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1. B B e n e H n e 

TTpo6er TSIJKenbIX aapSI:IKeHHbIX qaCTHH B BemecTBe Ro CBSI3aH C 3Hep-

rneii qacTnn COOTUOmemieM 

Eo 1 
R - f[ ~] -dE 

o t, d R 

xoTopoe rroanomi:eT orrpenennTb Bennqnuy E 0 rryTeM naMepemrn R0 • Bxo­

m1mne B cooTHomenne ' ( 1) noR11aannoHRhie noTepn :meprnn ..!.L onncbrna­
d R 

10TcS1 ¢opMynoii EeTe-Enoxa 

dE 
-JR-

:i 2 
2ir(Z!' ) n 

2 2 
2mc /J T 

lfn-----
l2(t-/il 

( 2) 

rne /J -CKOpOCTb qaCTIIHbl B enmmnax CKOpOCTII CBeTa C • Ze - ee aapsin, 
3 

m uacca snexTpona, n - qncno anexTponon B 1 CM nemecTna, p -nnoT-

HOCTb nemecTna, T -MaKcnMan&nru1 aneprnu, nepenanaeMaSI aneKTpony, 

I - cpennnii nonnaannoHHhlii noTennnan aTOMOB nemecTna, C 1 -rronpaBKH, 
/1/ 

yqHTb1Ba10mne CBR3b aneKTpoHOB Ba JC: • L ••• -o6onoqxax aTOMOB • 8 -non-
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/2/ 
paBKa ua 9<f>qieKT nnoTaocTn • B cnyqae, Karna saeprnn qacTHU E BennKa 

/1/ 
(coTHH MsB), nonpaBKll C1 ManbI n MoryT 6bITb TQqHo BbJqncneHbl I a ·H0-

HH3aUHOHHhlfi noTeHunan I onpenenneTCH 3KCnepnMeHTanbH0 C norpeIIIH0CTbIO 
/3/ 

2~3% • 3To C00TBeTCTByeT aeonpeneneHHOCTll B BhlqncneHHll C0OTH0IIIeHnH 

• :po6er - sHeprnn', He npeBb1IIIa10IIIefi 3 -+ 4. 10-3( ....!!:.._ norapmjiMnqecKn 
dR 

saBHCHT OT I ) • 

OnHIIM Il3 pacnpocTpaaeHHbIX MeTonoB onpeneneHIIH npo6era R O srnm1-

eTCH Il3MepeHI1e KpIIBOH Epsrra B ( R) - 3aBHCIIM0CTll TOKa B IIOHil3aUHOHHOH 

KaMepbI, perI1CTpI1py10mefi qacTHUbl ;;iocne npOXO)Knenm1 HMH cnoH BemecTBa, 

OT TOilll(IIHbi 3Toro cnoH R • B nneanil3HpoBaHHOM cnyqae, ecnII He yqnTb!BaTh 

<jlnyKTyaUIIII Il0Tepb 3HeprHII ( • CTpar;,..m!Hr'), HaqanbHbIJi ;a36poc qaCTIIU ITO 

sHeprnII E II paccenHne nx B TopMosnmeM BemecTBe; B ( R) .. ~ 
dR 

(pI1c.l). 

YqeT cTparrnHHra II pas6poca qacTIIU no sHeprI1I1 npHBOUHT K nsMeHeHn10 

qiopMbl KpIIBOH Epsrra B o6nacTH R ,.Ro (pIIC. 1). 
/3 4 5/ 

HsMep~HIISI npo6eroB npoTOH0B BbIC0K0fi 3Heprnn I I noKasann, qTQ 

sKcnepnMeHTanbHO onpeneneHHasi KpnBaSI Epsrra rrpI1 R ~ Ro cornacyeTcsi 

C 38BIICIIMOCTbIO B ( R) ' BblqilcneHH0fi C yqeT0M CTparrnIIHra n paa6poca 

qacTHU no 3Heprnn. O.nHaKO B o6nacTH no MaKCHMyMa KpllB0fi Epsrra(R < Ro) 

