hll8TCll KaK nnn rronHhIX, TaK II nnn nmfxpepeHUl!anhHbIX C8'18Hllfi. B C00TBeT

CTBIIII C aapnnoaon CIIMM8Tpllefi 0KaaamICb paBHblMII HafineHI!b18 HBMII nonHbie 

H nmp(jiepeHu11anbHbl8 C8'18Hllll o6p830B8Hllll ,,- .:.Me30IIOB B coynape1111nx H8fiTpoH0B 
+ 

C nnpaMll yrnepona II H3B8CTl!ble 3H8'18l!llll C8'18HIIfi o6pa30B8Hllll II' -MeaoH0B 

B coynapeHllllX np0T0H0B C yrneponoM. 

B cornaCl!H C aapll!l0B0H CIIMMeTp11ell T8KlK8 C xopoweil T0'l~0CTbIO C0BIIana10T 

non yrnoM 60° ( 6nll3KHM K yrny 90° B CIICTeMe U.M.) CIIeKTpbi II' + - II II' - -Meao

ll0B oT ( n - P) - coynape1mfi ( p11c. 2). 
II'+ 

Hanne1111an aen11q1111a ce'!eH11n a -np. 
(4) noanonneT onpenenIITh ceqe1111e 

f1 - OllHO 113 Tpex H838BHCl!Mb!X rrapu11anbHbIX C8'181!HH, qepea K0TOpble B cj,eHo-
0 l /6,7/ 

MeHonorH'18CKIIX Monennx Bb!palKBIOTCll_ C8'18HHll Bcex B03MOlKHbIX pe_aKUIIH 06-

paaoBaHl!ll IIHOHOB B HyKnoH-HyKnOHHblX coynapeHl!llX. Ben11•n1Ha f1 np11 9Heprm1 
01 

.. 600 Man oKaaanacb pas11oil 

f1 
01 

-27 2 = ( 0,9±.0,4).IQ CM • , (6) 

na'pu11anhaoe ceqeane u ( 6) onpenemieT nen11'!11Hy ceqeann o6paaoaaann 
01 · · 

IlHOHOB B HyKnOH-HyKn0HHblX coynapeHIISIX C nonHhlM ll30TOIIH'l8CKIIM CUIIHOM, paBHblM 

ayn10, 

u 
T=O 

a u 
01 

-27 2 = (2,7~:),2),lQ CM • (7) 

ConocTaBn8HHe STOH Benll'll!Hbl C C8'18llll8M o6pa30B8Hllll nIIOHOB B COCTOllHllll C non

HblM ll30TOnll'!8CKIIM CUHHOM T= 1, paBHbIM npll saeprm1 HBCTOllWIIX SKCUepnMeHTOB 

U T.,0 = ( 10,1+0 6) 10-27 2 - ' • CM 1 (8) 

noaBonneT cnenaTb BbIBOLl 0 TOM, '!TO npn saepr11n 600 MsB 06paaoBaH11e IlllOHOB 

B COCTOllHllll .llBYHYKnOHHOll CHCT8Mbl T=I llBnlleTCSI npenMymecTB8HHbIM. OTOT (jiaKT 

OTpaJKaeT T? o6cTOSITenhCTBO, '!TO o6paaoBaHHe IlllOHOB npoHCXO!lllT rn?BHbIM o6pa-

30M qepea pe30H8HCH08 (3/2,3/2)- npoMelKyT0'IH0e C0CTOllHl!e IlllOH-HyKnOHHOA 

Cl!CT8Mblo 
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OnuaKo BKnan uepeaouaucuoro KaHana B o6paaonaHH8 IIHOHOB cocTaBnne~ aa

MeTHYIO BenH'IHHY o npn'leM, B 38BIICHMOCTII OT KOHKpeTHOll peaKUHII ll saeprmr co

ynapllIOIUIIXCll ayKnOHOB ST0T BKnan M0lK8T CllnhHO 113M8HllTbCll. TTpn o6paaoaamm 

/15/ 
nHOHOB B (p - P).. coynapemrnx ll8HHb18 pa60Tbl ll aawa oueHKa IIOK83b!BaIOT, '!TO 

