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B.B,AenellquKoe H np, I - 10685 

Ynpyroe He-p -pacceSIHHe Ha Mallbie yrnbi e HHTepeane 3·Heprull 

1,75-4,13 r3B/uyKnOH 

npHBOM!TCSI pe3y1]bT8Tbl HCCI1\)00B8HHSI ynpyroro Jie-p -pacceSIHHSI 

B o6naCTH M811biX nepenaHHblX HMilYllbCOB, nonyqeHO OTHOWeHHe QeHCTBH

TellbHOH qaCTH a'Miln!ITYObl paCCeSIH!iSI K ee MHHMOl\ qaCTH H napaMeTp 

H8KI10Ha OH¢paKUHOHHOf'O XOHyca npH 3Hepi"HRX 1,75; 2,51 H 4,13 r38/uyKn, 

C llOMOWbiO MOOellH rnay6epa onpeoeneHbl xapaKTepHCTHKH npOTOH-HyK

IlOHHOH 8MI111HTYObT, 

Pa6oTa Bbli1011HeHa a lla6opaTopHH BbiCOKHX 3Hepruii OIHIH. 

fipeni)IIBT 06-..euaeaaoro aacTaTyTa •.Jlepawx acc.ne,Jloaalld. ,llyC5aa 1977 

© 1977 061>4H)UHilHHWii UH~B-.)'8 Al)epHWX UCCAfli)Of1GHUiiJly6HO 

1. BBE,4EHHE 

3KcnepHMeHTaJihHOe Hccne.n;oaaHHe ynpyroro He-p pac

CeHHHH ll03BOJIHeT llOJiyqHTh HeKOTOphle Ba.Hhle CBe,JJ;eHHH 

o6 aMnJIHTY .ne HYKJIOH- HYKJIOHHoro B3aHMo.n:eiiCTBHH, a qacr

HOCTH, BhlHCHHeTCH HaJIHqHe CllHHOBhlX qJieHOB H 3aBHCH

MOCTh peaJibHOH qaCTH aMTIJIHTY.JJ;hl OT nepe,n;aHHOrO HMTIYJib

ca. R.n;po He~ HMeeT HyneaoH: cnHH H H3ocnHH, qro ynpo

IQaer reoperHqecKyiO HHTepnperau.Hio .n;aHHhiX. AMnJIHTy.n:a 

NN -pacceHHHH BhlqHCJIHeTCH c llOMOI,QhiO MO.U:eJIH rnay6epa, 

llpHMeHHMOCTh KOTOpOH K H.JJ;py reJIHH o6cy•.n:aeTCH B pa6o
re i l I. 

Cne,n;yeT, O,JJ;HaKO, HMeTb B BH.n;y, qro H3BJieqeHHe H3 

.n;aHHhiX no He-p-pacceHHHIO aMnJIHTY.U: NN -pacceHHHH npH

ao.n;HT K HeKOTOphiM Heonpe.n:eJieHHOCTHM, CBH3aHHhiM C He

ToqHOCTHMH B 3HaHHH BOJIHOBOH $yHKIJ,HH 
4

He H C nonpaa

KaMH Ha 3KpaHHpoaaHHe a H,n;pe 
4 

He . 

Pe3yJihTaThi .n:aHHoro 3KcnepHMeHTa oco6eHHO HHTepec

Hhl B CBH3H C TIJiaHHpyeMbiM COBMeCTHhiM COBeTCKO-aMe

pHKaHCKHM HCCJie,JJ;OBaHHeM p -He -pacceHHHH B UIHpOKOM 

3HepreruqecKOM .n:HanaJoHe Ha ycKopurene ci>HAJI a liara

BHH. 

