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F.A.AHARONIAN, R.A.SUNYAEV* 

THE EMISSION IN GAMMA-RAY LINES, NUCLEI DESTRUCTION 

AND NEUTRON PRODUCTION IN HOT ASTROPHYSICAL PLASMAS. 

DEUTERIUM BOILER AS A SOURCE OF GAMMA RADIATION 

The radiative cooling mechanisms of nucleon component of 

hot two-temperature plasma ( KTi ~ 1 MeV) are investigated. 

The possible astrophysical applications of the results ob­

tained are discussed. 
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I. BBe,r;eH11e 

B rrocJie,JJ,HMe ro,rr,H B Jil1TepaType iili1pO!<O o6cyi:ne.eTCH B03HOii'­

HOCTb ~'0p}.rnpoBa.'iJ1ff BHCOKOT e!.mepaTypHOY. MOHH0 1
" !'.Jl9.3HH (~101° K) 

B6JI!1311 peJIRTMBMCTCKVIX acTporD113!1l!ecr-:JA.x o6'beKTOB. Cpe,r;11 HMX - . 

a;ByxTei,mepaTypHHe aKripeq11omme ;1,HcK11 BOKpyr t.IepHHX ,ri;Iof9 , rnra3Ma, 

B03HV!Kal01l\aff rrp11 ccpepM1<8CROK a1rnpeL!MI1 Ha HetiTpOHHyJG 3B8'l?Y 11Jil1 

l!8pHy!O ,Ti;HpY' Cl'!JlbHHe y,rr,apHb18 BOJIHbl rrpH B3Db'B8.X CBP.DXHOBHX 11 

T .,D,. 

0CHOBHble H~8:iF.,IJ,hl lTOJiyt.IViTb J-'a6.rr10,u;aT8J1bHPe CB!1,I\8T8JlbCTBa B 

f!OJib3Y cymeCTBOB2Jil1H ITOJ:\OOHOifi l1Ji9.3MH B acTpo-:;.vrci ;-It.;P.(;_mx o6neK-

Tax CBH3b!BaIO'rCff c rruvn.m- aCTl)OHOr.:11etr . I\HTe=rc11BHoe r /.1:.rra-113.JIYT.f>'> -

;-rne c xa~m.KTep1ruM 
Ciio ., 

crreKTpOM OT p acn :\TT,13. :JI - !~830P;O B 1m0:'.e "' (fOp-

MMp oBaTbcq B a1nrpeJ.\I10HHO!i rrna3Me c 
p 

Ti"' IO ~ K B6JT:•l3H '<8:'.'H!:>IJC 

p;i,rp [I-3] IIp11 6oJiee HI13K!1X T eirneoeTy·9ax ra!·.-" '. '1.- "3Jryqe;-ive , CBH-

3aHHOe c MOHHO t°I KOMITOH8HTOt'r l1.!l'3.3'!!bf ' r e:-iepVipy e TC.9 rrr1emr.y;i:_eCTB8H­

HO BO B3al1MO,IJ,e tiCTBl1HX _ rrpOTOHOB c fl,I\l)W'.V. - i.:repe3 ilJ:l.fl' ·:hre I\a.HC!.JIH 

B036y:>i;,TI;8Hl1fl H,qep , a TaK:ce lT!:'V: 3 9.XH"l'l'" I1 aHi tH T'HJ!BE!! '.; BTO!Jttl-!HblX 

H8MTpOHOB 11 l103HTpOHOB . Bo3MQ?:IEQC'l' b r eHe:l)<:ll_Ml'I mmc)(;\L[aToro r aM­

Ma-H3.llytl8Hl.f.f! B T'OpHt.Ie t' Of1TVi'48CKH TQH!\OJI. f1Jl8.8c.'.-3 B!'!8~13bi8 06c:r1.~f\a· 

nacb B pa6oTe [4]. BoJiee Toro, JI11HreHr7'eJibT8po~ l1 .l!.P• [5] BH,IT,-

3MraJiacb r11rr0Te3a, qTQ 3W1CCHOHH!o!e Jil1HHM' BH,)\8 .Tf8HP.bre B c neKTpax 

3 

\ 
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,I.1.Byx 
ti - TpCL1-13V18H'l'OB l6 '71 ' a T aKJKe B cneJ{T}lA '.:-JH,l},MO T'9...T!'3.RTHKl1 

reHepvrpy>~'i' Cfl B arc1·:pe11,ll!riHc:o'.' n.nt'.3!·,•e nfi.rrn3l1 Heii; -[8] 
Gen A 

'l'pOHHOi>°' 3Be3,JT,H 11 w:i.ccMRHOl~' 1.1epHo!ir ,JJ,Hnb1 , cooTR8'l'CTReP.BO. TaKoe 

npe.n.nOJ[O)K8HM8 f!B.1JH8TCH 8.HbTel')HaTYIBl-IHM no o •rJ!OJllP,Fl'J~O K r 'IF10T 8 38 

o<i o6pa30BD.HVH1 .nviEe'l~'-'·3.~'o,,o r a ::rrra - M3J1yt!8HMff npl' C'im.16a::.i,n.J/i:OOBKe 

X 0.110,11,!-!0rO r113a Hfl,IT,'r8:TjJ013'·T1',ti'l fl,Jl,!_JaMM ( cy6KOCl.1MUF~C T\'.'"'':1:'. JlYll8.PV!)' 
I (5 9} 

l\0'1'01)'3..f! Heir,3() ~·,mo w1;iBo.nylT 1< :-1 en::.ieo,no.n11MBH ·rn;rn.i-;ocTfll.1 ' • 

PerVIC 'l'()IJJ~HH JIJ/iH e!~t.11J.Toro rf.l.H'.:a- V13.nyt1011 V1!1 O'l' iw;.m:i.KTHbiX 

~l8.TIHTMBMCTCK!1X o6'heK'I'OB ~WrJr ll 6bl C~' IJ.'l'b RD.lKl'Ci1lllMM V!P.C7n yneHTOM 

V! 3Yl.!8Hl1fl rI1113Hll8CKvlX yc.noBHM 06.Jl <lC "'C ~i r c 110Pn.11,>1M W'l.7;,lll.l(''-iM f! ' He ­

)1,0CTyllHhlX B .n.pyr v.x .n.immi.30!-!BY: s.neK•rooMar11M'l'l'1-1x no.11 11 l1C1. 3T!-'.M 

l1 o6'bHCHH8TCH JlOBbU~eHJ-Ib!M V!HT0l')8 C B !1Jla.HMl')Y 0Tl;J,jY. n II ' JC'POfll"08 

BpeM.fl 8KCne pMM8!-!Tax R o6JJaCTl1 3Hepr11t'r rno•r ol!OB 0 ' t - IO'.>D [n1. 
K COl":aJJ8Hl1!0, KP.R ITOK8.3 a.HO B ,IJ.CLBHO M pa,6oTe ' 3 r1·:· 0.]{'rl-!8l!OC'.'"b rcH~ ­

pall,MVI raMT--~a-JJMHMM B r opHtI8ili MOHHOM IIJTa3M8 OTHOCM'l'eJ1bPO !1 ElllOJJM ­

m 1, a !J8 f'MCTpall,11f! 3Tl1X JJHHMi-l c ITOMOll\blO coe-perv.eHl-!blX ,IJ,8T8KTOTJOB 

• v v 6 
D03MOlKHa JJMlllb !Tf H1 pean113aU.11M B8CbMa CIT81\l1~'11lIECJ'l1X yc.ijOR W1 B 0 -

JtrtCTl1 r e rrcpau.11lll . ,Ue.Tio B TOM , tITO B nJia3Me c Te:-meoa'!'ypoVi 110HOB 

,Il,OCTaTOllHO Bl,lCOKOM ,Jl,Jlfl B0 36Jf'iKJJ,eH11f! H,IJ.8'!) , em,e 6bIC~'l'pee MJ1!1 c O,T\M­

Ha KOBO Yi CKO_;:JOCTblO npo'1'8!\8JOT Heynpyr11e pea KT \HH rf19ar:t.eH'r !lJ ~V!V. > 

npMBO,TJ,l'lll',!18 K pa3 BaJJY H)J.ep 3a BpeM.f!. nop.H,Il.R!l. J1Jll1 Mellhll!O l)l'lOMCHM 

~1op~.rnpoBaHVH CTaJ~l'!OHapHOM Bh'.COROT8tt.nepaTypHOt'! ITJ1 '1:1HT.t . 13 flC3YJib­

TaTe 3TOf'O 06pa3yeTCH rrpoTOHHO-HefiTpOHHa.Jl n m:i.:wn rlo:1 :111.MeTHOf'O 

C:0,1J,eplKffil11f! .H.!J,8p , HO B CV!JIY 3JJGKTp.o t:Jet'iTpllJJbllOC'l'lt t' : lJ!f 'l( '1' nOH8.MJI! 

11, B03MOJKEO, !103VTT90HaMJi! . IIp11 STOM 113-3(1 f11 .1c1·1·pc11 •11 o" Jrn.:.-,r..eJ-IM.H pe­

JI.A:TMBMCTCKHX 3JieKTpOHOB B oKpecTT-TOC'I'J.1 1(()1111 111 . l' l 11 IX OO'J.CJ{T QB npeV!­

MJflJ\8CTB8H:~O ~'OpMvipyeTCH Jl;BYXT eMnC' 0'1'1',VJ11 l l lll IJJl l l : ll "J c T / ro
1° K 

Vi Te< 1010 K. 

' 

B ,JJ,By;:TeMncraT~':'.'J~:OH n;ra3;·10 0T609 C!Hepn!Li y 

JIOHOB n p ov.c: ·o,TT,HT B oc:IO BHOl-.! :oa Cl!8T rty.no :->:ODC1".J.JX 

I'Oj)f:.UMX Hy!{- . 

p- e coy/1,A.-

peHHf'i . 3JieKTp0Hb! Ee O'l',11;8.l'.lT c ;io;.~ ::'l '-IeDPl{TI) :•rn.1ry4qHv.:0 RC.il: f.l)J,CTBVP. 

KOMTITOHJi!3BJ.\HV! . ;{pm:'(' ~ore ' r;~r:rnciHi·i85l !(Q)f,[jQi-JeHT.<'. TI.li 8.3!·.1h1 OYJIP;F.­

.r:::aeTCH B :083YJTb'l'fl.T 2 .fl" ,r:\ViO.!' '·'.lOHFOf'O 30L'CBB.T 8. HC'.';r o0H0'1 !l~OTOH'11--'!f~ 

c 0 69a30BaI-1HeM :i,e'.tTDo:-ia Vi Tnr-:·::o:-ii-mro M3J!y1.lemrn rr:-m ::.i·:' Cf' " f.HVI '. 

IT'.:-JOTOHOB Ha HGl~T?OHB"-< . Hat5.rrf.1,rr,P-:- r11 F r n:·~· :.<i.- Jlf3Jlyue i-nm c · ; 1;.J'' ' FTS~)­

HblM cne 1tTIJOl~ B .11mrna3 o He ,.., I - 50 i.!3B •r:oryT r -?"'b m1fl'.me .''Oi{e,2a.­

TCJJbCTBO cyqeCTBOBO.HVif! ,lJ}i;r-;Te:.:mr;:ia r~rpHofi; cy6pc.TJ R:'i"RI!C'i'Cl"Oi.' 

IJJ18.3Mbl (Ti> Te ) B CMTym.r,MVt' 1cor,n,a pa3;::i:;r"c8i-'hl T.<:~ : · e .r:: r(') "r.:':' lf 

ocJia(L1eHO n3~:-tyueHMe . B r.~·/r ·~a-.Jnn-u1: .s:i.x. 

13 roprr4e ~1 nJra3t'.r. c T. ~ IO IO K 
l. 