BKnan HepeaoHaHCHoro KaHana OTHOCl!TenbH0 HenenHK ( • 25%). 11 II0ST0MV MO!Jenb 
/10/ -

MaunenbWTaMa xopowo o6'bllCHll8T 6onb~IIHCTB0 SKcnepnMeHTanhHblX naHHblX, 

Linn cnyqall JKe o6pa30B8Hllll aapmKeHHbIX Ill!OHOB B (n-p) - coynapeHllllX 

auanna peaynbT8TOB TOnhKO HB OCHOBaHl!ll peaoHaHCHbIX nepexonoB llBnneTCll aeorr

pannaHHbIM, nocKOnhKY OKono nonoBl!Hbl P0JKll8HHblX B (n -p) - coynapeHIIllX IlllOH0B 

06paay10Tcn no 11epeaoHaHCHbIM KaHanaM, 

HccnenoaaHHbie B pa6oTe cneKTpb1 n110HoB OT (n-p) - coynapeHnil xapaKTepn-
• 

ayIOTCll 6onblllllM conepJKaHneM I:lll0HOB Hll3KIIX saeprnn. MaKCIIMYMbi cneKTpOB B 

CHCTeMe U.M. pacnonaraIOTCll IIpll s11epr11n, p8Bl!0H .. 0,6 MaKCl!ManhH0 B03M0lK-

non. ~eH0Meaonor11qecK11il aaanna nailneHHhlX s11epreT11'!ecKnx pacrrpeneneanfi CBI!-

neTenbCTByeT o cymecTBe1111oil pon11 napunanbHoro ce'!eHHll U H TeM caMblM T8KlKe 
01 

nollTBeplK!laeT BbJBOll o 6onblIIOH ponll HepeaoHaHCHbIX nepeXOllOB B 113Y'l88Mb!X peaK

UllllX, 

HafineHIIb18 non nllTbIO yrnaMII 3ll8'18Hllll cyMMapHbIX 1:m(ji(jiepeHu11anhHblX ceqe

Hllfi o6pa30B8Hllll aaplllK8HHblX IIH0H0B B ( n-p) - cciynapeHllllX B CIICTeMe U.M, xopo-

lIIO onHCbIB8IOTCll BblpalK8HlleM: 

+ d u* II' du* II' 2 
d(f""""") + <---air-} = [( 1,84+ 0,08 }+(0,71+0,18)cos

2
8](1,00+0,15}. 10 -

28 
CM /cTepan. 

(9) 

3TOT peaynbTaT IlQK83bIBaeT, '!TO rrpu SHeprllllX naaaoro 9KcnepnMeHTa M0lKH0 or

paHH'll!TbCll paccMoTp8Hll8M TOnbKO s - II p -C0CTOllHllfi 06paay10m11xcn IIII0H0B. 

ITp1rneneaaoe yrnoBoe pacnpenenea11e (9) xapaKTepuayeTcn Manon Ben11'1naofi aHn

aoTponnn ( oKono 80% m10HoB pacnpeneneabl naoTponHo). 

no 0THOW8Hl!IO BblX0ll0B Ill!0H0B paaaoro 3HaKa 6bm onpeneneH K091P1Pllllll8HT 

npn 'lnene cos 8 B yrnoBbIX pacnpeneneanllx IIIIOH0B, xapaKTepnayromnil nx- acnM

+ 
MeTpmo, 11 BbJ'IHCneHbI paanenhH0 yrn0Bb1e pacnpenenea11n II' - 11 tr -M830H0B 

B (n -p} - coynapeH11Rx. 
. + 

du* 11-
= [ (0,92+0,04 + ( 0,052 + 0,025 } cos 8 + 

d 0 ( 10) 

+ ( 0,36 + 0,09 cos 
2 

8 ] (1,00 + 0,15 
-28 2 

10 CM I cTepan. 

9 



TTony,ieHHbie pacnpenenemrn ( 10) yKaab1Ba10T, B oTnH•me OT peaynbTaToB, nonyqeHHhIX 
/16/ 

np11 aueprHH HefiTpOHOB .. 400 M 9B • Ha npaKTIJqecKoe OTCYTCTBHe aCHMMeTpHH. 