3KCnepnMeHT8IlbHbie 3HaqeHHSI B ( R) 0Kasannch 3HaqnTenbHO npeBbIIIIaIQII(HMH 

pacqeTHhie. 3To pacxo)l{AeHne M0)KeT 6bITb o6'hHCHeHo, no KpafiHefi Mepe, qac­

TnqHo, MJJOr0KpaTHbIM KYIT0H0BCKHM pacceHHHeM qacTnu, T0pM03SIII(llXCSI B 

BemecTBe, yqeT KOToporo npnBonnT K yBenn'!eHHIO pac'!eTHbIX BenH'lliH B (.R) 

/3 6 7/ 
npn R ~ Ro n coKpameHHIO BI1nnMoro npo6era qacTHU ' ' .• HccnenoBa-

HHSI KpllB0fi Epsrra· B npenb1nymnx pa6oTaX orpaHH'IHBannch Y3K0fi o6naCTbIO 

npo6eroB B6nn3II Ro ' n BITHS!Hlle Sl)lepHoro BsanMoneficTBllH TOpM03HII(llXCH 

. qaCTHU C BemeCTB0M Ha qiopMy· KpHBOH Epsrra He Y'IHTbIBanocb ( BcneACTBHe 

BbI6b!B8HllH qaCTHU ll3-38 nnepHoro B3anMonefiCTBHSI 3Ha'!eHHH B (R) 

npn MaITbIX R non)l{Hbl 3Ha'lnTenbH0 B03paCTll 0TH0CHTenbH0 B ( R • Ro ) • 

UenbIO HaCTOHme.fi pa60Tbl HBITHIT0Cb ll3MepeHne KpllBbIX Epsrra nnn 

npoTOHOB II Jlpyrnx TH)KeilbIX qacTHU C HMnynhC0M - 1,3 rsa/c B IIIHp0K0M 

HHTepBane npo6eroB R n cpaBHeHne nx c pesynhTaTaMn pac'!eTa MeTonoM 

MoHTe-Kapno, y'II1Tb1Ba10mnM, cTparrnnHr, pas6poc qacTnu no sHeprnn, pac­

cesimrn n sinepHoe Bb16b1BaHI1e qacTnu. TaK KaK sqiqieKTbI paccenHnH cymecTBeH­

HO 3aBHCSIT OT reoMeTpnn 3KCnepnMeHTa, ll3MepeHHSI ll PI\C!°IeTbl KpllBbIX Epsr-

4 

--==B=--{ R ) , omu. eguu. 

1,5 

1,0 

q5 

D 
230 

Pnc. 1. 

21/0 250 260 270 28" 

{ 

290 

0,HM 

3l10 

Pac'leTHbie KpHBI,Ie Epsrra nnn npoT0H0B c npo6eroM Ro = 295 MM 
Menn, 1 - B)le8mI3HpoBaHH8SI KpllBaSI ( dE / d R}. Bbl'lllCITeHHaSI 6e3 
y'leTa cTparrminra, pas6poca nporoaoa•nyqKa no saeprnn n BSanMo­
AeficTBBsr- nx c aemecTBOM; 2 - KpnBaH -Epsrra, Bbl'lllCITeHHaH c yqe­

TOM cTparrmiara /2/ n pa:,6poca no saeprnH /8/. 
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ra 6bmH Bblll0nHeHbl npH paanH'IHbIX B3aHMHblX pacnono1KeHHSIX H0HHaau110HH0li 

KaM_epbl H T0pM03SIIllero BemecTBa. 

2. HaMepeHne KpHBbIX Eparra 

3KcnepnMeHTbl 6bJnH npoaeneHbl Ha ny'IKax npoT0HOB, neliTp0H0B n 

a -'laCTHU, ·BbIBeneHHblX H3 KaMepbl CHHXp0UHKn0TpOHa na6opaTopl!H sinepHbIX 

npo6neM OHHH. 3aBHCIIMOCTb B (R) H3Mepsinacb npH noMOillH H0HH3aUHOHHOli 

KaMepbl nHaMeTp0M 8 CM, TOK K0Topoli perl!CTpHpoaancsi caMonHIIIYillllM noTeH­

UH0MeTpoM. TonlllHHa TOpM03Sllllero qmnbTpa R, HMeBIIIero .KnHH0BHAHYJO ipopMy, 

H3MeHsinacb CHHXp0HH0 C ABH1KeHHeM neHTbl caMonHIIIyIItero noTeHUHOMeTpa, 

'ITO noaaonsino Up0H3BOAIITb HenpepbIBHYJO aanHCb KpHBOli Eparra. nnsi KOHTpom1 

aa HHTeHCHBH0CTbJO ny'IKa Hcnonb30Banacb HOHH3aUHOHHaSI KaMepa, pacnonolKeH­

HaSI uepen TOpM03SllllHM !pHllbTpoM. llHaMeTp ny'IKa Ha axone B T0PM03SllllHli 

!pllllbTp COCTaBnSin . 2 CM, nonepe'IHbie paaMepb! !pllllbTpa - 20 CM. 

