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1. BBE,UEHI1E 

MeTo,n;oM rrporraHoaoll: rry3MpbKoaoll: KaMepM B OI1.HI1 rrpoao.n;IITCJI .n;eTaJihHOe :11.3y

qeH:11.e JI,n;epHMX B3alIMO,ll;ell:cTBIIIl rrp:11. peJIJITlIBlICTCKlIX :rneprlIJIX. 

Moarno rrpHHJITh,qTo ,ll;JIJI B3aHMO.n;ell:CTBlIH JI,n;ep c+c rrp:11. lIMIIYJibCe 4,2 raB/c Ha 

HYKJIOH xapaKTepHo o6pa3oBaHIIe qacTIII\ no cJie.n;yrom;:11.M MexaHII3MaM : :11.crrap:11.TeJih

HMH,cTpHrrrrn11roaMll:, KacKa,ll;Hhlll:, MHOll{eCTBeHHOe o6pa3oBaHIIe qacTHI\. O6pa30BaHIIe 

qacTHI\ B JI,n;po-JI.n;epHMX B3alIMO,ll;ell:cTBilJIX JIBJIJieTCJI pe3yJihTaTOM .n;ell:CTBlIJI 3TlIX Me

XaHII3MOB. lfacTHI\hl, KOTOph!e COOTBeTCTBYIOT rrepBMM .n;BYM MexaHII3MaM, JIBJIJIIOTCJI 

qaCTHI\aMH - HeyqaCTHIIKaMII KacKa,ll;HOrO Il MHOJKeCTBeHHOrO rrporr;eccOB o6pa30BaHIIJI 

qacTHI\. floJiyqaeMh!e 3KCIIepIIMeHTaJibHhle pacrrpe,n;eJieHlIJI JIBJIJIIOTCJI cyMMOil CIIeK

TpOB qacTHI\ - HeyqaCTHHKOB II qacTIII\ - yqaCTHlIKOB.Ilpn :11.3yqeHIIlI MHOJKeCTBeHHoro 

II KaCKa,ll;HOro MexaHH3MOB qacTIII\h!-HeyqacTHlIKil MoryT cym;eCTBeHHO lI3MeHIITh lIC

KOMh!e pacrrpe,n;eJieHIIJI. OT,n;eJieHIIe <plI31Iqec1mx pacrrpe,n;eJieH:11.tt OT qacTIII\ - Heyqa

CTHIIKOB IIOMoraeT rroJiyqaTb rrpaBIIJihHh!e pe3yJihTaTM ,!J;JIJI KaCKa,ll;HOro 11porr;t;cca lI MHO

lKecTBeHHOro o6pa30BaHIIJI qacTHI\. IlpII H;CCJie,ll;OBaHIIlI .n;ayx IIOCJie,ll;HlIX MexaHII3MOB 

qacTIII\hl - HeyqacTHIIKII OT rrepBMX .n;ayx ,ll;OJilKHhl 6h!Tb OT,ll;eJieHM, lICI10Jlh3YJI xapaKTe

pllCTIIKII ncrrapIITeJibHh!X lI CTpillllllIHrOBhlX IIpOTOHOB,a TaKJKe JI,n;epHh!X cpparMeHTOB. 

B .n;aHHOll: pa6oTe rrpHBO,ll;lITCJI pacqeT lIMIIYJihCHOro crreKTpa :11.crrap:11.TeJihHh!X IIpo

TOIIOB B036yJK.n;enHoro JI.n;pa yrnepo.n;a, .n;aeTcJI orr;eHKa ,n;oJI:u: per:11.cTp:11.pyeMMX B 11po11a

Hoaoll: IIY3MpbKOBOH KaMepe IICIIapIITeJibllh!X IlpOTOHOB ll peKOMeH,n;arr;:11.iI no lIX BM,n;e

JieHHIO II3 3KCrrep:u:MenTaJibHh!X pacrrpe,n;eJieIIHil. 