3ToT ifiaKT MOJKeT 6bITb o6'hllCHeH TeM, qTo npH aHeprnn 600 MaB OCHOBHblMH nepe-

xonaMH np11 06paaoaaun11 nnoHoB cny11<aT uenHTep¢ep11py10mne MeJKny co6ofi S p -ne-

pexon B 1101 H peaoHaHCHhifi Pp -nepexon B nap1manbHOM ceqeu1111 a 
11 

PeaynbTaTbl HaWHX H3MepeHHl! Ha ll.Qpax Il03BOnllJOT nonyqHTb nonpo6Hyl0 HH

ijiopMaUHIO O npouecc_ax, CBll3aHHblX C o6paaoBaHHeM IlHOHOB Ha ll.Qpax, If BblSICHHTb 

HeKOTOpb!e OCOfieHHOCTH l!.QepHOH CTpyKTypblo 

Bee nonyqeHJtbie naHHbie HHTepnpeTnpyJOTCSI B npennonoJKeHHH o nepanqHoM 

aneMeHTapHOM xapaKTepe B3aHMOll0HCTBHSI HyKnOHOB H renepHpOBaHHb!X IlHOHOB B 

sinpe. 

Onpenenl!JOWYJO ponb nnll npoueccoa o6paaoaaansi nnoHoB nrpaeT nornoweane 

n paccel!ane nuoaoa B sinepHoM aewecTae. Ponb aToro ¢aKTopa npeJKne acero npo

llBnlleTcsi B aaBHCHMOCTH Bb!XO.Qa mroHOB OT aToMHoro HOMepa (A-aaaHCHMOCTb). 

AHanna Hal!neHHbIX aaBHCHMOCTeil OT aTOMHoro HoMepa noKa3bIBaeT, qTo H3MeH0HHll 

aTol!' xapaKTepHCTHKH npn pa3HbJX aaeprHllX nanaJOWHX HYKnOHOB H non pa3Hb!MH yr

naMH MoryT 6biTb CBSI3aHbi C aaBHCHMOCTblO OT aueprHH ceqeHHSI B3aHMO.Qel!CTBHSI 

IlHOJIOB C ll.QepHblM aemecTBOM. Llnsi aneprnl! nnoHOB, cywecTBeHHO MeHbWHX peao

HaHCHOl! aHeprnn, n llnSI nerKHX SIJ:1ep I A -aaBHCHMOCTb 6nHaKa K ijiyHKUHH ,. A. 

Ilpn yaennqeJIHH aTOMHoro HoMepa H aHeprnl! J:10T0KTHpyeMbIX : IlHOHOB A-aaBH-
. 2/3 

CHMOCTb npn6nHJKaeTCll K ijiyHKUHH A • l1aMeaeHne c yrnoM ifiopMbl A-a~BHCH-

MOCTH, a nepayro oqepellb, onpeJ:1ensieTcsi aHepreTnqeCKHMH CllBHraMH cneKTpoa 

IlHOHOBo 

ilnll cnyqall wnpoKoro cneKTpa o6paayJOWHXCSI nnoaoB paaHbie yqacTKH cneKTpa · 

no-pa3HOMY nornowaroTCH B llllpe. <I:>opMa 6onbWHHCTBa nonyqeHHbIX cneKTPOB Ta

KOBa, qTQ H3 qaCTH nHOHOB, 06paay10lllHXCH aa BHyTpeHHHX HyKnoa·ax H.Qpa, B Ha6n10-

J:1aeMbil! cneKTp lla!OT 6onbWHl! BKnaJ:1 IlHOHbi HH3KHX aaepruu. B peaynbTaTe ?Toro 

Ha6nronaeTCH CMllrqeHHe cneKTpOB c aoa·pacTaHHeM aTOMHOrO, HOMepa. 