11 c EOH:.~ c~;-l. 1l1 }! t:..r :,i.ldf; np~ 

1016 CM- 3 B .ra"JE038Cl-l 1: c n p O'l'O!-lffi.Wi YI Hef!T!JOI·rrurn n ;:iv.cyTcTr:yrr.T 

fI,JJ;pa .!J,Ct\1' (~f¥ifl . 06m1Me ,TI/~ ··:TP.iJ'·lf! B fl.'!3.3!;1(3 CMJT bHO 3aRHCVIT flT T E'!·. '. ­

nepaT~T'[)h! HIJIUTOHOB. '3 tl'1CT;iOcTVi , w1r-: ·reMne_i:)a.Ty~JP. Ti~ 3·1010 }[ 

MO?--eT r;OC'J'V{.fb fH~C Tl '1!8. f"'O!I bI :~orn 3H8.UC!-fHfI ""JQ-3 . OHO 

iUe:.f T8!)YI~1 ~-.. ~o:.:~A T 3·)·· : er·· :i' :,~ono ~) (;n~ 3o 3aTT>C.fl :ie.:..:::·~e n~J! .. ~ yr2e-LIKe 

HerTprfriOB M:3 o<) .rracI'!·: re1·:c~9:.JJ.HH H i~ ~= fIOCJie}1y:o1qeM 3 2..~·~B;' ·.Te B 

fV!OTHbIX X:OJIO~HS!X 0 6.li.:3.CTP .• .X , 0 ;::1:y:··· 1:'}1' 1.iti --: !1'.:!'110 lfr::·~ . J l'.: .~ 'i 1 ! = ·J"."''l~ . , 

He:.·.rrpoht..I :·.1oryT 3B.~ ·:Bar.rr·1 r11 TJCH Ht~ to o . ~1; _:-f . :r0c~ 3,1 ~ Be::\PH- r-: oi .:~ 1 ·~yno1 :2. , 

g:co,IJ.H[\8t' B COCTaB ~BO !·:Ho;.: c r:c i '8i'J-! c U8prto:: )!,F-1 ~10{:: :~JI : ~ J-Je~iT~'}O H­

H0 \.1 3Re3;J,oi~ . Ilpi1BJrer-:aTe.Tii; Ho~·~ oco6ehhO C;P biD c:rn1:"10 :_i:e e.I-!M8 ~·.1a t1 :i­

JI.A:eTc.H B03:.:m::r-roc'J';, o!lp:;_3o r.:c::i-rr: ,n,e'·' 'l' '."!_'.) ! !.fi fie3 con~''i'r.T;oy;w·."Z 

JierKw>e oJre: .. :e--\TOB (Li , Be , B ) • KaK nomo:.3E:<P'1'!' ri:-.: TA,C:C"'il-'Fe 

rUDKe l')a CllCTH , MCrIP1)8r!ll!e !-Iei1'J,;')OHOR H3 A.RFIJel.\l·'.Oll!·TOf'O T\.:·:CK'l r.T8.-

H0 3HTCH cy;.:~eC'1' B8'frHM n .,1:· Te:.'.TI2'0il.'l':'IJ~ 

CTBOM ~e0c~BKH 8T OI'O : ~C YC: :t ~!8MC. OH.fiO OE 

rrqmm 2,2,. L"I0B. 

5 
< •• 

~ 
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2. Bo36J~p,eH11e 11 paspyrneH11e H,n;ep B rrna3Me 

Hm16onee Ba'KHm~ H8Xa.Hl13MOM reHElPaJ \MH JrnHeM.tJ:aToro raJv!Ma­

H3JiytI8Hl1R B pa3peJKeHHOM nna3M8 co "CT8.H)\apTHlilH
11 

KOCM11tJ:8Cl{HM 

0611JIV18M 3JI8M8HTOB HBJIHlOTCH npm1!hle 9ea.KJT,l1E B036ytK,o;emrn fl,TJ,ep 

1 2c ( 4,44 MsB ) , 16 0 ( 6,13 MsB ), 
14 ~ 2 , 31 MsB), 

20Ne( 1, 63 MoB ) , 24Mg( 1,3? MsB ), 
28si 1,?8 MsB) , 

56 F12. ( O, 84 M3B ) npoTOHaMl1 YI J. - tJ:acTVIIJ,8.MYI. 

CetJ:eHVIR sTYIX peamJ.11t\ Hatn!HaJl c noooroBFX 3HatJ:eHYitl E "' 

(3 - 5) M3B 6blcTpo .J.OCTV.I'HKYI' MaKCl11AYMe. no11 E ~ (IO - 30)MsB , 

a ,IJ,aJiee rra,u.a10T m:ivrMepHo no saIWHY -v E-1 ( l
2
]. IlosToMy R,IJ,pa · 

HaYIGOJiee s cprflertT11BHO B036YJ!l,i:(aTOTCJ1 B nna 3MC c TCMnepa·rypoV! Ti"' 

1011 -1012 K. Ilp11 3Tl1X JKe ·1·eMncpo.·1·ypax Hoy 11pyr11e fl,P,8flHhT8 CTOJIK­

HOB8H111i np11BO,IJ,f!T T( 11 11'1'011Cl1T3110MY po.spy1110111110 fl ,11,0p . ).l,JTR COITOCT"l.B­

JI9Hl1J'l 0 '1'11X l\DJX 11 ()0 1\0CCOD <'l1~Jll1 pllCC411'l'OJlf>I CltO[lOC'l'l1 oo:i6y >{(,n,er1 11H 

11 p llCll \0.,,JTOlll1.ll n.rr.op 0 l!OrJOJl.flTl<!Ol1C'J'CJ(Qt\ WJ.l(C138JIJIOBCl(Q (,\ n.rra::iMe : 

~. KT -"!>}; ~Ji 
00

~ -a.E/Kli. 
~ - 2 1- ') 2 

CCL t1.p e. 6'E)EdE . 
5f \ mpC~ trnpC 2 )

2 
\ ' 

Eth 

(1) 

r,IJ,e A - Mac c.o Boe tJ:11cno R,o;pa, 6 ( E ) - cetJ:eHVle perum,V111 B 

c11c·reMe TIOKOR R,rrpa, Cl= l1 +.1/~r 1• B pactteTax yt.!YITI:rnaJil1Cb TOJib-

KO peam~mi c ytI8.CTW8M rrpoTOHOB np 11 BTIOJIHe pa3yMHOM npe,flITOJIOJKe­

HJ.HI Ti= Tp • 

Ha 011c . l np:;rne,D.eHhl 3aBMCWMOCTVI Bein1trn1t 't 

OT TeMrrept1TY!lhl n.rra3Mh! ,TJ,JU! R,I\ep 4He, 
1~, :.!Ck 11 

tn.p = (-J/n.pf1 
56 F e ( t :! 

't' / np - x apa.K'l'epHoe RpeMR pe:muyrn) . I lp1-1 111M ~1f:J 1 0 111111 cKopocTei1 

reHepai~11;1 jjHHl1i1I 4,44 M3B; 1 , 63 M:"lB; 0 , IVI IAn l l , tt •rfl.lOKe cyw,iap-

HOI'O raMMa-113JiytieHl1fl OT R,D.ep 2~e VI 56 Fe (c yqeTOM 3M11C-

CVIOffiihIX Jil1HVIM KOpOTKOJKl1BYJI1!1X pa,n;11oaKTVIBHHX OCKOJIKOB iPpaI'MeHTa- . 

q1111) 11crroJibSOBaJIV1Cb cetJ:eHMR, cKoMrrnmrpoBa.HP.:bie PaMaT11 VI .r\P· [l2J ,. 
a ,IJ,JIR cKopocTett iflparMeHTaJJ.l1VI 

4
He VI 

12c - ,D.aHHble pa6oT [13,14} 
I 

KaK BVl)l;HO 113 p11cyHKa,reHepa:o;V1R raMMa-n11HV1l1: CTaHOBVITC!i cy~ 

11\eCTBeHHoti: npYI TeMTiepaTypax Ti~ 3· 1010 K, ,IJ,OCTl1I'aR M8..KCl1MyMa 

IJPM Ti'" ( 1-3). 1011 K. B 3TOM JKe 11HTepBane TeMnepaTyp c np11Mep..; 

HO O~VIH8.KOBOM 11JIVI 60Jibmel1 CKOpOCTbro TIDOTeKaTOT HeynpyrV1e pe~~ 

pa3BaJia R,IJ,ep. OTO Henocpe,IJ,CTBeHHo cne,D.yeT 113 cpaBHeHVIR BpeMeH 

iPparMeHTa:o;11vr 12c 11 Bos6yJK,D.eHHH nepBoro ypoBHH 
12c~ 4 , 4 ~ 

C11TyarJ;V1R np11MepHo TaKaR JKe B CJiytiae B036yJK,u;eHMR VI cpparMeHTarJ;HYI 

160, 20 Ne , 56 Fe 11 ,IJ,pyr11:x R,D.ep. oTo 03HatJ:aeT, "CITO R,IJ,pa B 

11Jia3Me c T~> ro11 K ycneBaTOT ,[\O pa3pyrneHl1R B036yJK,D.aTbCH B 

cpe,[\HeM He 6onee O,IJ,Horo pasa. YJKe Vl3 O,IJ,Horo 3Toro ifla.KTa MOJKHC 

110JiytI11TI:i Cl1JibHOe Orp8..HV1ti8Hl18 Ha CB8T11MOCTb 11Jia3MhI B 3M11CCl10HH:Eq 

ra.MMa-JIMHVIRX, He o6cyit(,ll;aR BJIVIRHl1e .r1pyr11x rrpoqoccoB ,I\l1CCl1ITarJ;HVI 

sHep r:irn R,D.ep. 

~eti:cTB11TeJibHO, o6o3HaqaR ttepe3 M cKopocTb ~ocTyrrneHV!H 

13eJl.\8CTBa B o6JiaCTb tflopM11pOBaHl1R ropRtietl: rIJia3Mbl ( B tJ:aCTHOCTl1, B 

CJiytiae aKKpewrn - cKopocTb a1rnpei.11111), XA - 0611nV1e R,D.ep T11na 

A, E~K - sHeprl1lO cpoToHa, MO~'Ho Harr11caTb BepxH11tt rrpe,IJ,eJI cBe­

Tl1MOCTVI rrna3Mbl B k - o!1 JIMHH11 Bos6J1iF,u;eHHoro ff,11,pa A: 

M -x - - ( EirK )N x -1 (2) 
L AK< mp AE'llKNAK- tn;ca AK A"l .Ltot. > 

r,IJ,e NAk - cpe,IJ,Hee tJ:VICJIO CTOJIKHOB8H11M sa BpeMH: 11JKl13HH 11 ropH-

qeiil nna3Mbl, np11BO,IJ,fill1!1X K B036yJK,D.eHVITO k - oro ypoBHH H,IJ,pa A; 
. . 2 

Ltot . - 110JIHaR CBeTVIMOCTb ITJia3Mbl, 7l = Ltot/ Mc' "' K03<fxfll1-

J..\l18HT "rrepepa6oTKl1 11 Macchi noKoR B 1rnnyqeH11e. OtteBVl)l;HO, tJ:TO 

? 



NAK:::: mt n { 'tsp/it* 1 rtp < t > / 't "' } , ( Cl ) 

r,~.e < t > - XP.!JA.KTP.pHoe i'l:'.-19~.tq " ;''.JJI3E!·•" !'rrprr1.1e:'1r n.Ttil.3E!o! , Ilp 

:rnt<:_'.01-l"""Jl?.!l''j " ffilO'POFOB B n.ru~.3;•p ' 't" Sp IA 't- * - xapr;.KTff\)Hh!e 

H~)(~rr.1-::i'- ~n ·; ~·H~ · - c~:-1 rr P.rrr1'. · !,, Po8G~; .. ~.:1.e:< t~H r-r.n.er , c00 TBeTcTBeHPo ( wx 

3 '-18.Uf' '·!!'L~ IT~ 1VW:,n,'?F'·~ !-::Cl. :we.I). Jfr)~FP '-iiAP ( I )- (3) crrpe.BflJT,JIViBh' 

" ·.,.. X << I '.3 1-·· ~,,. 'nr.,.-· " ·'' '1'. -.. i- oII K ("" /""*< 1) 'll ~ ·-'.''. A • <.;. ' " • . -".L r \.,. S.p L ~ ' l 

~ C, I (" ·:;~~~; ~ 'J 1 t· ,:1~or· 8 :• :~ t..{f!*-i1 • e ,r:,.:s:·. P ! :' i \[1(; J ~1!0 f-=!--IO:~·: n .. TTC3?:tr.1 BO!\pyr 

ur'""ic·; ,- rrr:- ·1 ;..r ·~i '~noFf-'"'·' :J'<r>">n-r ) X = 5·I0-4 M X - 3· 10-f 
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8 
f l 

rmnmx aTmc H,I1;ep (Mfi 12c BMa,n; ,rwyrmc aMHccwoH!lli!X JiffiU'!M u u 

'!pa.BHeHHI> c HHTeHCHBHOCTblO JIHHHH 4,44 MaB 3HatrHTeJibHO ~eHbme) . 