2. MET0,4HKA 3KCIIEPHMEHTA 

3KcnepHMeHT BhlnOJIHeH Ha nyqKe a -qacTHIJ, CHHXpo$a-

30TpOHa OHRH /,ll;y6Ha/ Mero.n:oM MHoroKpaTHoro npoxo•

.n;eHHH BHyTpeHHero nyqKa YCKOpHTeJIH qepe3 TOHKYIO MH

UieHb /2.
1

• B .n:aHHOM 3KcnepHMeHTe npHMeHHIOTCH nonH3TH

neHOBhle MHUieHH TOJIIIJ,HHOH 0,770,9 MKM. llpOTOHhl OT,n;aqH 
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OT C06blTHB ynpyroro pacceBHHB B MHWeHH perHCTpHpyJOT
CB CHCTeMOB H3 14 KpeMHHeBblX nonynpOBO~HHKOBblX ~e
TeKTOpOB, pacnonO:>KeHHblX Ha paCCTOBHHH 3 M OT MHWaHH 
no~ yrnoM, 6nH3KHM K 90° no OTHOWeHHIO K ny'IKy. )J,e
TeKTOpbl HMeJOT TOniJ..tHHY 8073000 MKM, nnoma~b -1 CM2 
H 3HepreTH'IecKoe pa3peweHHe 50-:-80 K3B. B Ka'leCTBe 
MOHHTOpOB HCnOnblYIOTCB TpH CUHHTHnnBUHOHHblX TeneCKO
na, HanpaaneHHblX Ha MHWeHb, H ~Ba HenO~BH:>KHblX nony
npOBO~HHKOBblX ~eTeKTOpa. 3neKTpOHHaB annapaTypa 3K
cnepHMeHTa onHCaHa. B / 3/. 

Hccne~oBaHHe ynpyroro He-p - pacceBHHB BblnonHeHo 
npu Tpex 3HeprHBX ny'IKa ycKopuTenB 11,75; 2,51; 
4,13 r3B/HyKAOHI H B HHTepaane nepe~aHHbiX HMnynbCOB 
0,002:;: l t l :::; 0,04 1 r3B/c/ 2 . 

HapB~Y c JclKPeKTOM ynpyroro pacceBHHB ~eTeKTOpbl 
perHCTpHpyiOT !IJoH, KOTOpbiB ,B OCHOBHOM, 06B3aH Heynpy
rOMY B3aHMO~eBCTBHIO ny'IKa C B~paMH yrnepo~a B MHWeHH. 
)J,nB H3MepeHHB !IJoHa ~eTeKTOpbl C~BHraJOTCB B "!IJOHOBYIO" 
no3HUHIO, OTCTOBIJ..tYIO Ha 2 °0T "pa6oqeu" n03HUHH B CTOpOHY 
Manblx It I· llocne MOHHTopupoaaHHB !IJoH Bbl'IHTaeTCB Hl pa-
6oqero cneKTpa. Pa3HOCTHblB cneKTp co~ep:>KHT TonbKO co-
6blTHB oT He-r- p- aJaHMo~eB:cTBHB. AnropHTM Bbl'IHcneHHB 
~uctKPepeHUHanbHblX ce'leHHB He-p-pacceBHHB no~po6Ho H3-
no:>KeH B pa6oTe/ 4/. llpoue~ypa y'leTa !IJoHa B ~aHHOM 3Kcne
pHMeHTe BBnBeTCB OCHOBHbiM HCTO'IHHKOM CHCTeMaTH'IeCKHX 
OWH60K. 

lloTepH perHCTpHpyeMbiX 'laCTHU H3- 3a HX B~epHbiX 

B3aHMO~eBCTBHB C aemecTBOM ~eTeKTOpa /5/ B HaWeM 
HHTepaane 3HepruB: I.$ 20 M3BI npeHe6pe:>KHMO Manbl 
I< 1 Ofol. BKna~ Heynpyrux npoueccoa c B036y~eHHeM ~e 
B ce'leHue ynpyroro pacceBHHB a paccMaTpHBaeMOM HHTep
aane nepe~aHHbiX HMnynbCOB He npeablwaeT 1 0/o. 

PaJpewaJOmaB cnoco6HoCTb 3KcnepHMeHTa no KBa~pa
TY nepe~aHHoro HMnynbca cocTaBnBeT l'lt/ t - 2~ H on
pe~enBeTcB, B OCHOBHOM, OWH6KaMH 3HepreTH'IeCKOB Ka

nH6pOBKH ~eTeKTOpOB. 