TTpouecCbl paccel!HHH IlHOHOB B ll.Qpe l!BnlllOTCll OCHOBHOH npnq11aoli aa6n10J:1aeMou 

acHMMeTpHH yrnOBblX pacnpeJ:1eneanu. ilnH KonnqecTB0HHOil oueHKH aCHMMeTpHH 

BBOllHTCH KoaijiijiHUHeHT T/ 

H 11l l - r Clo 
O 

l 
T/ 

r < 90° l 
( 11) 

10 

• 

rlle (10°), r (90°) n 1(170°) - aHaqeHHH ijiyHKUHH yrnoaoro pacnpeJ:1eneHnH 

IlHOHOB IlOJ:1 COOTB0TCTBY!OlllHMH yrnaMn' B CHCTeMe IloM• HH:HC0 npHB0/:10Hbl KOaiji-

+ -iji11uneHThI T/ paaJ:1enbHO J:1nH rr - n rr -MeaoHoa J:1nH acex nccneJ:1oaaHHblx Hllep. 

H Be C AI Cu Pb 

11,,+ 0,08±0,20 2,5±0,4 3,2±0,5 4,0±0,6 ?,9±I,I 9,B±I,I 
- 4,?±0,6 5,I±0,6 

T/ - -0,I9±0,20 3,5±0,5 3,I;t,0,5 3,3±0,3 
rr 

IlpHBelleHHbie 3HaqeHHH T/ noKaab1aaroT aaaquTenbHYIO aennqnHy acnMMeTpHH Ha 

srnpax, aoapacTaJOmyro c yaennqeHHeM· aTOMHoro HoMepa. BoapacTaHHIO acHMMeTpnn, 

KpOMe npoueccoa pacceHHHSI IlHOHOB,llOnlKHO C0/:10ilCTBOBaTb nornomeane HyKnOHHOfi 

KOMilOH0HTbr B Slllpe. 

TTpoaeneHHbie naMepea11S1, KOrJ:1a B •onnaaKoBbIX · ycnoBHHX nayqanocb o6paaoaaHne 

IlHOHOB o6onx aHaKoB, Il03BOIIHIOT Ha ocaoiiaHHH conocTaaneHHSI xapaKT0PHCTHK llnSI 

+ -fT - H fT -MeaoHOB nccneJ:10BaTb ponb TaKHX aifiijie·KTOB, KaK m,peaapH/lKa IlHOHOB 

n ayKnoaoa a Hnpe, aijiijieKT KynoaoacKoro noTeaunana Hllep, paannqne pacnpeneneanli 

aeuTpOHOB H npoTOHOB no Slllpy. 

ilnH nerKHX Sl):1ep ( Be , C ) , rJ:1e aijiijieKTbl SIJ:10pHofi CTpyKTYPbl nrpaIOT OTHOCH-

Tem,Ho ae6onbwyro ponb, a paannqm1 cneKTpoa rr +_ n rr -Me30HOB npoSIBnSI-

IOTCSI oco6eHHOCTII nepanqHoro MexaHH3Ma o6paaoaaHHSI tr+_ H ,, M030HOB B 

HYKilOH-HyKnOHHbIX coynapeiHHS!Xo <I:>opMa nonyqeHHbIX cneKTpoB fT + -M030HOB Ha Be 

II C B o6nacTH aaeprnfi, 6onbWIIX aaeprnn MaKCHMyMa, oKa3bIBa0TCSI CXOllHOfi C 
- /17/ 

ijiopMOfi cneKTpa fT -M030HOB OT (p -d) -coyJ:1apeHHfi . _H COOTB0TCTB0HHO 

aal!neHHbie cneKTpbI rr -MeaoHOB 6ITH3KH B aToll o6naCTH K cneKTpaMrr+ :,,M030HOB 

B (p -d)-coyJ:1apeHHSIX. 
+ 

·CneKTpbl fT -MeaoHOB aa yrn~pone OKa3bIBaJOTCSI aecKOnbKO MHrqe cneKTpOB 

fl -M030HOB B COOTB0TCTBHH C oco6eHHOCTHMH o6paaoaaHHSI IlHOHOB B(n-n) H 

(n-p) - coyllapeanHx. 

ilnH 6onee TSIJKenbIX Slllep xapaKTep KSpTHHbl onpenengeTCSI a OCHOBHOM aijiijieK-

TSMH, CBll3aHHbIMH C ll/lepHbIMH npoueccaMH. 