O'Alffi.Ko, ,n;aie c yqeToM HepaapemeHHIDC mmHi1 cBeTHMOCTb Ma.3Mbl B 

peayJibTaTe H,lJ;epHHX pe~Hii: npH "HopMaJibHOM" o6MHH SJieMeHTOB 

He MOJ!teT rrpeBOCXO,ll;'KTb ""!Q-4 ).\OJIH OT ITOJIHOM CBeTV.MOCTH. BoJiee 

:oro' ,D;rui':e B npe}.\eJibHOM c.nyqae x A rv I ( Il0,D,06Hafi Ma3Ma MOJKeT 

if>opwqx>BaTbCfi npH 3a.xsa.Te JCOMeTH He~poHHOH 3Be3,D,OH [I?]) ' npo­

Qecc <!Jpat"""'MeHT~ fi).\ep CHJibHO orpaHYitnrnaeT CBeT}lMOCTb IlJla.3Y.bl B 

fi).\epm.oc 3MHCCHOHHIDC JIHHHHX. Tax, HanpHMep, B yr;repo,n;Hoi1 mraaMe 

l < i!__ E~ 't:Sp ~ 5· ro-4 (tSp/-e-*)"l-f L.tol ,.,,. h\. Q 't'.,.. . 

B ).\a.HHOM CJIYtlae BpeMeHa 'C"Sp . lf e"' o6yCJioBJieHH pea.K­

QID'OOI <!JparMeH'l'~ H Boa6~emm npH 12c - 12c cToJIRHoBeHHJIX. 

ii: COJ!t8Jiemm, aTH pea.KIU1H se.~ocTa'l'otrno xopomo 1-taytreHH, o,n;Himo 

npe~IIOJlar'afi rrpm.mptto O,ll;WrlaKOeyll 3aBHCl1MOCTb cetreHID!: 3THX pea.K­

QHM OT MaCCpDOro tmCJia A, MOJKHO 02".H,D,aTb, t.t'!.'O OTHOmeHHe'tsp/~tt 

B yr;repO,ll;HOM IlJla3Me He CY!lleCTBeHHO OTIDNaeTCfi (!!pH TOR xe TeM­

rrepaTyPe Ha HYKJIOH) OT COOTBeTCTByIO!!\eI'O OTHOiileHH.!i ,l\Jlfi llJia.3MH 

c ,He3HatrHTeJibHblM o 6Hm'!eM TIDKeJJ.blX H,ll;ep . IIoaT~My rri11 Ti > roII :K . 

(Ha WJKJIOH) ·BeJIH'trnHa 'C'sp /e¥< I !II, cJie,n;oBaTeJibHO , 

'r < 5 ·I0-4,,,.-1 
~It.It L • 

Ilpl1 Ti <'. roII K. OTHOIIIeHHe t: Sp /1::~ > I' trTO IT03BOJIBeT 

npeHe6peqy, npoQeccoM qipa!'MeHTarzyrn: fl,ll;ep. Tor,n;a cpe,n;Hee trncJio 

CTOJlltHOBeHIDi:, IlpHBO,ll;HlljHX K B036yJK,D:emuo fi).\pa A, sa BpeMf.t " JKJII3HH11 

N <t > ,,_, 
IlJla3Mli < t > Ua.BHO Ak ~ ---. ~-

> - L"" :c. (~)x ~ Ak - L t.ot: - t'l\pC& ~ 

9 

]tf. , COOTBeTCTBeHHO 

<t > n.p 

"l ~ fr' 
(46) 



lfa pi.;c. I Henocpe,1'1,CTBeHHO cJie,rrx eT, t<TO ca_eT EI.IOCTb B 311C -

c ViOH'-'hlX JI11Hvrnx 0 ' 84 !-faB 11 4 '44 )faB MOl:\8T COCTaBI·;TY, He ' M8H88 

O.I % OT o6met'r cBeT J·E.':OCTVi n.11 <:.3HE ( rr.~m 1_ = O,I) !Tl)H yc.Jiosli!v. 

Xrlp< t > ~ 1016 
CM -3 c M Ti~ 3·IOIO K 

) 

Ta"K K2.K npH rJC>J188 BHCOK"mc T e1.me-911Ty'pax ·-•3t<Hi-![-l.eT CT .!'J.1-!0l'IYlTCff B.<JJI<:­

HOM C':!:"J '1f' 'l.8HTa!.TM.ff (CM. yc.lJOBW; ( 4 a.) ) ' a ~!<! HH:?-KMX T 8l1!"!8:'.J"TYPC'-.'C 

oKa 3l·TB8 8TC<[ H83~( 81"l'Y:B!-!H'·ft. B036y,;c,n,e:'-!!18 " .f!f! '!fll·ff-T",( y:;:>oBHefl npv, CTOJIK-
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'C"pe. 
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K HJJITO rrpH Te-T i. 0,n;Ha.Ko, 11pv. kTekTi~mec2cKopocTo 

oXJiaE,n,eHH.fI n J!a 3ME R pe3~'JThT BTe e - p v, e - ·e Ton :103Horo H3.i!"'JU8 -

mm, onne.n,eJIHeMaE Bbffi8~¥.eH11111·.m [20] - -
• t _ ?>2 ( 2 KTe )1/2 a ~ 

\lv'ep -T !llrneca d. r. rnc ttenp 2. 

·t 2KTe)1/2 'l. a KTe<<mec 
\l<fee ~ 32 (9f meCa <d.. r. K Te c rte j 

( 8) 

\ife.~ ~ i2d.r.~cKTe [-'/c. +en.(2KTe/rnec
2
}-o,s77]nen.r I 

( 8 ) 

• g 
2 2 

KTe>~ mcc~ 
\Ylee ~ ic~ro c KTe [s/4 + ~nlc KTe/me.c )- 0,577] n.~ 
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npe11My111ecTB8HHO 38. cu:e T 8,P.HJ.1.f'vl.TIHT~JllM [
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u;11V.: . B pe3 y JIDTHTe :::•par ?mHTfE\l'll' H,11,P:'.:J ,n,a:.;re TIP'~ OTCYTCT F"'i l1 BHem-

H e ro MCTOllH1ii''.8 ll!JOHCY.OI\Vi'I' 3 ri r::·eK'rl1BH08 o 6 l10'.'30BRH Vl 8 H8MTJlOHOB. 

Ba7H2 "~·\lli Y!l.iM p e e,E! . .(l'IID1l.Jli ' np1rno~\f'!ll\l1:.~Vl K o6p<J.30BC\.f:'. <0'.l Hc)M TpoH~'l B 

fiJ '.8.3 l•!,8 c 11 H01)):!,;'.JibHbU..(' ROC!,!!-iU:8 CKY!o·'. o6HJ!Vl8M 3JI8H8 !1'l'OB , f!B.lJ.f!!OTC.fI 

II 



'±Jle 
Heyrrpyr>'!e 

p + 4He - 3H + 2p 
2d + p 

(9) 

d +n+ 2p 

CTOJIKHOB8Hlllfl rrpioT;;:OB+ Cd .H,JJ,pa.MM 

3He + p + n 

!:la p11c. 2 n p ViB8):\8Hbl CKODOCT!ll paspynreHVifl fl,JJ,ep 4He' a TaK­

l!te c1wpocTVi o6pa30BaHMfl Hei1Tp0HOB 11 ,n:ei1Tp0HOB npVi cpparueHTa!J,Vil1 

renirn-4 B MaKCBeMOBCKOM rm asMe. Hs pac<J:eTOB cne,nyeT, <J:TO rrp11 

~ ~ 1011 K cue,I\Hee BpeMfl 1K113HH H,D;ep reJIHH-4 paBHO 

I 16 ..:3) t = 't /np ~ 0,5 (np 10 CM c 
If He "He 

Eh(e M8Hh!U8 (JI>i60 TOI'O ?Ke ITO})fl,I\Ka) BpeMJi JKYl3ID1 3He, 

(IO) 

3H, d , 

a TaKJKe ,I1pyri.1x fl.I\8P B n.rrasMe. 

B ,TI,a.JlhHei1!lleM Mbl 6y,rr.eM paccMaTp;rnaTh ropH<J:yro nnasMY c 

TIJIOTHOCThID ,n:ocTaTOll:HO BHCOKOM ,ll,Jlfl saxBaTa H8MTpOHOB npoTOHaMH 

TIJia3Mbl. 8Ty Kp11TWJ8CKJID ITJIOTHOCTb nerKO HaJA:TM,Cpa.BHHBafl Bpe­

MeHa srornaTa M pacna,IJ,a Hei1TpOHOB B nnasMe. IlpM TeMnepaTypax 

Ti~ IcJIO K pa,11,lilfil\ViO~ 3axBaT Hei1TpoHOB rrpe11Myu1ecTBeHHO o6-

ycnoBJI8!"f 3Jl8KTIJHll:8CKVi"1 ,I\ViDOJlhHb!M rrepexop;OM (CM. HHJKe) Vi cna-

60 ~aB!1CViT oT TeMne9aTypH: B 11HTepBM8 Ti~rn10- 10
12 

K BpeM.H 

3axBaTa MeHHeTcfl B rrpe,n:enax ~ ( 0, 5 - I). 10
19 I np c. CpaBHMBafl 

t=9'20c 
ero c BpeMeHeM pacna,,rra HE.peJiflT1'TBl1CTCK!IIX H8i1Tp0HOB n 

Ha.xO,lJ,'MM , ll:TO H8i1Tp0Hbl 3 cf>·;:.eKTJ1BHO saxBaTb!BalOTCfl TI1)0TOH11.MYI n p 11 

KO~eHTpaLl,11Vi np ~ 1016 CM-3 • ITpVi TaI<ViX TIJTOTHOC'l'f!X npcMH 

JK113Hl1 H,lJ,ep B nnasMe oocTaBJIHeT MeHee I c. TntrnM oripns oM, ec ­

JIH llJIO'l'Hafl (np>- r616 CM - 3 ) • ropHll:aH (Ti>,;- IO u It) l1Jlll.3Ma no.n:­

,D,epmrnaeTCfl .n.ocTa ToLIHO ,n:onro (< t >~I c) , 'l'O 11 pu :1y Jt1> Ta Te He­

yrrpyrMX H,D,epHHX CTQJll{HOB8ID1H npo11cx o,11w1· 11n:11111JI H ,l~C p , LITO B KO­

H8ll:HOM CL!8T8 npViBO,I\ViT K cpopM11pODflllllllO II (10 '1'111 1110 llOfi'l'POHHOM rrnaw:. 

12 

.... 

4. Ifa.iryqeHKe npoToHHQ- HeRTpoHHoR ITJIB.3MH' ' '··, 

a) il10Topac111eITJieHHe 'AeATp0mi ii ·aanaT HeRTpoHa ·npoToHoM . .~ . . . ~ . -

. B o6JiaCTH aHepI'HR • ueiU.111e . IOO MaB ceqe~e: ~Qecc"a , 

d + lS:..:..P + n ~npe'AemieTC.11 nPam&ylll0CTB9HHO ~~HHM ( 6~ ) 
H aJieKTpiNeCKHM ( 6e . ) MllMl>HHMH nepeXO'AaMH: 

F . · . . a i • ~ 112 · 1f i ) a 
6 :: 23i ~ (i \ ·( _ . .. ·-)~ W1 E {\lr/1 +\Vo (II) 

"' ~ .__c f'rlpcl . J4.t1. JJp ·. , - .. , • - ··-· , ' 

. F . 85i ea t.a 'w11fa E ~1~ . -1 
6~ = "i"° 7" m {E W )~ (1-'(r.t) ) 

nc. P · ·: .· _+ . 1 

. (12) 

~e JUn. H J' r - ua.1-mmnie 11011eR'rli HeWrpo1m H npo•"' oea; mp · -

MSCca eyKJIOHa; \1{/1 = 2,22 llaB - SHeprHH CBH3H 'A9R'l'poHa; w. ~ 
~ 60 xaB - 3HepI'HJI .Bl1pTY8JlbHOI'O CHHI'JieTHoro COCTOJIHHJI 'AeA'l'poHa; 

t' ot -=c1,6-I, ?) ro-13 c• :. 81J.XfeR'l'~HHA .P8AHYC TPHIIJieTHoro B38H­

KO'AeAcTB1U1; E = E,- w 1 - 8Hepl'IQI CHCTeMH ( Cll. ' H8IIpHM:ep [231 ) • 
Ilpoqecc HeATpoHROro aa.XBa'l'a npoT0Ho11 J1BJIHeTcJ1 o6pa.Tlqilll 

llo O'l'HOlleHHll R 4'c>TOpaciqeIJJieHJU> 'AeA'l'poHa; WO ll03~JIJleT HaATH 

cetteHMe STO_ro npaa;ecca, J:l3 )'CJIOBIUI 'AeTaJibHoro pa.BHOB9CHJI 

r'Ae 

~-

6 e = _!.. . E.. ·E:/ 
e f ITtpce 

(I3) 

E·- KHHe'l'JAecRM aHepI'HJI llpOToHa H HeATpoua B c.q.u •. 