KpHBbie Eparra B ( R), H3MepeHHble nnsi Men11 H CBHHua, npencTaaneHbI 

Ha pHc. 2-5. Ha STHX lKe p11cyHKaX npHaeneHbI aaBHCHM0CTH Bo ( R ) • 
xi 

Bbl'IIICneHHble c y'leTOM T0llbKO CTparrnHHra H paa6poca ny'IKa no aHeprHH 

ITpH pac'leTe B0 (Rl paa6poc 'laCTHU no npo6eraM /l. R . anpoKcHMHpoaancsi 

qiyHKUHeli raycca G (R, ·t,,. R ) , nHcnepCHSI KOTOpoli onpenen11nacb Ha OCHOBa-

• 121 181 
HHH Bbl'IHCneHHli CTeHHXafiMepa H peaynbTST0B H3MepeHHli 3aBHCHMOCTI 

B (R l H Bo (Rl H0PMHpoaanHCb Ha eaHHHUY ·a MSKCHMyMe B (R) H COBMema­

nHCb no IIIKane R B TO'IKe Ro,8 . CO0TBeTCTBy10meli B(Ro,s>=0,8 B (R) lllaz • 

K0TOpaSI Mano 'IYBCTBHTenbHa K H3MeHeHHJO napaMeTpOB. paC'leTH0li "KpHBofiBO(R). 

KaK BHAHO H3 pHC. 2, B cny'lae a - 'ISCTHU, nn11 K0TOpb!X sipipeKTbl 

pacceSIHIISI H siaepHoro BbI6bIB8HHSI A0ll1KHbl 6bITb cpaBHHTenbHO Heaenl!KH, 

H3MepeHHbie 38BHCHM0CTH B ( R) H Bbl'IHCneHHbie KpHBbie Bo ( R) 6nH3KII. 

llnsi npoTOHOB, HMeJOIItHX MeHblIIYJO Macey H 6onblIIHli npo6er, a1p1peKTb! B3al!MO.: 

nelicTBHSI C TOpM03SllllllM aemecTB0M Hrpa10T cymecTBeHH0 6onblIIYJO ponb. 

xi BbI'IHCneHHbie H8MII aenH'll!Hbl Bo ( R l B o6naCTH R < Ro HeCK0nbKO 

npeBbIIIIa~T 3H8'1eHIISI, nony'leHHbie MaaepoM H Ce~~l41. K0TOpbie HCnonb-

30BanH B pac'leTaX _np116nHlKeHHYJO 3aBIICHM0CTb ---;fii"""" ( R) • 
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3ToMy COOTBeTCTByeT 3HaqHTenbHOe paanHqHe (pnc. 4,5) Me)l{Jly aKcnepn­