0J:1HHM H3 TaKHX aijiijieKTOB SIBITSl0TCH nepeaapS!):1Ka IlHOHOB B Hllpe, KOTopaSI B 

HaWeM cnyqae 60M6apJ:1HPOBKH Hel!TpOHaMH OKa3b!BaeT cymecTBeHHoe BnHHHll0 Ha 

OTHOCIIT0IlbHO ManoHHT0HCHBHblil npouecc o6paaoBaHIISI IT+ - Me30HOB H npHBOllHT 

K aaMeTHOMY paannqHIQ aaBHCHMOCTell Bb!XO.Qa rr + - H rr 

HoMepa. 

11 

-Me30HOB OT aTOMHoro 



· llm1 acex IIHTeHCl!BllblX peaKUIIH ( TBKIIX KBK ! n + SlllpO 
+ 

➔ ,r + 

P . + Sinpo ➔ ,r ) nepeaapSinKa 11rpaeT 11ea11a'111Tenb11yro ponb II nnSI 1111x 
. ~ 

118'SmonaeTc·g 6nH30CTb A-38B11CIIMOCTell. Opn cpaa~e111111 A-aaBl!CIIMOCTew· AIISI IICKmo-

qeHIISI a¢¢eKTa, CBH3811110I'O C TeM, '!TO 'IIICl!a npOTOIIOB ll 11ellTpOHOB B03pacTaJOT 

pa3nll'lllb!M o6paaoM C yBe1111qe1111eM aTOMIIOI'O HOMepa, paCCM8TpllB81!HCb ceqe11n.11, 
. + 

OTHece1111b1e 118 Ollllll npoTOII AIISI 06paa0Ba1111.11 ,r -Me30IIOB II Ha onnn 11ellTpOH -

lll!SI rr -Me30IIOB. 

C a¢¢eKTOM nepeaapnAKII Cl,ISl3allbl! paa11nua aCIIMMeTpHI! nnSI ,r + - II ,r -Meao-

HOB, OTllll'll!e OTHowe1111ll BbIXonoB nnoHOB paa11oro 3HaKa 11a . 
CTBYJOIUIIX OTHowe1111ll nnSI "aneMe11Tapiu,1x ceqe1111li' • 

.11npax OT COOTBeT-

ilnn nnep, Ha'!HllaSI C A 1 II 6onee TSllKel!b!X 1 Ha6nronaeTCSI OTHOCl!Tel!bllb!H 113-

6hITOK ,r -Me30HOB 11113KIIX 3Heprnli, npn'leM Bel!II'll!Ha 3TOI'O 1136b!TKa BoapacTaeT 

C POCTOM 8TOMHOI'O IIOMepa, TaKaSI KapTl!Ha o6'bSICH.lleTC.II 6onbWOH POl!bJO nepe
+ 

aapSinllBWHXCSI nnoHOB B cneKTpax ,r -Me30HOB II CMeme1111eM cneKTpoB non neli-

CTBl!eM KynOHOBCKOI'O noTeHunana Sinep. 

llelicTBl!e KYIIOHOBCKOI'_O 6apbepa oco6e11110 '!eTKO nponBl!SleTCSI B OTHOCl!Tenb-
+ - ' 

HOM cnBnre cneKTpoB rr - 11 rr -Meao110B 11a cB1111ue non 6onbWHMH yrn_aMn. 

A11an11a HeKOTOpb!X oco6e1111ocTell, npoSIBIIHIOIUIIXCSI B OTIIOCl!TenbHOM paanH'IIIII 

38BIICl!MOCTett Bb!XonoB ,r "!:_ 11 ,r -Me30HOB OT 8TOMHOro HOMepa II npn conocTaBne-

ne111111 nony'leHHblX Ha Ml! OT11owe1111li Bb1xonoB · n110110B paa11oro 3HaKa C 113BeCTHblMII 

OTIIOWeHHSIMII npn 60M6apn11poBKe Sinep npoToHaMII, canneTel!bCTByeT O npel!My-

wecTBeHHOH KOHUe11Tpau1111 1136bITO'IHblX neliTpOHC>B Ha noaepxHOCTI! .11npa. 