2. 8KCTTEPI1MEHTAJihHhIE PE3YJihTAThI IIPE,UIIIECTBYIOID:I1X 
PABOT 

Ha OCHOBe aHaJI:U:3a crreKTpOB IICIIapHTeJihHh!X IIpdTOHOB; c,n;eJiaHHh!X B pJI,n;e pa6oT, 

6MJIO Bh!JICHeHO, qTo He :U:MeeTCJI cym;ecTBeHHOH 3aBIICHMOCTlI xapaKTepHCTlIK lICIIap:11.

TeJibHh!X rrpoTOHOB OT aHepr:11.:11. HaJieTaIOm;ell: qaCTllI\hl (11]. 
O6pa30Bamre IICIIapHTeJibHh!X rrpoTOIIOB HCCJie,ll;OBaJIOCh IIpH pa3JiliqHh!X anepr:11.JIX 

rryqKoBMX qacT:u:rr; - OT caMMX MaJIMX aeJI:u:qHn .n;o anepr:11.ll: KOCM:11.qecKIIx Jiyqefi [1-11]. 
,UJIJI pacqeTa 3HepreTIIqecKoro pacrrpe,n;eJieHIIJI HCIIapHTeJihHMX rrpoTOHOB ( CM. .n;aJiee 

§ 3) HCI10Jlh3YIOTCJI B KaqecTBe IICXO,ll;Hh!X BeJIHqlIH 

U - 3Hepr:u:JI B036yJK.n;eHHJI JI,n;pa yrnepo.n;a, 

t - TeMrrepaTypa ao36ylK,ll;e1rnoro JI.n;pa, 

E,um(p) - cpe.n;HJIJI KIIHeT:u:qecKaJI 3HeprIIJI :u:crrapIITeJihHMX rrp0To~o11, 

V - aeJI:11.q:u:Ha KYJIOHOBCKoro 6apbepa JI,n;pa yrJiepo.n;a. 

f1p1rne.n;eM B Ta6JI:11.rr;e HeKOTOphle xapaKTep:u:cTHKll B~36y)l{,ll;eHHh!X JI,n;ep, B3JITh!e :11.3 pa-

6oT [1-10]. 



Ta6JIHrra 

I Ccmma I IlyqoK, I .EKHil(p), I U, I t, I .EKBH(a), I 
I I n,B/c I M<1B I M<1B I M<1B I M<1B I 

I (8] I 4,5 I 8, 8 ± 0, 4 I 126 I 119,4±1,7·1 

I (3] lRocMHKa I 7 ± 1, 3 I l I 13±1,5 l 
I (4] I 1, 7 l l 70 l 3, 2 l l 
l (4] l 1,7 l . l 210 l 5, 6 l I 

l (6] l 1,3 l l 250 l l I 

I (7] lRocMnKa I I 100 I I I 

I (1] I 1,3 I 9 I ,250 I 4 I 13, 7 I 

,Urur npoBe,n;eHHH ,n;aJihHeiinmx pacqeroB 6blJilI B3HTbl pe3yJihTaTbl pa6oTbl [8] KaK Hall-

6onee 6JIH3KOi:t K HaM no BeJI11qn:He HMnyJihCa nyqKa. lfa pacCMOTpeHHH ,n;aHHblX, np11-

Be,n;eHHblX B Ta6nn:rre, Bll,D;Ha 6JIH30CTh BeJin:q11n xapaKTepn:CTIIK B036y}I{,n;eHHhlX H,n;ep ll 

ncnapn:TeJihHblX npoTOHOB. 9To o6cTOHTeJihCTBO no,n;TBep}I{,n;aeT npaBHJihHOCTh Bh!6opa 

IICXO,n;HblX ,n;aHHblX .UJIJI Ramero pacqeTa. 