MeHTanhHO nonyqeHHblMH KpHBb!MH Eparra H pacqeTHblMH 38BHCHMOCTSIMHBo (R) • 

3TO paanHqHe oco6eHHO BenHKO B o6nacTH MBilbIX R. Jlel!TpOHbl (puc.3) 38HH-
• 

MaJOT npoMe)KyToqaoe nono)KeHHe Me)l{Jly a -qacTHUaMH H npoTOHBMH • 

3. PacqeT KpHBbIX Eparra. O6cy)KJleHue 

KaK BHllHO H3 pnc.· 4,. q>opMa 3KCnepHMeHTanhHO Hal!neHHblX KPHBbIX 

Eparra 3HaqHTenhHO H3MeHSieTCSI npH H3MeHeHHH paccTOSIHHSI f Me)KJlY HOHH-

38UHOHHOH KBMepol! 11 TOPM03llmHM ipHilbTpOM. 3TO IlOK83bIBaeT; qTQ paccel!HHe 

qacTHU B TOPM03SimeM BemecrBe cymecTBeHHO CK83bIBaeTCSI HB q>opMe KpHBOH 

Eparra H qTQ pacqeT KpHBblX B ( R), HCilOnb3yeMbIX )lill! OilHCBHHSI 3KCnepH­

MeHT8IlbHbIX naHHbIX, HY)KHO npOH3BO)lHTb B Tex )Ke reoMeTpnqeCKHX ycnoaHSIX, 

'ITO H npH H3MepeHHH KpHBbIX Eparra. BbiqHcneHne KpHBbIX B (R) npoBO)lHilOCb 

B HeCKOilbKO nocnenOBBTenbHbIX CTB)lHH. Ha nepBol! CTB)lHH yqHTbIBBilOCb TOilb'­

KO MHoroKpaTHoe KynoH0BCKoe paccel!HHe TOpM03SlmHXCSI npOTOHOB. TopMo-

3llmHii q,HnhTP Tonmnaoii R · paa6HBancSI aa 6onhwoe __ qncno cnoeB, paccesiane 

npoTOHOB B KB)KJlOM H3 KOTOpbIX onpenenSIITOCb Me~O)lOM MoHTe-Kapno •. Ton­

mnaa R nocnenoBBTenbHO yBenHqHBanacb, H . TpaeKTOpHSI KB)KJlOH qaCTHUbI 

npocne)KHBanacb no Tex nop, noKa oaa nonanana a H0HHaannoaay10 KaMepy 

( npoTOHbl nu6o. OCTBHBBnHBBnHCb B BemecTBe, nn6o npOXO)lHilH MHMO KaMepbl J. 

Bcero 'paablrpbIBBnocb' OT 5 llO 20 TbIC. TaKHX C06blTHii )lnll Ka)l{Jloro H3 

Bhr6paHHhlX aaaqeHHll R • B peaynhTaTe pacqeTa. 6hmH nonyqeHbl pacnpenene­

HHSI qacTHU no npo6erya'_F(R,R') n K0CHHycy yrna pacceSIHHSI npH 18 ipHK­

CHpOBBHHblX aaaqeHHSIX R • TnnHqHbre pacnpeneneHHSI F ( R , R ' ) npHBenem,r 

HB' pHC. 6. 

Jlanee rryTeM HHTerpnpoBaHHSI rronyqeHHhlX pacrrpeneneanii H HOHR3a­

unoHHhlX noTepb ( 2) BblqHCnllnHCb TOK H0HH38UHOHHOii KaMepb! B , ( R ) 

H CBepTKa B1 (R) a:oii ipyHKIUIH C KpHBOii paa6poca qaCTHU no npo5eraM 

G, (R , A R) (cM. Bbrme)~ HaiineHHbie TaKHM o6pa30M 38BHCHMOCTH 81 (R ) 

OilHCblBalOT KpHBble Eparra 6ea yqeTa SI)lepaoro B38HMO)leHCTBHSI flPOT0HOB 

C TopM03llmHM aemecTBOM. 3TH 38BHCHMOCTH npencTaBneHbI Ha p11c. 4,5. 
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B(R}, OmH. eg. 

1,5 

1,0 

0 

0,5 

0 
50 

B (RJ,omueg. 

1,5 

1,0 

0,5 

0 

50 

100 150 200 250 

Puc. 4. HaMepeHHbJe KpHBbl8 Bparra B ( R) JlnSI npOTOHOB B M8.D.H npu t - 8 CM 

100 

( eepXHSISI KpHea.R) H t = 30 CM ( HH>KHSISI Kpur.ast) H pacql!THbI8 KPHBble, 

nocnenoeaTenbHO y1-1HThIB8JOIUHe: paa6poc npoTOHOB ny'IKB no aaeprHH 
H CTparrnHHI' ( Bo ) , MHOI'OKp8TH08 KynoHOBCKOe paccestHH8 ( e,) 1 Sl,llepaoe 

B38HMo.aeRCTBH8 (B2) H M830H006pa30B8HH8 (Ba) • KpHBbl8 HOpMHpOBBHbl 

npu f • 8 CM (cM. T8KCT). 

150 200 250 

Puc. 5. TO me, 'iTO u Ha puc. 4, Ho .anB ceuaua. 3aeHCHMOCTb B 1 ( R ) Mano 
OTIIH'l88TCSI OT B2 (R ) , T.9.K K8K .am1 CBHHll8 nonpaaxa Ha M830HO­

o6paaoaaHH8 Mana. 