3. 3KCIIEPHMEHTAJihHJJE PE3YJihTATJJ 
b 

Ha OCHOBe aH8.JIH3a OKOnO 0,5.10 ynpyrHX B3aHMO~eu-

CTBHR nony'leHbl OTHOCHTenbHble AH~epeHUH8.JibHble ceqe-

4 

i()()() 

Hep-Hep 

500 

\75 raB 

0 0.01 0.02 0.03 o.o4 
It: I (r3B/C) 2 

Puc. 1. )l.uif)(jJepeHt~UaAbHble ce'leHu.R ynpy2o2o flc-p - pac
ce.RHU.R, npueeOeHHble K a6C0/110111HOU WKa/le C nOMOIJibiO 
(JopMy/lbl Eeme npu a 1

"
1 = 133 M6H. 

I lo-p 

HHB. llpH MHHOB 3HeprHH nepBH'IHoro ny'IKa 3Ha'leHHe ce
'leHHB do I dt (t) npuao~HTCB a 35-40 TO'IKax no t, npH'IeM 
Ka:>K~aB H3 HHX nony'leHa KaK cpe~Hee no HeCKOnbKHM 
He JaBHCHMbiM H3MepeHHBM I puc. II. 
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3KCnepHMeHTallbHhle ceqeHHH OnHChlBaiDTCH ~OpMyllOH 
.lieTe 16 1, 

1 du 2 2 2 k (ft'"' fi (t)+fR(t)+fc(t)+21fc(t) I X 

xlfR(t)+2nf (t)ln( 1.061i)l, 
I Rv'lt I 

/1/ 

bt 
u tot 2-

r,IJ,e f (t) z~- e 
I 4 n y;-

- MHHMaH qaCTb H,IJ,epHOH aMnnH-

TY.D.M He-p-pacceHHHH, fR(t)= p f I (t) - ,IJ,eHCTBHTenbHaH 
qacTb H.IJ.epHoa aMnnHTY.D.M p =- f R (0) I f I (0) 

2nt y;- i c/J 
f (t) = ---- G (t)G (t)e - KynoHOBCKaH aMnnHTy-
c t p He 

ZnZHe • ,IJ,a, n=~-, 
137{3 

{3 - CKOpOCTb HaneTaiDill,eH. qacTHll,hl B na-

6opaTOpHOH CHCTeMe B e,IJ,HHHll,aX CKOpOCTH CBeTa, Gp(t) H 
G He (t) - 3neKTpoMarHHTHMe ~opM~aKTOpbi npoToHa H 
a- qacTHll,bi, R - pa.IJ.HYC a - qacTHll,hl, b - napaMeTp HaKno
Ha .IJ.H4><iJepeHli,HanbHOro ceqeHHH, k - HOpMHpoaoqHbiH MHO
:>KHTenb, u tot - nonHoe ceqeHHe He-p-pacceHHHH. G~(t) Ja-

,IJ,aeTcH HJaecTHoa .IJ.HnonbHOH ~opMynoa G (t) = -_--1--_ , 
p (1+ itl/0,71)2 

a GHe(t) B3HT H3 pa6oTM 17/no pacceHHHID 3neKTPOHOB Ha 
4 He. 3KcnepHMeHTanbHbie ,IJ,aHHMe no nonHOMY ceqeHHID 
He-p - B3aHMO,IJ,eHCTBHH /8/ H pacqeThl no MO,IJ,enH r nay6epa19/ 
HaXO.IJ.HTCH a xopomeM cornacHH. Mw npHHHnH aenuquHy 
u tot = 133 M6 ,IJ,nH acex Tpex 3Heprua. B HHTep~epeHli,HOH
HYID ~OpMyny /1/ BXO,IJ,HT OTHOCHTenbHaH ~a3a KYllOHOBCKO-
ro H H.IJ.epHoro pacceHHHH 