3. PAClIET CIIEKTPA l1CIIAPl1TEJibHhIX IIPOTOHOB 

IlpOBe,n;eHHe pacqeTa cneKTpa IICnapHTeJihHblX npoTO.IIOB ,!l;JIJI C+C - B3aIIMO,D;ett

CTBHJ1 npn HMnynhce 4, 2 f.'<1B/c Ha HYKJIOH npoBO.UHTCH cornacHo (9]. ABTop pa6oTbl 

[9] a OCHOBY CBoero pacqeTa B3HJI q:,opMyny BattCRonq:,a (12], OIIHCblBaIOnzyK> OXJia}I{,!l;e

Hlle }I{Il,n;ROi:t KanJIH: 

W(E;) = (E; - V)/(t2 )exp[-(E; - V)/t], 

E; - KHHeTnqecKaJI 3HeprHH HCnapnTeJihHOro npoTOHa, 

V - ilq:,<peKTHBHaH BeJinqIJHa KYJIOHOBCKoro 6ap1,epa H,n;pa, 

t - TeMnepaTypa H,n;pa. 

(1) 

PacCMOTpHM BeJIHqlIHbl, BXO,!l;HilIHe B q:,opMyJiy (1). BennqIJHa KYJIOHOBCKoro 6aphepa 

onpe,n;eJIHTCH no q:,opMyne · 

V' = Vo/(1 + U/200), 

· Vo 061JqHo npHHHMaeTCH paBHhlM 6 M<1B, 

u - 3HeprHH B036y}I{,!l;eHHH H.n;pa. 

(2) 

Ho B q:,opMyny·(2) no,n;cTaBJIHIOT BeJIIJqIJHY V BMecTo V' ,n;JIH yqeTa pacmnpeHHH H,n;pa. 

,UJIH pa3JIHqHblX ncnap11TeJihHblX qaCTHII HMeIOTCH COQTHOilleHHH : 

V(p) = 0, 7V'(p), 
V(d) = 0, 77V'(d), 

V(t) = 0,8V'(t), 
V(a) = 1,66V'(a). 
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'.--)Hepr11H ao3fiy}I{,n;eH11J1 R,n;pa cornacHo Mo,n;eJIII cpepM11-ra3a [7] orrpe,n;eJIHeTcJI q:,opMynott 

U = kAt 2
, 

A - aT?MHhlB aec (.UJIJI yrnepo,n;a A = 12), 

t - Te~mepaTypa R.Upa, 

K - Ko<1q:,q:,11rr1ieHT, paBHhlB 1r
2 /(8EfHH(p) ). 

(3) 

l1crroJih3YJI .UJIH HYKJIOHOB pac'leTHOe pacrrpe,n;eJieHlle IIMIIYJihCOB <l>epMH /cM. rrp1rno}I{e

Hlle/, ,n;rur R.Upa yrnepo.ua IIOJJ)"letta EfH:(p) = 5, 38 M<1B. ,UJIJI K03<p<pllIIHeHTa 

rronyqaeTrn 3Ha'!eH11e k = 0, 228. Pa3pewaJI (:3) OTHOCHTeJihHO t, rronyqaeM 

t = /U/(kA). (4) 

'.➔ Hepr11J1 B036y}I{,UeHIIJI R,n;pa [I 011pe,n;eJIJ1eTCH 113 3KCHep11MeHTaJihHhlX ,n;aHHblX, HC

IIOJ!h3YJI cpopMyny 

lJ = Qn + .EKHHn, 

Q - 3Hepr11H CBJl311 qacTIIIlhl B R,Upe, 

n - qHCJIO 11crrapllBilIHXCJI lJaCTIIII, 

EKHH - cpe,n:HJIJI Kll!IeTll'IeCKaJI 3Hepr11J1 11crrapllBilIIIXCJ1 tJaCTIIII. 

8Hepr11J1 CBJI311 qacTIIIIhl Q ,n;nR nernoro R,n;pa ( C ,N ,0) 113BecTHa [10] 

Q(p) = 7 M3B, 

Q(n) = 10 M3B, 

Q(a) = 9 M3B. 

(5) 

Ben11q11na cpe,n:Hett Kl!HeTHtJeCKOll 3Hepr1111 Hcnapl!BIIIPrOCJI npoTOHa 11p11 6Jill3KOH K 

HaM 3Heprn.11 11yqKa orrpe,n;eJieHa B [8] H paBHa EKHH(p) = 8, 8 ± 0.4 M3B. 