Ha yp. (II),-(13) ~~, 

6 c. • ~.eai ~ W1"' 
fll "',PCS E . 

c. . e~t _ 
6~ = '4~ J,c~ 

1~ 1/a)a ) a 
{W1 + \JtlQ . -(IN

1
+E)(J'n-JUr 1 . l w. + ~ ) . 

. - 1 
" W'-:;£1 ( 1 - ( r c~ ) • 
{E + W1 ) 

Ia· 

(I4) 

(I5) 



. .. 

IlpH E » W 1 . ooa ce11emra . mAeIOT o'Affarutoeyli saBlfcm.ioc·ni or 

.E : cb "' . E. - 112 
· , HO ce-qemrn aJieKTJ>Htlecxoro 3axBaTa npHM~PHO ~ 

,u;Ba rrop~a 6onbme ce11emifi Ma.rHHTHoro sroraaTa. IlpM! misI<Hx aHep"." 

rHruc { E«rnc~) ce11emm ,u;:Byx rrpo~eccoB HMem paamie sB.BHc'HMoc-
c 1/e ,, c -1/~ · 

TJll OT E ( 6 e. ,..,.. E , c "' ,., E ) , rrpwteM ce-qemie ·Ma.rIDITHoro 

3axBaTa CYllleCTBemm rrpeBOCXO,IJ;HT 6: 
6) Pa,u;J11~J110HHI:Jtlr s axBaT He:tiTpoHoB B MaKCBeJIJIOBCKO~ iJJiaaMe. 

,UorryCTl1M B rrpoTOHHylO IIJia3MY c TeMIIepaorypoM Ti. mDiteKTV!-'­

pyIOTcB Hei1TpoHiil. Tax KaK c e11eHJ11e ynpyroro pac c emrnH Heti'rpoHa 

Ha rrpoT_OHe 

6 - ~~c ( ~ 
0 rnp E ... W1 

+ 
E +\,;0 ) 

(I6) 

CYJI\8CTB8HHO rrpeBOCXO,I\l'lT ce1rnmrn saxBaTa, TO HeMTpOHbl ,IiO 3aJCBaTa 

y~rreBaJOT T8pMa.Jil130BaTbCB B ITJiasMe. 

CKopocTh saxBaTa B Ma.KCBeRJIOBCKOM rrpoToHHo-He~TpoHHOi'i: 

ITRa3Me o rrpe~eJIH8TCR Bhlpa.JK8Hl18M 
. . 

v \. ~ c ( _':!!.!_ )
112 't 11. ( Im + L~ )i 

ff, mpca P · 

a - 6 7 ro-29 c. M2 ; a ~ 7 4 ro-31 c~ ' 
de - ' ' (Jtn - ' 

(17) 

r,u;e ;-

I -J -:JC x ( Q + ::x:) { . a. 0 ( ' } ,,,= e a. +:x: dx= 1+(a.-a..o) o.. 0 e Ei -Q o)t1 ; 
0 0 

00 '!>/ 
Ie = S r/x. ~~ dx= ~ + o..ffi{~ eo.er:f ~ ( va.) -1j crn) 

0 

a.= w. 
KTL 

V/o 
Q . = -

° KTi 

14 

. . I Jfr 
. . IlpM .a..<<:: l ( k'lj_ >> 'rfl1 ) e Z a 

. . . '·/ e r· - 3 .[jf c c · Totrn:ocTbIO ,u;o .., a.. e - Li'" T . ooTBeTCTBeHHo, 

, a JIPH Q.. >> i 

rrpvr a. >ll-

t - .r~~ ! 11: npH · a.. .>> t - Irn ~ '111 • 
. . · W'o 
. · TaxMM o6pasoM, 

. { 2 . ( I ~ )11e. T'. . •·· .·· .. c . tl;p C -<t.£ W1 mp C K 1 i. » W1 

-' "' I • -Ve, - . . -1;! 

. ·' •··. : • .311.pc'!e (w1 mpc~) . KTi. KTL« VC/1 . 

{ 

~ "'f>C<J-"' ( W1/mpce.f!z i !<Ti. »Wt 
c. 

Ym ~ 
1tnpC!fm (W1/mpC

2
)
1f2 w1 /V/0 KTi. <.< Wo • 

(19 ) 

Ha pHc~2 IIOKa3aHa 3aBMCHMOCTb BeIDltrnH!l v c /"np OT TeM-

rrepaTyphl . Ti • CxopocTb saxBaTa cJia6o 3a.BHCMT oT T·i 11:· B MH-

TepBaJie TeMJiepaTYI> T i""' ro10 - ro12K MeHBeTCB B rrpe,~eJiaX 2 J( 

lo-19 ~ lo-19 c~ c-1 • CoOTB€TCTBeHHO x apaKT€pH9€ BpeMB saxBa~ 

. Ta c ocTaBJIBeT : t c . ~. (5-10) 1018 I Dp c . ~3 ycJioB11B t~ < t,,, 
r ,u;e 1 n. = 920 ceK - BpeMB pacrra,u;a Jiei'i:TpoHa, Mo.iil'.Ho Hffi1TM MYIHl1-

MaJihHylll KOHD;€HTp~ IlpoT<'HOB ~a.3MbI, rrpM KOTOp OM HeiiTpoi-m yc­

neBaJOT saxBaTMTbCH ,u;o pacrra,u;a 

tl.r ~ ( 0~ 5 - l ) rol& CM-3· 

B xoJIG,u;Ho~ xe cpe,Iie 

h.p ~ 1,5 1916 
CM-

3 . 

011eBH,u;Ho, Q'l'O eCJIH B x oJio,u;HoM r aae B p esyJibTaTe saxBaT~ 

:i!eih'poHOB lflopMHpyeTC.fl JIHHmJ 2, 22 MaB ( E l ~ W' 1 ) , To B 

ropHlleH IIJia3Me H3JIYlleHlll€· rrpH pa,u;Ha.QHOHHOM 3a.JCBaTe MMeeT IDHpO­

KID;: c rreKTp. CneKTp HaJIYliemm B c.u;.M. Remo Hai'i:TM, YllMTHBM, 

t1To B aToii CHCTeMe ET '::::: t: •\l(.11 , r,u;e E - KMHeTHtleCKaB aHeprM 

Hefh'poHa H ITPOTOHa B ·c.n;.M. Tor,Iia 

I5. 



¢~(E~) := J(2rnp/E)1
h 6(E-E'6•\l(/1)6\E)t(E)dE> (20) 

r,n;e + (t) - pacnpe,n;eneH11e rro KHHeTW!ecKotl aHeprHH He:HTpoHoB 

11 IlpOTOHOB B c.~.M. )LJrR MaKCBeJIJIOBCKOrO pacnpe,n;eJJeHMR qacT~ 

ITJJa3MbI 

2E 
1

/
2 

{ . E . J · E d E ::: e.x - - cl E. 'f() ~(1<Tt)~l2 p KTi. (2I) 

Ilo,n;CTaBJJBR (2I) B (20) ITOJ!Yl.!&eM " 

e ~ ( 4 * { . "Yir E-a-)df~ = . i;:;=- t1.p nn. o. cJ"""• , (Ex··W'•) exp-(Ell·w,)/kT•~ 
. ,sr . <le · mpc~ kTi. . · E~ 

(22) 

<P. '"(E )dE. ::: ~ h. h. c ~ W1 • E; (Ell ~ w,) 112 ex r_E,-w.}. 
. ~ - ~ . ~ .Ji p n.~.., mpe2 [E( .-(W,·W.)](KTL)3/2 Pl kTi • 

. . .. 

Ha p11c.3 ITOKa3a.HR CrJeKTpH raMMa-113Jiy1.!eHHR ITJJa3Mbl, r e He-

p11pyeMoro B pesyJJhTaTe pa,n;H~Q.BHoro sa.xBaTa HetlTp oHOB rrpoTo­

.Ha.MH. TI.ocKOJJbKy s,n;ecb Mb1 orprummrnaeMCH paCCMOTpe HYieM Hep_eJJR­

Tl1BHCTC!to tt · ITJ!a3MH ( kTi <<mpc:~), TO crreKTp ~TOHOB B JJa6opaTop­

HOtl CHCTeMe KOOp,n;HHaT npH6JJHSl1TeJJBHQ 6y,n;eT . OITl1CHBaTbC~ Bhip8.llte­

~ (22 ) 11 (22 ) (,D;OITHepOBCKOe ynrnpeHY!e crreKTpa HeCYll\eCT-
. . - 1 .- . . 

BeHHo , Tax ·Kax cpe,n;HHR cKopoCTh c.~.M. Vcy11"'-a Vp," << C) . 

0TMeTHM, ~TO H,D;pa ,n;eHTepIDI pOJK,ll;aJClTCH B ITJ!a.3Me c Il01.!Tl1 
. ~ 

Ma.RcBeHJJOBCKl1M pacrrpe,n;eneHHeM co cpe,D;Heti ::mepr11et1 "" 2 KTi. 
I 

CRopoCTb OXJJaJ!QJ;eHHH HJKJIOHHOH KOMIIOHeHTH ropR1.1ett ITJJa3MH 

npH PM118.l.1110HHOM 3axB~~e He t\(poHoB cocTaBJJBeT 

• c ""' . · a 1/2 w. = J E~ cp(E~)dEl ~ 3~~c(W1 /WpC) n ... rt.PKT. ~ (23) 

...,, ~ 4...2....ro-:-2? t1<-Tt. L LMaB) l'lp_nn sp:r-/e- .. 

ID 

B xoJJOf\HOi1: JKe rrnasMe ( K Ti« W'1 = 2, 2 Mr:,;B) 

• c .2s. w ~ 2,7·10 h.n.n.p 3pr/c 

B) TopMosHoe Y1snyqeH11e rrp11 p-n ·cToJJKHOBeH11RX :x) 

IlpoTOHHO-He11TpoHHM rrnasMa PMY1~110HH0 oXJJalK,Il,aeTcB He 

TOJ!bKO B pesyJJbTaTe Hei1:TpOHHoro saxBaTa, a TaKJKe Yl3-3a TOpM03-

HblX rrpOQeCCOB IIpl1 l13MeHeHHl1 CKOpOCTl1 IIpOTOHa B p-p YI p-n 

pacceHHYIRX. Xo TR OTHOlli8Hl1e IIJIOTHOCTetl rrpoTOHOB YI HetlTpOHOB B 

rrnasMe c Hatia.JihHb!M ROCMJl!1.!eCKl1M 0611JJl18M 3JJ8MeHTOB ~ 5; O,D;HaKO 

l13-3a OTCJTCTBl1R ,C\l1ITOJJbHOro MOMeHTa y (p-p) CYICTeMH ' TOpM03-

Hbie ~OTOHbl rr9 Y1 p-p pacceRHl111 11crrycKaJOTCH rrp11 KB~YITOJ!bHbIX 11 

Bb1Cllll1X MYJJbTl1ITOJJbHbIX rrepexo,n;ax. B pesyJJhTaTe sToro cKopocTb 

o6pa30BaHl1H TOpM03Horo l13J!Yl.!eHHH B HepeJJRTYIBl1CTCKOtl ITJJa3Me rrpi-. 
kT. n 

p-p CTOJJKHOBeHl1RX OKa3blBaeTCH rrpHMepHO B ~ --12-.. pas 
mpc nn 

MeHbllie p-n TOpM03HOPO 113J!Yl.!eHl1H. c yBeJJ11t1eH11eM TeMITepaTypbl 

3TO OTHOI1leH11e pacTeT, 11 IIPYI peJJRTl1Bl1CTCKl1X TeMITepaTypax p-p 

TOpM03HOe l13J!Yl.!eHHe CTaHOBl1TCH ,ll;OMl1HYipyll\l1M. 0,n;Ha.KO IIpYI TeMrre­

paTypax K Tt. ~ 20 MsB oTRphIBaeTCH HOBIDi, 6c nee BaJKHhli1 KaHaJJ 

reHep~Y111 r aMMa-l13J!Yl.!eBl1H, CBH3aHH!illi c o6pa30BaH11eM 11 paCITMOM 

BTOpl11.!HbIX gr - Me30HOB, reHepYipyeMblX B Heyrrpyrl1X p-p 11 p-n 

B3al1MO,D;et\CTBHRX. 