R,HH 

I 
BolR)/ ,,, 

R,HH 

I 

I 
I 

I 
I 
I 

I 

.500 

!00 



Ma puc. 4, rne np11aene11b1 KplIBbte Bparra nm, Menu, aunno, qTo Bbl-

qucnennhte anaqenusi B 1(R) xapOIIIO cornacyIOTCSI C 3KCnepuMeHTanbHbIMII 

naHHblMII B o6naCTII aa MaKCIIMyMOM KplIBOH Bparra. OnpeneneHHb[H no 3TOH 

qacTu Kpuaoii Bpsrra cpenuHii paa6poc npoToHoB B nyqKe no auepruu paaen 

( 2, 7 ±. 0,3) Msa, qTo coananaeT c sKcnepuMeuTanbHO nonyqeHHhIM auaqe-
/8/ 

1111eM (2,8 ±. 0,2) Msa • B o6naCTII no MaKCIIMYMa KpHBOH Bpsrra pac-

qeTHbte KpHBbte B1 (R ) nnsi Menu neJKaT cymecTBeunonnJKe 3KCnepaMenTanbHOH 

38B11CIIMOCTII B ( R) • Ananornqnoe paarmque UMeeT MeCTO II nnsi CBIIHUa 

(p11c. 5). Ma cpaa11e1rnsi KplIBbIXBo(R >. B1 (R) II B ( R) BIIAH01 qTO yqeT 

MnoroKpaTnoro KynonoBcKoro paccesiHHsi qacTnu nHIIIb neMnoro yMeHbIIIaeT 

pacxoJKnenae MelKJly II3Mepe1111blMII II Bb1q11cne1111bIMII KplIBblMII Bpsrra, KOTO­

poe oco6e11110 aen11Ko B o6nacTH ManhIX R 

3To pacxoJKneuue MOJKeT 6b1Tb B auaqnTenbHoii Mepe ycTpaueno, ecnn 

npu Bb1qncne111111 B ( R) yqecTb Bb16bmanue npoTOnon aa cqeT sinepuoro BaanMo­

neiicTBusi •B npouecce TopMOJKennsi nx B aemecTae. ITpocTb1e ouenKn noKa-

3bIBaIOT1 qTo na nnnne npo6era .. 30 CM Menn OKono 90% npOTOIIOB IICnbITbIBa­

lOT sinepHbie B38HMoneiicTBIISI, B peaynbTaTe KOTOpbIX npo11cxonnT paaaan 

Hnep aemecTaa, ynpyroe paccesinne npoTonoB nnn o6paaoaanne Meaonoa. 

ITonpaBKa K KplIBOH 81 (R), yqHTbIBaromasi SIAepnoe B38HMoneiiCTBHe npOTOIIOB, 

6blna Bblqacnena no cneayromeii ynpomennoii cxeMe: neynpyrne aaa11Moaeii­

cTa11si H nonoBUHa ynpyrnx B3811MoneiiCTBIIH npoTOHOB C S!ApaMH BemecTBa 

npuaonSIT K BbI6bIB811Il!O npoTOIIOB. Jlnsi aem1q1111 ceqe111Iii neynpyroro II 

ynpyroro pacceSIHIISI 6bmll ucnonb30B8Hbl 3KCIIepuMeHTanbHbie nannLie, CIICTe­

MaTU31IpOBaHHbie Y.fleKKOM (qacT11oe coo6meH1Ie). ITonyqe1111asi nocne ~me-

neHIISI 3TOH nonp6BKH 38BHCIIM0CTb 82 (R ) ansi Menu npuaeneua 11a puc. 4. 