,UnR onpe,n;enen11H tJIICJia n ( r,n;e n - qncno Hcnap11aw11xcJ1 tJacT11rr) o6paTHMcJI K 

pa6oTe [9]. B nett rrpHBe,n;eHa 3KcrrepHMeHTaJihHaJI 3aBIICHMOCTh EKHH(p) OT q11cna 

"qepHhlx" ( T.e.11cnapHBilIHXCJ1) tJaCTIIII- Ben11•mHe 8, 8 M3B no 3Tott 3aBIICHMocTH 

cooTBeTCTByeT 11cnycKamie Tpex npoTOHOB. l1cnapeH11eM aJih<pa-tJaCTIIII npeHe6peraeM 

113-3a MaJiott BepORTHOCTH IIX HcrrycKaHIIJI H3 JierKoro R.n:pa. 

8neprn.R B036y}I{,!l;eHHJI R.Upa yrnepo.ua, npllXOMJl(aHCJI Ha npoTOHhl, U(p) = 7. 3 + 
8,8 · 3·= 47,4 M3B. ITpe,n;nonaraH, 'ITO tJHCJio Hc11apReMblX HettTpoHOB paBHO qucny 

IICnapReMblX HpOTOHOB H 'ITO HMnyJihCHhlll CHeKTp HCUapl!BIIIIIXCJI Hei1TpOHOB 6Jill30K 

K rrp0Ton110My, nonyqnM U(n) = 10 · :3 + 8,8 · 3 = 56,4 M3B. Pa31mrra aen11qnH 

lJ (p) II lJ ( n) CBJI3aHa C pa311ott BeJIH'IllIIOl! .3Hepr1111 CBJl311 npoTOHa II HettTpOHa B R,n;pe 

yrnepo,n;a. TaKIIM o6pa30M, noJIHaJI aen11•mHa 3Hepr11u a036y}I{,!l;e11u11 11,n;pa yrnepo,n;a 

U = U(p) +U(n) = 10:3,8 ± 1,7 M3B. l1cxo,n;H 113 11onyqeHHOl! aeJill'IHHhl U ,n;JIR 

11,n;pa yrnepo,n;a, no cpopMyJie ( 4) Bhl'!IICJIIIM t = 6, 16 M<1B u no cpopMyJie (2) 3eaqeu0e 

V = 2, 76 M3B. 

Pe3yJihTaThl pac'!eTa 110 cpopMyJie ( 1) 11pe,n;cTaBJieHbl Ha puc. 1 ( Bep011THOCTh J,IC-

11ycKaHU1! OT EKH~ - IlITPIIXOBaJI JIIIIIll11) " Ha pnc. 2 (aepo11THOCTb ncnycKaHHH OT 
IIMTIYJihCa p ·_ UITpllXOBaJI JIIIHHJI). 
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4. yqET OXJIA)K,L(EHI1.R .R,UPA YfJIEPO,L(A 

CneKTp llCIIap1neJihHhlX IIpOTOHOB, IIp1rneneHHhlll Ha pnc. 1 ll 2, JIBJIJ!eTCJI IIptt6m1-
}l{eHHhll\L l1cIIyCKaeMhle qaCTllUhl YHOCJIT C co6oii qacTh 3Heprllll B036y}l{]leHllJI 11npa, 

Bhl3hlBaJI ero "oxnam.n:eHue". 
,UonycKaJI, qTo BMeCTe C OJ].HllM npoTOHOM llcrrycKaeTCJI ll O]lllH HeiiTpoH( qTo !Ipll

eMJieMO JlJIJI 11npa yrnepo.n:a),a TaKm.e ecnn ncrroJih30BaTh E=(P) = 8, 8 M3B, To rrocne 

ncrrycRaHRJI IIepaoii rraphl rrpoToH+Heii:TpoH OT 3Heprnu ao36y}l{JJ.eHllJ1 11npa yrnepona 

ocTaHeTCJI 69 M3B, rrocne BTopoii IIapM rrpoToH+HeliTpoH ocTaHeTCJI 34 M3B ll rroCJie 