B HepenHTl1Bl1CTCKotl rrnasMe saMeTHHM MOJKeT 6HTb 60.libruk rro 

cpa.BHeHJ110 c p-p TOpM03HbIM Yl3JIJ1.!8Hl1eM BKJJM p - 4He TOpM03HOPO 

Y1snyqeHHH . 0,n;HaKO rrp11 TeMITepaTypaxJ rrpe,n;cTaBJJITTOIJ\YIX MHTepec ( Ti. 

II ·4 · ~ IO K ) , H,D;Pa He 6blCTpo pasaan11BaroTcH Ha HetlTpoHbI 11 rrpo -

X} 
Ha sTOT npoQecc 06paT11JJ Harne BH11MaH11e H . B. 3eJJb~O BJilq, 
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l'U l"1hl, a rrpM MeHb!!rnX TeMITepaTypax CKOpOCTb TOpM03HOI'O OXJI8lit,IJ,e­

HIDi MaJia , B t.IaCTHOCTM ycrryrrae~ CKOp OCTM OXJI8lit,Il,0HMR rrpM B036yJK­

,JJ;eHMM 3MMCCMOHHbIX Jiillfi!~. Ilo3TOMY Mk! B ,JJ;aJibHe~eM 6y~eM o6cyJK­

,rt;aT b T OJibKO rrpon ecc TOpM03HOI'O M3JIY'l0HHli rrpM rrpOTOH-He~poHHOM 

p a c ceRHMl1. 

CTporo MOlKHO rroKas a Th , tlTO rrpM Mcnycxa.HMM MHI'K:l'IX 4JoToHoB 

(KOI',rt;a MO~HO rrpeHe 6pet.1b o 6paTHHM BRIDIHH0M MCrryCKaHMR 4JoTOHa Ha 

rrponec c pacceRHMH ) m1.ee TCH rrpocTaR CBR3b Mell(,!Jy cet.1eHMeM y rrpy ­

roro paccef!HMll l1 C8'!!0HM0M TOpM03HOI'O !13.nytieHIUI ( CM. , HarrpHMep, 

[24] ) : 

d6t "' ~j F(~)d 6ee ·, 
dtcs E ~ . 

ol.-:::1/1 37> 

I',I\8 7. 

F(I;) - 2 [ 2.'2; + ~ o - 'ii ;~; .. +1 t.n.(~+~) - 1] ; 

!Pl . e 
~ = - SLn-

mPc. ~ 

( p - HMTiyJlbC , f) - y roJI p acce mrnf! rrpoT oHa) . 

B HepeJIHTV.BHCTCKOM c .nyt1ae '; << I, H rroaTOMY 

4 i. 8 ( Pc )' . ~: fJ 
F('7i) ~ 3 )j = ~~ mp ca S1.n. y > 

11 COOTB8T CTBe:HHO 

d6~ 
d Eis 

8ol. 
~· ~file..> 

~ 

( 
Pc )~ J . '2. e . 

mp ca , ~an. T d6et 
0 

( 24) 

(25) 

(26) 

(27) 

TI C .D,. M. Ce t;8 Hl18 yrrpyro ro p- n pacceB!-!t!l! o rrpep;eJIReTCfl 

Bb!paJKeHM8M 

.. oe 2 

_d lO~t ,, :( 2 ~Kf1 .z:. ( 2. 11. ·H ) p~ (co s 8 )(:: -1) ! , ( 28) 
., 52. · · e 

T.O 

r,rt;e K = 2sr = _!>___ = l2m;E. 
7\ i . t. ' 

Oe - tyas a pacceHm rn:. 

Ilp l1 3Hepr HHX. E ~ IO rfaB CYll\eCTBe HHa JUll!Ib s - BOJIHa : 

~ 
d6ee=26 0dco~ 61 (29) 

r,rt;e 6'° - rroJIHoe c et.1eH11e , o rrpe,JJ;eJIHe~me BbrpaJKeH11eM (16). 

IIocJie rro ,JJ;c T mwBi<VI (29 ) B ( 28) Ho.rryiiaeM 

~ ~ ~d. 
d i; '6 - ~!if w 

( mp~ a ) 2. b 
0 

( E ) . 
I' 

( 30) 

Brma,n; p - BOJIHb! B c e t.1eH11e y rrpy r o r o p-n paccem~1rn , 

KaK CJie,IIY8 T !13 aHamrsa 3KCTIO]Jl1H8!I'P8.J!bHblX ;ri,a.HHWC , 11]JOffBJiff8T Cfl 

'f!Ke rrp11 E >,. IO lfaB; BITJIOT b ,rt;o s Hepr 11Vi "-' 100 MaB c et.1om 1e ocT a ­

eTCH CHMM8Tp!1qffi!M OTHOCHT8Jlb HO ;yrJia p a c ee.f!Hl1fl f} = 90° [25] :: 

xoporno arrrrpoKCMMHpyeTcf! B BH,JJ;e 

d6ee ( G) "' c.onst ( 1 + a.cos
2 

G) i 
E )2 

Q = 2. ( 90 M3B . 

CJie,rt;oBaT eJibHO ' BKJI8,I\ B T 0IJM0 3HOe H3.nytl8Hl18 ' BHOCMMbT'A p . 

BOJIHOH , COCTaBJifl8T 

( 
d6 11, ) Q ( d6e, ) 
~ p -:z ~ \ d. E ~ s · 

Cet.1eH11e T OpMosHoro MsJiylle HHff ( 30) c rrpan e,rt;mmo JIVH!lh ,n,.rr ff 

MHI'KHX qioToHOB ( E~ << E ) 11 He MOJKGT 1rnppe1\THO yl!MTHPS.'l'b ;KecT ­

Kl1i1 XBOCT c neKTpa. ,I(.rrff H8.XOJK)J;8HVifl T Opi10 3HOrO c neK.TP8: BO BCCM 

K l1HeMa T!1t.!8CKOM HHTep BM8 H3M8H8HHfl traCT OT H0 06XO,I\¥;r.!O B\Tt<VC'Ji! l'!''.J 

BepoFITHOCT b ,I\HTIOJibHOrO l13JiyqeHMl! 
E ~ • 2 

dw = 2 ~ . I e* d.fJ d 52K 

.It;Jlfl BOJIHOBhlX cpy:·F" ';.!M HatraJibHOI'O l1 KOH8l!HOI'O COCTO-'lEii'' !':'90TOHa • 

,I\JIFI HepeJif!T l1Bl1CT C. ,\HX t.IaCT~ c ,n;ocTaTOt.!HO xopowe•';\ TOl!FOC 1'hl~ ;.:o; :­

HO ITOJia r a T b 
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,J, i P r ,., i.Pr 
j· = ~ + J ""' l --· r i 

....,..,_ -l. P'r 

~ "'ei. P r- + f T (drbet/f/
2

qJ2). 
j . 

B pe3yJihTa Te BhNMcJieH11!1 nonyqaeM 

(31) ~-::~Ji- Elf ' (2E- E11) 6 (E) 
d t: ~gr E t m c ~ 0 

• 
~ ~ p 

KaK M cnep,oBa.n:o o;:m:,JJ;aTb > cetJ:eHMe ( 31) rrpM E ~ << E nepe-

XO,!l;MT B (3()) • 

Ha p11c. 3 HapR.n;y co crrertTparrn 113nytJeH11R pa,r\Hal.\HOHHoro 3ax-

BaTa HBM'l'POHOB rrpoToHru.rn, rrp11Be,n,eHbI crreKTphI p- n TOpM03Horo 

M3RJll:8HMR MaKcBeJIJIOBCKOM rrpoToHHo -HeViTpOHHow rrJia3MH . M3 cpa~He ­

HMR BTMX crreKTpoB cne,uyeT, ll:TO n p11 E ~ ~ k Ti ,rr,om1H11py10JT(:ill~ RB­

JIR8TCR TOpM03H08 113Ryll:eHl18 ; rrpl1 60JibllJMX 3Hepr11RX 110 TOHOB rrpeo6-

Jia,D,aeT BKJia,D, rrpo~ecca pa,D,l1lli\l10HHOI'O 3axBa.Ta H8I1TpOHOB. \l?opMa 

CyMMapHoro cneKTpa cy!l~8CTB8HHO 3aBl1Cl1T OT T8MrrepaTypH, ll:TO IT03-

BOJIR8T C Bb!COKOM TOll:HOCTb!O (rrp11 l13B8CTHOM OTHOill8HHl1 11JIOTHOCT8M 

np /nn ) BOCCTaHOBl1Tb TeMITepaTypy HyKnOHOB , 8JfaJTl13!1pYR Ha6-

JIJO):la8MbM CIT8KTp cflOTOHOB. 

CRopocTb ·pa,n,11B.Q110HHoro OXJiaJK,Il;8Hl1R rrna3Mh:r B pe3ynhTaTe 

p-n TOpM03HOro 113JIYtI8Hl1R 11M88T 6oJiee CMJibttylO 3aBl1CJ1MOCTb OT 

T8MI18paTypbI HyKnOHOB, ~eM CKOpOCTb OY.Jla.JK,I\8Hl1R rrp11 H8MTpOHHOM 

3axBaTe: rrpH kTi >W1 HM88M Wbn"' ~/2, B TO BpeWI RaK 
•C p ~ 
W "' Ti • BM~I ,I\Byx rrpo~eccoB cpaBH11BaroTcH rrp11 k Tr 20 MsB 

r) Pa,n,11ar.\J10HHoe OXJiaJK,r\eHHe HyKnoirnoii KOMITOHeHThI rrJia3MhI 

Pa,IQ1ffi.\HOHHOe OXJia)l(,ll;eHMe HyKnOHHO~ KOMITOH8HTbI ITJia3MbI Wpnr 

• WC + W~n B pesyJihTaTe TOpM03HOPO H3J!Y48HHR H H8H-

20 

TpOHHOI'O 3axBaTa COCTaBJIR8T H860JibmyIO .IJ;OJIIO CKupOCTM rre~e.n;ai:rn: 

sHeprMM sJieKTpoHa.M BcJie,n;cTBMe KynoHoBcKoro B3am.10.n;eticTBMR. Ha 

pMc.4 rroKa 3aHa 3aBMCl1MOCTb OTHOill8HMR CKOpOCTM pa,D,Mffi.\110HHOro 

OXJiaJK,JJ;eHMR ey1rnoHoB K CKopo cT11 KynoHOBCKoro OXJiaJK,D;eHMR £ 1 = Wpn 
Qpe 

OT TeMrrepaTypb! Ti 11 T e • TaM JKe rrp11Be,n;eHa 3aBMCl1MO CTb OTHO -

Ill8HHR Wpn K CKOpOCTM TOpM03HOI'O OXJia.iK.IJ;8Hl1R 3JI8KTpOHHOM KOM­

ITOH8HTbI ITJia3Mbl W = Wb + Wbee : dt'._ 2 = ?pn • Oe OITp8.IJ;8JIR8TCR 
e ep We ~ 

cflOPMJJiaMH (4)-(6), a We - (8) l1 (8
1
). 