3Ta 38BIICHMOCTb xapoIIIa cornacyeTCSI C 3KCIIepnMeHTanbHblMH 3HaqeumIMH B 

o6naCTH aa M8KCIIMYMOM Kpuaoii Bparra. Onpeaeneuuasi rryTeM cpaBueunsi 

KplIBblX B ( R ) II B
2 

(R) Ben11q11aa cpeauero paa6poca npoTouoa nyqKa 

no 3Hepruu paBHa (2,9 ±. 0,3) Maa, qTO COBnaaaeT C naHHblMII npSIMblX 113-
/8/ 

Mepe1mii • ITpn MellblIIIIX R KplIBbie B2(R) 6nH3KII K ll3MepeHHbIMKpll-

BbIM Bparra. YqeT ·npoueccoB o6paaoBaHIISI Me30IIOB (KpHBaSI Ba ( R ) 

eme 6onee c6rmJKaeT "!htqucneHHbie n naMepeHHbie KpHBble Bpsrra. B cnyqae 

CBHHUa pacxoJKAetme MelKJ{y BbiqffCneHHbIMH II 113MepeHHb1MH KpHBblMII Bparra 

ocTaeTcH anaqnTenbHblM n nocne BBeneHIISI nonpaBKH ua siaepuoe B38HMonefi-
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CTBlle IIpoT0HOB ( p11c. 5) I qTo, IIO-Bll.llllMOMY, oTpa)!{aeT rrp116n11)!{eHHblii xapaK­

Tep paC'.JeTa, He Y'IIIThIBaIOntero, uarrp11Mep, per11cTpau1110 IIOH1!3aUIIOHHOii KaMe­

pofI rrponyKTOB paaBana srnep. 

• HaMepeHHH II pacqeTbl KpllBhIX Epsrra 6bin!I BbIIIOnHeHbI TaK)!{e II nnsr 

BemecTB c MeHhIHIIM aapsrnoM srnep ( an10M11H11ii, yrnepon, rron11sT111!eH CH 2 J. 

3nech TaK)!{e ua6nronanocb 6onhIHOe paan11q11e Me)!{ny aaBIICIIMOCTHMII B ( R ) 

11 Bo(R) B o6nacTII .ManhIX R • MnoroKpaTHOe KynOHOBCKOe paccesrHHe rrpoTo-

HOB B STIIX BemeCTBaX 3Haq11TenhHO MeHbme, qeM B Men11 II CBIIHile, II yqeT 

ero Man~ 11aMeusreT q,opMy pacqeTHofI Kp11ooii Epsrra. ITocne BBe.1teH11sr ~orr­

paBoK Ha srnepnoe roanMoneiicTB11e TOpMoasrmnxcsr rrpoTOHOB cornacue naMepeH­

HhIX n Bblq11cneHHh!X KpIIBhIX Epsrra OKaaanocb TaKIIM )Ke, KaK Ha pnc. 4. 

C uenhIO rrpoBepKII rrpIIHHTOii cxeMbI pacqeTa 6btnll 113Mepenhl II. BbJqIIcne­

HhI KpllBhie Epsrra nm1 ue6onbmoir .<nIIaMeTpOM 2 CM) llOHll3aUIIOHHOir KaMepbI, 

· pacrronaraBmeircsr ua paanIIqHhIX paccTosrHIISIX Y oT_ ocn uyqKa. Ha pnc. 7 

npencTaBneHbI aaBIICIIMOCTII OT y 

CIIMyMa KpIIBOii Epsrra B ( R.) mall: 

JtBYX xapaKTepIICTIIK KpllBOii Epsrra -·MaK­

' II TOqKH R o.s ( CM. Bhlme). KaK Blf.llllv 

na pIIc. 7, pacqeTHhie anaqen11S1 cornacyroTCSI c peaynhTaTaMII IIaMepeHIIii. 

ITpoBeneHHOe ~blme COIIOCTaBJieuIIe II3MepeHHhIX II Bb1q11cneHUhIX KpIIBhIX 

Epsrra· IIOKaabIBaeT, qTQ upII aueprIISIX rrpOTOHOB > 600 MsB q,opMa KpIIBOii ... 
Eparra B cymecTBeHuoii Mepe orrpenenSieTCsr srnepHhIM roanMoneiicTBneM TOp-

M03SintIIXCSI B BeII(eCTBe IIpOT0HOB. 3TOT a,jJ,j,eKT Heo6xonnMO yqIITbIBaTb Ilpll 

orrpenene11nn aneprnn qacTIIII MeTOno11,1 KpnBoii Eparra • 

B aaKnroqeHIIe rronh3yeMcsr cnyqaeM rro6naronapnTh Y.RoKKa, nro6eaHo 

rrpenocTaB11Bmero nanHhle cocTaBJieHHoro IIM o6aopa no nx ony6IlllKOBaH11sr. 
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