TpeTheli napM npoToH+Heil:TpoH 3Heprn11 B036Y}l{JJ.eHRJI ac11 6yneT ncqepnaHa. 
OKoHqaTeJibHhlll cneKTp llMIIYJihCOB llCIIapttTeJibHhlX IIpOTOHOB, yqllThlBaJI ero OXJia

}l{]leHne, npnaeneH Ha puc.l u 2 (crrnoIIIHMe nmmu). J13 paccMoTpeHllJI Kpuaoii (c yqe

TOM oxnamnemrn) Bll]lHo,qTQ KOJillqecTBO !IpOTOHOB C llMIIYJihCOM 6oJihIIIe 140 M3B/c 

COCTaBJIJ!eT 61 % OT acex llCIIapttTeJibHhlX rrpoTOHOB. KpllBaJI llMIIYJihCHOll 3aBllCllMO

CTll, nonyqeHHaJI c yqeTOM OXJiafil]leHllJI J].JIJI llcrrapllTeJihHhlX npOTOHOB, 6McTpo crra

naeT. Ecnn BM6paTh aenuqnHy 240 l\faB/c, TO c llMIIYJihCOM 6onhIIIe 240 M3B/c 

llMeeTCJI He 6onee 3% OT Bcex ncnapnTeJibHhlX npoTOHOB. Ecnn npennoJIO}l{llTh, qTo 

pacqeThl no llMnyJihCHOMY cneKTPY llCIIapttTeJihHhlX npoTOHOB COOTBeTCTBYIOT 3KCIIepll

MeHTaJibHOMY pacnpeneneHll!O llCIIapttTeJibHhlX npOTOHOB, TO IIpll onpeneneHllll MaK

CllMaJibHOil: BeJill'IHHhl HMnyJihCa ncrrapttTeJibHhlX rrpoTOHOB, paBHOll 240 M3B / c, 6yneT 
IIOTep11ao He 6onee 3% OT acero qucna ncrrapnTeJihHhlX npoToHoB. TaK KaR B rrporraHo

aoli IIY3hlpbKOBO.il: KaMepe rrpOTOHbl C llMIIYJihCOM MeHbIIIe 140 M3B/c He Bll]lHhl (n3-3a 

oqeHb Manoro pa3Mepa J].JlllHhI CJie]lOB B KaMepe), TO B KaMepe B03MO}l{H0 perncTpttpo

BaTb He 6onee 58% OT Bcero KOJillqecTBa llCIIapttTeJibHhlX npoTOHOB. 

IIPI1J1O)KEHI1E 

Ilpn pacqeTe TeMnepaTyphl 11npa Heo6xonnMo Y'IllTbIBaTb cpe]lHIOIO KllHeTll'IeCRYIO 

3Heprn!O <l>epMll E1 HYKJIOllOB B 11npe yrnepona. l1MIIYJihC <l>epMll orrpeneJIJ!eTCJI !IO 
cpopMyne · 

I F 2(q)l = 0, :376{ (1/q,) exp(-q; /q;] + 4(q; Jq:) exp[-qlf q:]}, 

q, = 160 M3B/c JlJIJI S-aoJIHhl c aecoM 1, 

qp = 95 M3B/c JlJIJI P-BOJIHhI c aecoM 4, 

q; - llMIIYJihc <l>epMn HYKJIOHa. 
Ilo 3TO.il: <popMyne 6MJia pacquTaHa nJIOTHOCTh BepoJITHOCTll llMnyJihCOB <l>epMll ll OIIpe

neneHO 3HaqeHne E!.w,(p). 
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Pnc. 1. Pacnpe.n:eneHne no KnHeTnqecKo.il: 3Heprnn ncnapnTeJihHMX 

npoTOHOB ll3 B036ym.n:eaHoro 11npa yrnepona : 
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C y'IeTOM OXJia}l{.ll:eHllJI 11.n:pa, 

6e3 yqeTa oxnam.n:eHnJI 11npa 
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Pnc. 2. liMnynhCHoe pacnpe,n:eJieHne ncnapnTeJihHhIX npOTOHOB : 

c YtieTOM oxnam.n:eHHJI H.n:pa, 

- - - - - - - - 6e3 y'IeTa oxnam.n:eHHJI 11.n:pa 
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