Ilp11 TeMITepaTypax HyKJIOHoB . kTi ~ 5 MsB, Kor.n;a HatrnHaeTcR 

3cfl~8KTJ1BH?8 o6pa30BaHl18 H8MTpOHOB, 11 kTe = 100 K3B OTHOille­

Hl18 ~1 = ~:: ~ro-4 rltt,/11.r. B tJ:acTHocT11 rrp11 kTi = 20 MsB (rrp11 
n n 4 · 

ycJIOBMl1 ......£.~__!!..::::::: 0,2 ) de.
1 

= 5· IO- • 
, ne np 

IIpe.n;rronarM, ll:TO BCR rrepe.n;aBaeMM sJieKTpoHaM sHeprHR yxo-

.n;11T Ha o6pa30BaHl18 peHTreHOBCKoro 113nyll:8Hl1R (HarrpHMep, B pe-

3YJibTaTe KOMITTOHl13al.\1111), ITOnytJ:aeM, ll:TO He 6oJiee 0,1 % ITOJIHOti 

CB8:r'l1MOCT!1 rrJia3MbI OCB060lK,I\a8TCR B raMMa-.n;11arra30He. ,ll;MbH8Mlll88 

yBeJI11tJ:eH11e 3JI8KTpoHHoti TeMrrepaTypb! rrp11BO.IJ;l1T K JM8Hbill8HI110 ~e 

o.n;HaKo, rrpM K Te~ IOO KBB 1'r TOMCOHO_BcKoti TOJIII18 'tT > 0,3 ( a 

11M8HHO TaKM TOJIII1a Heo6xo.n;HMa .D;JIR 0Cyrr\8CTBJI8Hl1R 3qxp8KTMBHOM 

KOMTJTOH113lli.\MH M T8M caMm>I ITOM8PJKaHl1R CTffi.\110HapHoti ,!l;ByxTetme­

paTypHOM HJia3Mhl[26]) Hall:HHaeTCR o6MJibHOe po~eHHe rrap[27- 31], 

ll:TO crroco6cTByeT 6b!CTPOMY OXJlaJK,D;8HIDO HyKJIOHHOM KOMITOH8HTbI 

rrna3MJ:.I. IIpx ~11KCHpOBaHHOti sneKTpOHHOM TeMITepaType Te c poc­

TOM HyKROHHOti TeMITepaTypbI OTHOill8Hl18 dl'..1 M8,n;R8HHO pacTeT, o.n;­

HaKO, Ha.ll:HHM c k Ti~ 20 MsB OTKpb!BaeTCR KOHKypHpYJO!l\11M KaHM 

OXJiaJK,118HHR rrJia3Mhl B pe3yJihTaTe pOlK,ll;8HHR 91 - M830HOB B Heyn­

pyr11x HyKJIOH-HyKnOHHb!X CTOJIKHOB8HM.ffJC. 

TaK KaK B HepeJIRTl1Bl1CTCKOM rrJia3M8 o6pa30BaHl18 ITl10,HOB rrpo-

21 



HCXO~MT rrp11 rroporOB.b!X 3Hepr11.irx, OTHomeH11e ~~/ 9'f 0 B cpe,IµIeM 

cocTaBJiffeT 5 - IO; gr- - Me3oHoB polK,D;aeTcR e~e MeHhme, qeM 

5\
0

- Me30HOB, B Aa.JibHetilneM n110HH 6HCTpo pacna,r\a.IOTCR Haner­

KMe qacT~, He BbIXOAR 3a rrpe~eJ!l:l aKTMBHOH o6JiaCTH IlJ!a3MhI, 

Ec.7IY! sHepr11R 9f 
0 

- MesoHOB nonttoCTbIO rrepeAaeTCR ra.MMa-1rnaHTa.M, 

TO rrp11 pacna,r\e aapIDKeHHhIX rr110HoB JIMmb "'I/4 ~OJIR 3Hepr1111 rre­

PeAaeTCR 3JieHTpoHaM H rro311Tp0Ha.M, a~ 3/4 .- · yHOCRT Hel1-

Tp11Ho. CneKTPH raMMa-KBaHTOB 11 3JieKTpoHoB OT pacrra,r\a rr110HOB 

11M8IOT xapaKTep.HHe H BeCbMa IlOXO~He ~OpMbl c MaKCID.!J'lAOM rrpH 
~ 

,..., IOO tT\~C ; ~opMa cneKTpa cJia6o 3aBHCHT OT Te~mepaTypH ITJia3-

MH [32] • 

lls-3a Cl1JlhHbIX KOMITTOHOBCRHX noTepo Ha peHTreHOBCKHX ¢0-

TOHax rrna3MH BTOpHtllibie 3JI8RTpOHb1 11 IT0311Tp0Hb1 He MOryT B~Tl1 113 

KO~filaKTHoro HCTOqff}!Ka, rrp11 3TOM OCHOBHaH qacTb (~ 90 ?6 ) no­

Teps:rHHol1 3Hepr1111 OCB060JK,D;aeTCR B BI~e Bb!COK03HeprJiqHHX raMMa­

,!\BaHTOB [33 , 341, 
Ha p11c.4 np11Be,rieHo OTHOII18HJ1e CB€TI1MOCTl1 nJiasMH B PaJAJ'.m­

,D;l1arra30He B .pesyJioTaTe 06pas0Barr11JI li pacna,r\a 9i - Me30HOB ( c 

yqeTOM raMMa-RBar!TOB. rroc~e KOMilTOHOBCKOI'O pacceRH11-!! BTOPMtilfilX 

e + 11 e - ) K CB8T11MOCTl1 TOpM03Horo 113~8Hlffl 3J!8KTpOHHOl1 !WM ... 

ITOH8HTll :(.~:: -r rrpH k ~ =I00 K3B. Ilplf k 'Ii = · 20 MaB BRJ!a,IT.hl 
. e 

o6pa30Ba.Hl1ff raMMa-KBa.HTOB OT pacna,n;a9f - M€30HOB cpaBHHBaeTCR 

c BKJia,r\OM p- n TOpM03HOro 113JIY?l8HHJI 11 HefiTpoHHoro 3axBaTn; 

np11 6oJiee BHCOHHX Tei,mepaTypax o6pa3oBaHHe 11 pacna,r\ nHOHOB 

CTaHOBfITC.H OCHOBHh!M npou;eccoM Pa,r\11aIII10HHOro OXJiallf,n:eHHJI HyK-
- . 

JIOHHOJ'.1 KOMI10H€I:JTb! f!Jia3MJ,T, 
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5. AcTpo~H3ffqeCKHe rrpRJiomeHHR 

B Haqa.Jie ?0-x ro~oB 6:wrH rro.JIYlleHH rrepBHe cB~eTeJibCTBa o 

reHep~H JIHHe~aToro raMMa-M3JIY'tf€HHR B KOCMHtteCKHX o6~eKTax. 

·ra~a-JIHHHH, B~eJieHHHe BrrepBHe B crreKTpax MO~ COJIHetlRHX 

BCITHmeK 4 H? aBr. 19'72 r., MHOPOKpaTHO Ha6JIIO~a.Jil1Ch B rrocJie~­

HHe ro~ Ha cneu;11a.Jil13HpOB8.HHhIX acTpOHOMIBI8CKHX CrryTHMKax (cM. , 

Hanp1rnep,(35]). OcHOBHoti: BbIBo~, Bh!TeKaio11111fi 113 aHa.JI113a 3TMX BCilH­

meK, 3a.KJII0qaeTCR B TOM, qTo JIHHefiqaToe raMMa-M3JIYtfeH11e reHep11-

pyeTcs:r rrp11 B3aHMOAet!CTBl1.HX ycKopeHHHX IlpOTOHOB 11 flAep c aTMOO­

~pofi Oomll.la, Ilpffq€M KaK a6COJ!IOTHHH IIOTOK , TaK 11 OTHOCl1TeJibHHe 

11HTeHCHBHOCTl1 ~TOHOB B JIHHH.HX xopomo corJiaCyroTCR c TeopeTIBiec­

K11MM . rrpe~CKa3aHID!Ml1[35,37J, ]HHel1qaToe raMMa-H3.JIYll8HHe H8C8T 

BaJKH8HlflYIO HHt<>PMat\HIO 0 BHCOK03HeprJiqHHX flAepHHX rrpou;eccax B 

COJIHetnrol1 aTMOC~pe, XOTSi B PaMMa-JIHHH.HX OCB060lK,IJ.aeTCJ'I .. .kAl!lb 

HesHaq11TeJI0HaR ( £ ·ro-6 ) AOJIR o6~el1 atteprHH BCIThllIIKH. &rHM ca­

MhlM: CPJIHe~e BCIThilllKH c~eCTBeHHO OTJIJiqaJOTCR OT APYPMX ra.MMa­

co6h!THl1, Ha6JIIOAaeMHX oT p~a a€Tpo~H3Jiq8CKHX o6~eKTOB. XoTff 

AaHHHe o per11cTpat\HH raMMa-n11H11l1 oKoJio- I-2 M3B 11 ,.., 4,4 MaB B 

HarrpaBJI8Hl1H ra.iraKTJiq8CKoro u;ettTpa H OT p~oraJiaKTHEH Cen 

A [S, 38,39J.He s:rBJimOTcff Ha,r\e~HHMH, HO rro~TBe~eH11e 3THX pe-

3YJioTaToB IIOCTaBHT acTpO~l13HKOB rrepeA ce:rne3HHMH 3HepreTJ1qeCRM­

Ml1 TPY'AHOCT.RMH - o6MCHHTh qpeas~ru1Ho 6oJibIDHe cB~THMOCTH 3Tl1X 

MCTOtnrHKOB B 3MHCCHOHHHX raMMa-mrn11.irx, cocTaBJifilOIJ\l1e 6oJiee IO ?6 

· 06~el1 CB8THMOCTH, 

reH8PaJ..\HR Pa.MMa-JIHHHH IlpM 6oM6ap~HpOBKe XOJ!O)µ{OPO rasa 

cy6peJIBTl1BHCTCKHMH IIpOTOHaMl1 l1 J'IAPIDAH RBJIR8TCR He3qx)eRTliBHb!M 

M8Xa.HH3MOM H3JIVtleHHR, T,K. ocHoBHaJI AOJIR 3Hepr1111 Ha,r\TerrnoBb!X 
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qacT~ H,IJ;8T Ha HarpeB M HOHH3aqmo XOJIO):\HOM cpemir H Jll1Illb 

10-5 - 10~6 ):\~JIH KHH8T~eCKOM 3HeprHH B~eJIHeTCH B BH):\e JIH­

HewqaTOrO ra.MJ~a-H3Jiyq8HHH(5 , 9J. BoJiee aqxpeRTHBHa r e HepaqHH JIH­

HHH B cpe~e c BHCOKOH .3Jl8KTpOHHOi1 TeMIIepaTypOM ( Te7 ro8 K), 
B KOTOpOM ITO):\aBJieHbI 3HepreTHqecRHe rroTepH 6b!CTpbIX npoTOHOB ~t.H 

H):iep ( E ~ 100 MaB/HyK.). 0):\Ha.Ro ):iJIH B~eJieHHH JIHHHM Ha,Il; Top-

M03Hb!M H, B03MOJKHO, aHHHrHJifil\HOHHHM KOHTHeyyMOM TeMIIepaTypa 

3JieKTpOHOB He ):\OJDKHa rrpeBOCXO~HTb ro1° K. B TO JKe BpeMH ~JIH 
B036yJ~eHMH H):iep Heo6xo~HMa VIOHHa.H TeMIIepaTypa Ti ~ 1010 K. 

fopHtIM ,!\ByxTeMIIepaTypHa.H rrJia31'm MOlKeT cpopMHpoBa TbCH B6JIM3H 

peJIHTVIBVICTCKMX o6oeKTOB - HettTpOHHhlX 3Be3):\ M qepHblX ):\Hp [I,3, 

26,40] ' B y~apHh!X BOJIHax CBepXHOBbIX[4I] ' B aTMOccpepe 6eJ!bIX 

RapJIVIROB[42] VI T.,!i. BecoMbIM CBH):ieTeJibCTBOM c~ecTBOBaHMH rro­

,!i0 6HOM rrJia3MH B acTpocpM3~8CRHX o6o8RTax MOrJia 6bl CTaTb perHC­

TpaqHH JIVIHewqaToro rruAMa-Hs.rryqeHHH. O~HaRo, RaK cJie):iyeT H3 

a HaJIVl3a, rrpoBe~eHHOPO B §2, acpqieKTVIBHOCTb o6pa30BaHMH raMMa­

JIHHHM B ITJia3M8 ~a~e rrpVI HaH6oJiee 6JiarorrpVIHTHhIX ycJIOBHHX reHe­

Pa.I.\HH Bee JKe ocTaeTcH :He oqeHb BHCOKow. Ifa-sa Toro, qTo B 

):iByxTei..mepaTypHow rrJiasMe ll!MeeTCH paspHB MeJF,ey Ti H Te " 

HOHhI,TIO-np8lKH8My,3~cpeKTVIBHee rrepe):ia.JOT CBOro 3HeprHro 3JieKTpo­

HaM rrJiaSMhl B pesyJihTaTe RynoHOBCKHX CTOJIRHOBeHVIM. O~Ha.Ro, He 

TOJ!bKO 3TMM o6ycJIOBJI8Ha HV!3RaH CBeTHMOCTb ITJia3MH B SMMCCVIOHHbIX 

ra.MMa-JIHHVIHX. ~aJKe rrpVI OTCyTCTBVIVI SJieKTpOHHOt'r· :KOMITOHeHTbl, T.e. 