-

cp"" 2n ln ( 1·<Xi11 ) , 
a viti 

/2/ 

nonyqeHHaH TeopeTHqeCKH ,IJ,llH cnyqaH pp-B3aHMO,IJ,eHCTBHH. 
Hcnonb3oaaHHe ~opMynw /1/ c ~a30H /2/ ,IJ,nH cnyqaH He-p-

6 

'1 
\ 

7 

\ 

pacceHHHH onpaB,IJ,hlBaeTCH TeM, qTo B paMKaX MO,IJ,enH I'nay-
6epa OHa OKa3MBaeTCH cnpaBe,IJ,nHBOH C TOqHOCTbiO ~0,5o/o I?/ 

Ta6Auija 1 

llapaMeTphl aMnnHTY.IJ.M ynpyroro He-p -pacceHHHH 

E ·b 
faB/HyKnOH p (raB/c)-2 

1,75 -0, 17±.0,07 28,5±.1 '1 
2,51 -0, 18±.0,07 29,2±.0,9 
4,13 -0,30±.0, 12 30,4±.0,9 

1.0 

r ... ~ .'~'~u, 
oe- ~ ~f 

,• .... 
I/ 

-1.0 

0.1 1.0 P(raa;cyN 10.0 
Puc. 2. 3a6UCUMOC111b omHoweHUJI c)eucm6umeA&Hoil '-lacmu 
aMnAumyc)&z ynpyzozo He-p- pacce.RHUJI K ee MHUMOU 'lacmu 
om uMnyA&ca. Teopemu..,ecKaJI KPU6aJI noAy'-leHa 6 Ill/ c 
nOMOU#biO c)ucnepCUOHHbiX COOIIIHOWeHUU 6 CO'-IelllaHUU C Me
moc)oM KOHtftOPMHbiX omo6paJKeHuil; a6mopaMu ucnoAb306a
AUCb. pe3yAb111QIIIbl 3KCnepuMeH11106 npu 6oAee HU3KUX 3Hep-
2UJIX, o6o3Ha'-leHHble e , 0 - pe3yAb111QIIIbl c)aHHOUpa60111bl. 

7 



MeTO.D.OM HaHMeHLlliHX KBa.D.paTOB onpe.D.eneHLI napaMeT

phi k, b u p. B ma6A. 1 npuBe.D.eHLI ycpe.D.HeHHLie pe3ynL

TaTLI, nonyl{eHHLie npH o6pa60TKe HCXO.D.HhiX 3HepreTHl{eC

KHX cneKTpOB l{aCTHU. OT,l1,al{H no .D.BYM He3aBHCHMhiM anro
pHTMaM. 

B ma6A. 2 npuBe.D.eHLI .D.H$$epeHu.uanLHLie cel{eHH.R He- p

pacce.RHH.R. 0HH HOpMHpOBaHLI K a6comOTHOH lliKa.ne C no

MOllJ.biO K03$$uu.ueHTa k, onpe.D.eneHHoro no $opMyne IieTe 
BMeCTe C b H p · 

)J,u$$e pe HU.HanLHbie ce l{eHH.R H KpHBbie, nonyl{eHHbie no 

$opMyne IieTe, npuBe.LI.eHbi Ha puc. 1. 
Ha puc. 2 noKa3aHa 3HepreTHl{ecKa.R 3aBHCHMOCTb p If , . ~p 

paCCl{HTaHHa.R B pafioTe II. Ha OCHOBe .D.HCnepcHOHHhiX co-

OTHOllleHHH B COl{CTaHHH C MeTO,l1,0M KOH$OpMHhiX OT06pa

*CHHH. ABTOpaMH HCnonb30BanHCb pe3ynbTaTLI 3KCnepu

MeHTOB no p-He- pacce.RHHIO npH HH3KHX H cpe,l1,HHX 3Hep
rH.RX. 