3TOT ' ¢aKT 'leTKO npo.llBl!SleTC.11 B nawnx 113MepeHllSIX Ha .11npax Be II Pb 

5 

Oc110B11h1e peaynbTaTbI n11ccepTau·1111 MOlKHO c¢opMynnpoBaTb cneny10mnM ~6pa-

30M!. 

I. Paapa6oTaH II co3na11 MHOI'OKananbHblH M8I'IIIITHblH cneKTpoMeTp, noaBOIISI

IOIUIIH B WllpOKOM IIHTepaa:1e yrnoB OT O no 150° neTeKTl!poaaTb aapnlKeHHbie IIl!Ollbl 

B nneHTll'IHb!X reoMeTpll'leCKl!X ycnoBl!SIX. 

2. non nSITblO yrnaMn 19, 30,60,90, 11 123° 1!3Mepellbl cneKTpbl + 
,r - II ,r -Me-

30HOB OT coynapeH11Ii He11TpOIIOB C a¢¢eKTIIBHOfi 3Heprneil 600 Maa C npoT0118Ml! II Hn

!IllpaMn Be, c , Al , Cu u Pb • nony'leHbI yrnoBbie pacnpeneneHIIH nuoHoB II onpenene

Hb1 •n11d,d,epeHu11anbHb1e II no1111bie ceqe1111S1 nnSI acex nepeq11cne1111b1x sneMe11ToB. 

12 

3, ConocTaBne1111e 11al!neHHbIX ceqe1111li np11 6oM6apnnpoBKe npoToHOB II m1ep 

11el!TpOH8MII C naHHb!MII nm1 COOTBeTCTByromnx npoueccoB Ha npoTOH~~IX IIY'l:Kax 

cam1eT81!bCTByeT O cnpaBennHBOCTII npHHUHIIa 3apSIAOBOl! He3aB,IICIIMOCTII nnepHblX 

cnn nn.11 nccnenoBaHHhIX npoueccoB 06paaoBaH11.11 nnoHoB, 

11, A11an11a peaynbTaToB naMepeHnll Ha aonopone noKa3bIBaeT, '!:TO BKnan Hepe

ao11a11cHoro o6pa30B8HII.II IIHOIIOB np11 sHeprnn ~ 600 MsB COCT8BII.119T 38MeTHYIO 

aeIIll'l:IIHY, Oxono nonOBllllbl polKll~HHblX B ( n - p) -coynapeHH.IIX IIHOHOB o6paayeTCH 

no Hepe30H8HCHblM KaHanaM, no1ToMy_ npe11e6pe>KeHH8 BKnanoM HepesoHBHCHbIX 

nepexondB B ¢e110MeHOIIOI'll'l:eCKIIX MonenSIX reHepau1111 IIIIOHOB HBIISleTCSI 11eonpaBna11-

llb!M, 

5, OpoaeneHHbie 11aMepea11S1, xorna ·B onl111x II Tex >Ke ycnoBHSIX nonyqeHbI aaep-

reTn'l:ecxne cneKTpblo yrnOBbie pacnpeneneHH.11, 38BIICIIMOCTII Bb!XOAa IIIIOHOB OT 

aTOMHOI'O HOMepa Sinpa, naroT B03MOlKHOCTb Ha OCHOBaHIIII conocTaaneHIISI Beel! co

BOKYIIIIOCTII peaynbTaTOB nony'l:HTb nonpo6HYIO KapTIIHY npoueccoa, CB.113aHHhlX C 

po>KneHl!eM IIIIOHOB Ha CIIO>KHblX Hnpax. 

B nnccepTaUIIII a11an11anpyeTCSI BIIl!SIHl!e aa xapaKTepllCTIIKII o6pa30BaHriSI lll!OHOB· 

TaKIIX a¢¢eKTOB KaK: pacce.l!Hlle II nornomeHHe IIIIOHOB II HYKIIOHOB B .11npe, nepe

aapSinKa IIIIOHOB B SIApe, IIMIIYIIbC~oe pacnpeneneH11e_ HYKIIOHOB B Slllpe, KyIIOHOBCKHll 

noTeHUllaII HYKIIOHOB B SIApe, 

HOB Ha noaepxHOCTII S11Iep, 

HepaBHOMepHOCTb pacnpeneneHIISI HeilTpOHOB II npoTo-
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