B sapHJKeHHOM TIJia3M8 . c Ti~ ro11 K M3-3a cpparMeHTa.I.\VIH ~ep CBe­

THMOCTb B JIV!HVl:UC CMJibHO OPpaHMtieHa VI He npeBOCXO):\MT "' I0-511-i 

):\OJIVI OT 06ll\8M CBeTMMOCTH (1}_:. ~t2t - Roaqxl'HL\VleHT "rrepepa60TKM11
. 

MaCCbl ITO KOH B V13JiyqeHMe). rrpNC Ti < 1011 K MOJKHO npeHe6peqb 

~parMeHTaqHeM ~ep, VI aqi!JeKTMBHOCTb reHepa.I.\HM JIHHMM orroepeJIH-

24. 

e TCH ¢opMyJioM t 4J. UOc:y,!iHM HeCROJibKO nu,LiJ)OOHee :iforrpoc rel-it:~ 

r aMMa-JIHHHM B aRKpeQ~'l(OM ITJia3Me. B STOM c.rryqae K03qxpHQH8HT 

xapaRTepHsyeT rpaBHTa.I.\HOHHbIM TIOTeHQHaJI 3B63~, a < t > COOTBeT­

CTByeT xapaRTepHOMy (rH)ipO):iVIH~eCKOMy) BpeMeHH na,n;eHHH Be- . 

!I1eCTBa. 

a) Ccpep~ecRM-cHMMeTpVlqttaH aRRpeQHH 

ITpH ccpep11qecROM aRKpeQJIH 

~8J!HroTCH CJie.n;yIO!l\VIMI( .Bh!pa.JKeHHHMM 

BeJI~ < t > R np 

(CM., HaITpHMep, (43]) 

r~e 

~J'l.°'+3 R <t>- t ~ ~ 
h JU c 

( _g_ )3/2 j 

R'! 
8 . 

nP::. -- rrio ( I )-3/2 2 - ~12 
?>€ 6TR~~ R R~ {~+.JA/?;) , 

ITLo : M/ME 2 2.5\R'jmpc 
ME"'Le./'1.c= "1_<bT 

;v. - q11cJio Maxa ):iJIH aRRpeQVIOHHoro rroToRa. 

onpe-

( 32) 

Tei..mepaTypa VIOHOB Ha paCCTORHRVI R OT rpaBVITa.I.\HOHHoro 

~eHTpa COCTaBJIReT 

~T~"' ~ o,1(R/R.~)("1t JU
2

/3)-f. 
p 

(33) 

VI, CJI8):\0BaTeJibHO' VIOHhI HarpeBaJOTCR ):\0 TeMrrep aTypH Ti~ roIO K 

Ha paCCTORHVIH R ~ 100 Rg • CTOJIKHOBVIT8JihHbli1 oT6op aHeprHVI 

peJIRTHBHCTCKRMM 3JieRTpOHaMH y 6oJiee ropRqHx HOHOB ( Ti>Te ) 

rrpR ccpep~eCKH-CID.!MeTpHqttOJ1 aKKp8QHH OKa3b!BaeTCH He3cptfl8KTHB-

Hb!M: 
'C:ep/tp ~ _i_{~): (!(Te) (JA?.+3).P 

l It me !'1.o trleC°' · 
Bcer,D;a c~eCTB8HHO 60JibIDe 8,I\HHill\bl; Ji!MeHHO TIOSTOMy MOlKHO c~-

TaT b' qTo cpopMyJia ( 33) ,D;aeT B8pttyIO 01_\eHKy TeMrrepaTypH ROHHOH 

KOMIIOHeHTbl. 

ITo,D;cTaBRHH .(32) B (4) no.rryqaeM 
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r.e. 

L'(,~ ro-8 (rn/O,I)(XA/Io-4) Mc a 
CB8Tl1MOCTb B ra.MMa-JilffilIBX rrpH c!)?epw'leCK!1-Cl1MMeTpKtrnOH a.R-

Kpeu;1111 He rrpeBOCXO)J.l1T 
ro-8 Mc2 

6) ,UHCKOBafl aKRp8U:l1ff 

llianttpo, ]atlTMaHOM M 3pAJIM[261rroKa3a.HO, qTO CYl118CTByeT pe­

JKMM aKRpeu;m1 Ha qepeyi0 ,iwpy' Kor,rr,a BO BHyTp8HHei1: qaCTl1 ,I\l1CKa 

( R ~ ".10 Rg ) MOJK8T r1\QpM1'!pOBaThCR )J,ByxTe~mepaTypHaR rma3Ma c 

Te"' 109 K 11 c 110HHoi1: TeMrrepaTypo:H B 3-300 pa3 BbUile. Pa3phIB MeJK­

!.D' 3JieKTpOHHOJ':\ !1 !1CHHOi1 TeMITepaTypaMVI )J.OCTHraeTCff 6;raro,rr,apR !1H..: 

T8HCl1.BHOMY OX.1!Cl.Jlf,D,emno 3JI8KTpOHOB B pe3yJibTaTe KOMI1TOHl13au;l1YI 

H113KoqacTOTHoro !13~8HYIR . B ,rr,11cKe. Pa3Mephl ropffqei1: ,rr,ByxTeMIIe­

paTypHofi 30Hb! )J.11CKa, ITJIOTHOCTb l1 TeMrrepaTypa rrJia3MhI, Heo6XO)J,VI­

Mhl8 ,IVIH orrpe,rr,eJieHIDI CBeTHMOCTl1 B raMMa-JI11Hl1RX, orrpe,rr,eJI.ID1l'Cff 

ypaBH8Hl1.f!Ml1 COCTORHHR, rYl)J.pO,I\HH~ecKoro paBHOBeCVIR, coxpa.He­

Hl1fl yrnoBoro MoMeHTa H aHepreTJ1qecRoro 6anaHca MelK,lJ,Y 110Hairn YI 

~JieKTpoHaMH. HeRoTopHe 113 ~113J1q8CK!1X rrapaMeTpoB ,rr,11cRa MOJKHO 113~ 

BJieqh VI3 tta6;r10.n;aTeJihHhlX ,I\aHHh!X. He3aBHCl1MO O'\' ToqHol1 reoMeTpVIlll 

aimpel~l1lll c 60JibillOM ,I\OCTOBepHOCTb!O MOJKHO yTBepJK,IT.aTh' qTo Ha6mo­

,rr,aeMoe peHTreHOBCKoe 113~eHVIe. Cyg X-1 B03Hl1KaeT 6;raro.n;apH rrpo­

u;ecca..M KOMI1TOHVI331\HVI B ropmetl: ( Te?:- 3· 10
8 

K) rrJia3M8 c 'tr = 

= h n.~1"1 (CM. , HarrpHMep, [441). Ec;r11 B6Jil13Vl KOMDaKTF!Oro MCTOtJ:-

H11Ka Cyg X-1 pea.IT!l13yeTCH )J.!1CKOBru! aKKpeu;KH, TO ,rr,orrycKaH , qTo 

IIOJiyTOJIJ!jl'IHa )J.VICKa h ~o. 1 R~ Rg ':::< 3.10
6 (10~ Me) CM, rro~aeM 

'tT I8 -1 
nP-:;- ~=---:;-- ~IO (MI IOM0) ('tr! 2 ) c¥: 

h'CIT . 

R ~ 
<t >-'JR-.:: 0,4 (MI IOMe) (RI IOR~) (O,I/,,;

0
)(t:/2) 

(34) 

c, 

r,rr,e m..,::. M/M e. ME:: 2.:TrR~mp c/.,~\. ,...l-~ n,057 

?.6 

)J.JIH IIIBapn;nrn:Jih)J.OBcRotl qepHotl .I\hlP~· CooTBeTCTBeHHO; 

L 4 ' . 4 . (35) 
5°~ = f!- ~ ro- CR /10R~) CX,q I ro- ) (O,I/rno)(1:1/2)2 

lot 

rrpvr T i:S. 3· IOlO K. 

B ,rr,etlcTBVITeJihHOCTVI , cBeTVIMOCTh B raMMa-JIHH!1HX ern,e MeHbme 

l13-3a )J.l1CCVIrrau;1111 3He~rl1!1 110HOB rrp11 KYJIOHOBCKWX cToJIKHOBen11HX c 

3JI8KTpOHHOtl KOMITOHeHTOtl rr;ramm. EcJI!1 cq!1TaTb, qTQ BCH nepe,rr,a­

BaeMaR 3JI8KTpOH8.M 3Hff!JPMH HOHOB l13JiyqaeTCH B p8HTP8HOBCIWM .v.11a-

rra3oHe, cor;racHo (7) HMeeM 

lt,J.t~ 5·1034 CXc/5·I0-4 ) (Te/3·10 9 Kfe (Lx! I038 
::ipr/c) 

rrow Tp3·1010 !{. 

"Pr/c 

B tJ:acTHOCTM, .r1.irii peHTreH0Bc1rnro MC'POtiI-n<K'l Cyg X-I (1:t ~ 

(0,3-I)· 109 i{ l Lx ~2•I037 spr/c H d= 2,5 'me) o:IH)\ aeTJ.rii 

IIOTOK cJioT·OHOB B JIHH1'll1 4,44 MsB COCTaBJJHeT <Po -:::: (0,6-4)I Cf 7 

( XA /5· 10-4) ~oT/cM2 c • 8To 3Hff'-IeHMe 6oJrne l!8M Ha nopH,J-:(OK 

rrpeBOCXO)J.l1T tJ:YBCTBl1T GJibHOCT1> I1JiaH!1fJY8MhlX B HaCTOHl!jee Bp8MH 

3Kcrrep11MeHTOB, 11 noaTOWJ per !1c'rpai\11.FI JI11Hl1H 4,44 MaB OT s~oro 

l1CToqH11Ka B 6JIIDKat'rllleM 6y)J_ymeM npe)J.CTaBJIH8TCH B03MOJKHOtl JIVIJUb 

np!1 ycJIOBMl1 a.HOMaJibHO 6oJibillOro 0611Jil1H yrJiepo.n.a B aKKp81\1'IOHHOi! 

rrJiasMe. 