3HaqeHH.R p lfr 
1 

• nonyl{eHHLie B .D.aHHoii pa6oTe, ne*a T 

3Hal{HTenbHO Bhl@e paCl{eTHOH KpHBOH H 6nH3KH K p . flo-pp 
BH.D.HMOMY, paCXO*.LI.eHHe TeopHH H 3KCnepHMCHTa cne.LI.yCT 

OTHeCTH 3a Cl{eT He,l1,0CTaTOl{HOH TOl{HOCTH ,l1,aHHbiX, HCnonb-

30BaHHhiX .LI.n.R OU.eHKH cno*HOH He$H3Hl{CCKOH o6nacTH B 
CHCTeMe p- He. 

C u.enbiO onpe.D.eneHH.R xapaKTepHCTHK aMnnHTY.LI.bi ynpy

roro npoToH-HyKnOHHoro pacce.RHH.R aMnnHTy.D.a .R.D.epHoro 

He-p -pacce.RHH.R -BBO.D.HTC.R B $opMyny IieTe /1/ B BH.D.e, 

npe.LI.nO*eHHOM B 12· Ha OCHOBe MO,l1,CnH rnayfiepa 

_ 2 2 4 f+I £ 
f(t)=iY.E..~(.!L+2b )exp(-~ itl) l(~ )J::!L(l-ip )x 

2 112 p'IJ 16h 2 f = 1 r £ pN 

X ( _<~tot ~- e t R2 
2rr(R2 +2b 112 )-) exp[4f("h2+2bpN )], 

pN 

/3/ 

r.D.e R=v2 (<r2 >)~ 
3 He . 

(<r2 >)~ 
He 

- cpe,l1,HeKBa,l1,pa THl{HhiH 

8 

~ 
I 
l 

,. 

I 
I • 

Ta6/1Uf1Q 2 

)J.ud>d>epeuu.uanLHLie ceqeHHJI ynpyroro He -p - pacce.RHH.R 

Ez!,75 fJB/HyK~OH E=2,5I rJB/Hyx~oH E=4,T3 rJB/HyteJ!oH 

Jt:/ d6/di it:.! d61dt It:! dfild-lc 

(f'aB/c )2 1.16/(f'aB/C )
2 (I'aB/d' u6/(PJB/c) 2 (T'JB/c) 2 u6/(T'JB/c);> 

O,OOJ7 T543:t,98 0,0025 rrnv3 0,003R T0?8+?8 

0,0023 T227z_52 0,0029 TI05.;t;22 0,0049 964z.T6 

0,0028 I2I2:t,3I 0,0033 I05 T:t_JR 0,0055 P.85J:. T4 

1),0033 986,t?5 0,0039 98I:t,I5 0,0057 B54:t_?7 

0,0038 966;!;.T7 0,004'3 944±.20 0,0062 R73:t_J6 

0,0043 9I2:t,20 0,0046 905:t_35 0,0080 R37:t,I6 

0,0046 924:t_I9 0,0053 867:t,T6 O,OTOI 736;!;.T3 

0,0053 830.±,T5 0,0059 879+22 O,OJT3 747.:tT8 

0,0058 840z.T3 0,006! R70::.T5 O,OJ?I 7T3:t,I3 

0,0071 7<n'!;)2 0,007! BII:t,IT 1), OT34 647.±. R 

0,0083 7T7:t,II 0,0084 796.:T3 O,OT42 642;!)6 

n,0093 730.±,!6 0,009! 762.±,T6 O,OT54 64 T.:tli' 

O,OT02 740;!:J3 O,OT03 750::.!4 0,0165 50?:t,T'7 

O,OIT5 7C!lz.T2 O,OTTI 68T:t,I2 o,om 6JC):t_24 

o,OTI9 672;±)4 0,0!?0 690:!:, 9 0,0!90 593:!;. T7 

O,OI33 670z. 7 O,OTJT 648z. T5 0,0206 535;.!:?0 

O,OT45 635.:tiO O,OT4! 66T:t,TT 0,02T5 535:!;.T? 

O,OT55 6J5:t_T4 O,OT5T 648± T3 0,0??2 472.±.?0 

O,OT6? 59I:t,22 0,0T6! 622:t,I'7 0,0235 484±.2? 

O,OT?O 600:!:.!! 0,0!72 56!:t.28 0,0239 4ff'l;tT7 

O,OTRI 5'74±. 9 0,0!80 582±. 8 0,0?.53 462.::.1:6 

0,0!92 5'74:t_ 8 O,OT90 5'73::..!2 0,0?69 452z.I2 

0,020'3 548-..;. 9 0,0?03 5:P±. e 0,0?8? 429±, T2 

o,O?TI 533!,TO 0,0?20 527:t_ TJ 0,02A9 4?6;tT2 

0,0220 538z.I'7 0,0229 5T7±,T2 0,0302 403z. '7 

0,0229 500:!;. 8 0,0242 4R2+ 9 ''. 032! 37?:!;. 7 

1),0242 500:)5 0,0254 1154:t_ T3 0,0'334 "J54:!;. 6 

0,0254 1:62:t,TO 0,0?67 442+ 8 0,0344 347:!;. 8 

1,0267 450:!;.!4 0,028T 4?2:t,I2 0,0355 33'3.;!:.T0 

0,027'3 437:!;.T3 0,02°2 ''08z. 7 ",0'363 328;;;)3 

o,o2n8 388.;!:.TT 0,0321 36T:t,!? '1,0375 309f_T3 

0,03!4 3ffi:!;.I3 0,0327 3'73::.. q 0,0399 304±. 8 

0,0325 373:!;.!2 0,0340 370:!;. 9 0,04T2 29I:!;.T2 

0,0403 304±. 8 0,0374 31~ 8 

},0404 ?f!l.±. 7 
0,0439 267±. 9 
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pa,nHyc JI,npa, onpe.neneHHLIB B 3KcnepHMeHTe no pacceJIHHIO 
3JieKTpOHOB/7/ • f • KpaTHOCTh pacceJIHHJI. )l;JIJI aMnJIHTy,nLI 
npoToH- HYKJIOHHoro pacceJIHHJI npHHHMaeTCJI napaMeTpH3a-

UHJI 
f {t), i(a tot)pN · . b t 
pN 

4
h _ ~ (l-lp )exp( -~) v TT pN 2 . 

(atot) +(a ) /13/ 
BeJIH'IHHLI(a ) ... PP ~~B3JITLI H3 .TiapaMeTpLI 

tot pN 2 
b N , P N onpe,neJIJIIOTCJI MeTo,noM HaHMeHLWHX xaa,npaToB. 

P B rla6A. 3 BMecTe c pe3yJILTaTaMH ,naHHOB pa6oTLI npe.n

cTaaneHhl- 3Ha'ieHHJI PpN , ppp ,b pp , B3JITLie H3 JKcnepH· 
MeHTOB /14-16/ no pp, H pd -pacceJIHHIO npH 6JIH3KHX 
JHeprHJIX. BH,nHo, 'ITO cpaBHHBaeMLie aeJIH'IHHLI ,nocTaTO'iHO 
6JIH3KH. 3TO no3BOJIJieT c,neJiaTL JaKJIIO'ieHHe 0 TOM, 'ITO 
Mo,nenL rnay6epa npHMeHHMa ,nJIJI onHcaHHJI ,nH$$epeuuHanL
HLIX ce'ieHHB ynpyroro He- p - pacceJIHHJI H onpe.neneHHJI 

napaMeTpOB npoToH· HYKJIOHHOB aMnJIHTy,nLI. 

Bo acex Ta6nHuax peJyJILTaTLI uacTOJIIUeB pa6oTLI 
npHBe,neHLI C OWH6KOB, paBHOB KBa,npaTH'IHOB cyMMe eTa· 
THCTH'ieCKHX H OCHOBHLIX CJiy'iaBHhiX MeTO,nH'ieCKHX OWH· 
6ox. KpoMe Toro, HMeiOTCJI cne,nyiOIUHe cHcTeMaTH'IecxHe 
owH6xH: 11 p = ±0,04, 11 b = 0,6 I F3B/c/-

2
. BeJIH'IHHe 

p He P cne.nyeT npHnHcaTL ueonpe.neneHHOCTL 0,04, CBJIJau

uyro c ueTo'iHOCTLIO a tot - 5%. 
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