B) H3~eHHe npoTOHHO-Heti:TpoHHotl: nJia3MH B aKRpeu;MoHHh!X 

)J.11CKax B Herrpep@BHOM cneKTpe 

IIp11 TeMnepaTypax MOHOB. Ti.',:. roll K, :iwr.n.a M3~3a cfiparMeH­

Tau;1111 fl)J.ep rro,rr,aBJieHO H3Jiyqe1rne B 8M!1CCl10If'r!b!X JIMHJIBX, OCHOBHblM 

M8Xa.HM3MOJ,4 H3.1!ytmmrn HyKJIOHHOM KOUI10HeHTbI HBJIHeTCR pa,rr,111aql'!Ommti 

3axBaT He:l%TpoHOB IIpOTOHaw c o6pa30B!:lHl18M ,I\eWTpoHa (a.Haner pe­

l\OM6!1HarwoHHoro l13J!YtieHHR) H TOpH03HOPO M3Jiyqemrn I1pOTOHOB rrp.11 

11x paccemimi Ha HeiiTpc>Hax. EcJI.11 BpeMR pa,rr,MaJTbHoro rra,rr,eHJ.iH ropH-
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trei'1 aRRpeq vroHHoti mrasMhl 6oJibllle BpeMeHM !flparMeHTau;:vrn FI,IJ;ep 
4

He 

( t Hi' 5•10
15 

/np C) , T O KOHqeHTpa.1\H.fl HetiTpOHOB B nJia3Me ,!J;OCTllf­

raeT BeCbMa BblCORoro 3HatreHllf.fl nn ".:::::: 0,2 np • IIocROJibKY BpeM.fl 

TepMaJil13?11Hllf Het1:TpOHOB B pesyJibTaTe ynpyrllfX p-n CTOJIKHOBe­

HllfM 'C'tli -::t (0.,n.pi7)"~I014 /np c 3HatrnTeJibHO MeHbllle t He , B 

rrpOTOHHO-Het1:TpOHHOi1 nJia3Me ycT aHaBJillfBaeTC.fl MaKCBeJIJIOBCKOe pac­

rrpe,n;eJieHMe. KaR cJie.n,yeT llf3 (32), 3Tllf ycJIOBllf.fl He BbITTOJIHmoTC.fl_ 

rrpvr c~ep11qecRoi1 aRKpeq1111 He3aB11c11Mo OT Maccbl qepHoi1 ,I\b!phl. B 

c.nyvae JKe .n;11cR0Bot1: aRRp81\Mllf ycJioB11e tH: <t > 

c 6oJiblllliM sanacoM. 

BhlTIOJIH.fleTC.fl 

Pa,n;llfal.\MOHHOe OXJia.JK,I:\eHvre ttyKJIOHHOM Rm.moHeHTbl COCTaBJI.fle T 

cpaBHI1T8J!bHO Ma.JiylO .n;o.mO CBeTMMOCTM ,I\ByxTeMnepaTypHotl: nJia3Mhl, a 

OT6op 3HeprMH Y. r oprrt.IMX HyKJIOHOB vr.n;eT B OCHOBHOM 3a ctreT ynpy-
. ~ 

T'llfX e - p CTOJIKHOBeIDlli . Ilpvr k '.16 <<rnec. T OpM03 HOe OXJI@K)J;eHMe 3JieK -. 
TpOHHOtl: KOMilOHeHTH 3HatIHT eJibHO MeHbllle CROp OCTH OT 6opa 3HeprMllf 

y HyKJIOHOB, llf IT03TOMy )J;JI.fl ¢opMHpOBaHllf.fl ,I\ByxTeMTiepaTypHoti TIJia3-

Mbl (Ti> Te ) Heo6xo.n;HM ,ll;OITOJIHHTeJibHhll1: MeXaHH3M OXJialK,I(eHM.fl 3JieR­

TpOHOB. B aKRp81\llfOHHIDC .n;11c Rax Ba.JKHe11:UJHM MeXaHM3MOM OXJJa.JK,I:\eHI-rn 

3J!8KTpOHOB .f!BJIH8TC.fl KOMTIT OHllf3aql1.fl HH3KOtiaCTOTHOT'O H3Jiyt.IeH!1.fl, 

TaKHM o6pasoM, npe.n;rro;rar aH, · tITo BC.fl sHepr11H , rrepe,n;aBaeMa .fl sJieK­

TpoHaM, OCB060lK,IJ;aeTC.fl B peHTreHOBCKOM ,D;Hana30He B pesyJib T a T e 

KOMTITO!ID:3aqlrn, MOlKHO CB.fl3aTb raMMa-cBeTHMOCTb ttyKJIOHHO:tl: KOMITO­

HeHTbl c peHTreHOBCKotl: cBeTHMOC'l'bJO nJia3Mhl: L~"'X 1 l >< tt11.,. -:l=' 0 , 2at 1 L.x; 
. • p 

3HatieHH.fl :le1·:: ~Pn n.cz J3 saBllfCMMOCTH OT Ti !If Te npHBe.n;ei-iH Ha 
I U(pti: nil 

pllfc.4. ilpllf kTe':lt' 50- I OO KGB 11 Ti~ IO MsB, lr; ~ ( I ,5-4)- 10
33 

(~~ /I038 spr/c ) spr /c, a oEvr.n;aeMhlti n oTOK r a>AMa- KBaHTOB co cpe.n;­

Heti · sHepr vretl: E'6"" KT i. .OT p e HTreHVBCKoro 11cTotIH11Ka, Haxo,n;.fI111eroc.fl 

Ha p a cCTO.f!HMllf d , COCTaBJI.fleT . <P~~( 0 , 8-2) · 10-6 ( L x / 1038 s p r lq) 

28 · 

(d/I KITC)-2 ~OT/cnf c. XoT.fl perHCTpaqM.fl rro,n;o6HHX TIOTOKOB npe,n;­

CTaBJI.fl8TC.fl BeCbMa CJIOlKHO:i1 3a,o;atrei1., O,IJ;HB.KO HX o6HapyJKeHvre OT 

KOMITB.KTHhlX peHTreHOBCKI1X !1CT OtIHl1KOB B 6y,IT.y111eM MOT'JIO 6bl CTB.Tb 

CB11,n;eTeJibCTBOM cyuiecTBOBa.Hl1.fl ropHtiefi npoTOHHO-HetiTpOHHOV. 

ITJia3Mbl B6JJ!lf311 peJIJ'lTllfBMCTCKHX o6oeKTOB. 

K 00JKaneHHIO, pacc~.<aTpirnaP.Mbie MeXaHVT3Mhl llf3JIYtI8HllfR HyK­

JIOHHoi-1 !\OMTIOHeHTbl s cpn'-eJ{TviBHH .'IHIUb B aKKpP.1\HOHHb!X ,IJ;MCKB.X BOK­

pyr MaJIOMaCCJ1BHbIX qepHWC l\blp , net''CTBHT8JibHO, )J;JIH 'l'OT'O, tIT06hl 

HetiTpoi-iH Giii'''eK'l'l"BHO 3axBR.THJIHCb B TIJia3Me, Heo6xo,n;m.m KOHIIeH-

TpaqHR npoTOHOB np ~ I016 CM-
3

, C ,u;pyro iA: CTOpOHH, OHM MO-

. ryT o6ecrretillfTb 3aJ~eTHoe 11s;ryqeHMe JIHUJb rrpw ycJioBlrn, tITO BpeM.fl 

pa,n:11MhHoro na,n:emrn rrJia3Mbl B aKll.Jlel.\HOHHOM ,n;llfcKe 

.::: t > '.:::: ~gr.~ \ 2 ~ 4 · ro-2 ( M I IO M0 ) ( R /IOR~ )2
Ct,./2) ~ 

0 

He rr:peBOCXO,J:\MT BpeMenH )i\H3HH HefiTpOHa ( 928 ceK). lfa 3TOT'O 

ycJIOBH.fI HaxO)J;MM 

M ~ 4·I05 CR /IOR~) -2 (rn 10 ,I) eeT12)
1

• 

BoJiee T o r o , KaK c JicpyeT H3 Mo.o;e;r11 ,r;ByxT eimepaTypHoro 

aKKpel.\I10l:!HO T'O ,IJ;li!CI\a (261, KOHll,eHTIJaJ\~IH nJia 3Mbl y6~aeT np"' 

-vM-1'" M-?1/4 M npM s ,n;,n;MHrToHoBcHoti cBeT MMOCTM ,IJ;JI.ff M,.. I~ M 

KOHI.\8HTpaql1fl rr:Jia3Mbl CTaHOBMTC.fI CTOJib MBJIOti, tITO Hei1Tp OHH yc­

n e BaJOT p a c rra,n:aTbCH p attbme, qeM 6y,IJ;YT s axBatreHhl rrpoTOHaMH. 

" 

B rrpoTo HHo-He :i1:TpoHHoi1 rr:JiasMe Hs-sa rrpo~ecca Hetl:TpoHHoro 

saxBaTa rrp11cyTcTByIOT .H,IJ,pa ,n;etiT epll!.lI. P a BHOSecHaH KottqeHTPfil\Hfl 

B nJia3Me c BpeMeHeM 'kM3Hl1" M8Hbllle tn~9'2J c orrpe,a;eJiil:eTC.fI 

1113 yCJIOBH.fl 

n.P n.d :J ( P .. d -f>+ P + n.) = 11.,.n.p~( P+ n.-Z> ... er ) . f36) 
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CKupOCTh paspyrneH11R ,n;ei1TpoHa rrpoTOHaMM: B MaKCBennoBCKO~ 

rJJiasMe B saB11c11MocT11 OT Ti rrp1rne,n;eHa Ha pl'Ic.2 • CTporo ro-

BOpR, B yp. (36) Heo 6XO,I1;11MO ytfY!ThIBaTb TaIOKe pea.KL1m; 

/3He + p 
d + d t ~ 

""'3H + n 
0,n;HaKo, KaK cnc ;rryeT M3 pv.c.2, r,n;e rrp11Bep,eHhI CKOpOCTl1 

rrpou;eccoB d + d ' HOpM11pOBaHHhI8 Ha KOHI~8!1Tpau;l1l0 ,n;ei1TpOHOB, 

rrp11 Ti~ ro10 K MOJKHO rrpeHe 6petih 3Tl1Ml'I pea..T\u;Mm.rn. 

B OTJ£11tIMe OT CKOpOCTM -J(P+n-d+l)cKopocTb pa3Bana ,n;ei1-

TpOHa tJYBCTB11TenhHa K TeMrrePaType Ti. • Bcne,n;cTB11e aToro 0611-

n l'Ie d pe3KO 3aBMCl1T OT TeMrrepaTypbI : 

ltd ~0,2 
t't.p {

3 ·10- 2 

ttd ""0,2 .J(Pt1.-clal ~ 
11.n. - ' v(Pd ~PP~ ro-4 

Tl = IOIO K 

Ti. = roII K . 

,I\etiT epl'Ii1 MOJKeT aqxpeKTl1BHO o6pA30BaTbCR TaKJK8 rrp11 yT8tJK8 

HetiTpOHOB M3 o6naCTM reHepau;ITTI M 11X rrocne,n;yio~eM 3axBaT e B 

ITJ[OT~ XOJ!O,ll;HbIX o6naCTRX, OKpYJKaIOil\J1X 11CTOtJH11K. 

r) lt1crrap8HM8 HetlTpOHOB M3 'aKKp81\MOHHOro ,IJ;HCKa 

PaccM0Tp11u B03MOJKHOCTh 11crrapeH11R Hel1TpOHOB M3 mrnpel\110H­

Horo ,D,HCKa. ,I\J£11Ha CB06o,n;Horo rrpo6e r a 6h!CTpb!X Hei1Tp0HOB B ,ll;MCK8 

' I )-1 6T -i J 
rrpeBbillla8T ero ITOJiyTO~l1Hy ( >- h -:::- (6., 11.p h = '° 0 't'T > :1 

rrp 11 En::i:.IO MaB), · oID! He y,n;epJKHBaIOTCH aJieKTpocTaT11treCK11M11 cmra­

MM 11J!M MarHMTHhlM rroneM (tITO Bh!T'O,ll;HO OTJil1tJaeT 11X OT ITpOTOHOB), 

CJI8,IJ;OBaT8J[bHO, BOyMOJKHO aq)(jiOKTMBHOe 11crrapem1e Hei1TpOHOB 113 ,n;11c-

Ka • 8Ta sa,n;atra 6JIM3K[.. ITO 11,u;ee K pe111eHHoi1 )J,'K .,I\JKl1HCOM KJiac-

CMtJ:8CKOfr sa,n;atJe 11crrap8HV.R aTOMOB M3 aTMOC~ep ITJ£aH8T 11 . K pemeH­

HOM B . A . AM6apuywrnoM !1 JI. Crr11Tu;epoM s a,n;atJe 11crrapeH11fi 3Bes,n; M3 

3B83,ll;Hh!X CKOf1JI8Hl1M . 
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1laCTJ1Qbl B ,ll;HCK8 HMeJOT ,n;Be Kt..vu!OHeHTH CKOpoCTH: KeIIJiepoB 

CKyJO H cnytr~HYJO TeMOByJO. ()qeBHp,HO, tITO ITOKMHyTb ,IJ;HCK Jiertie 

traCTMu;aM, T8ITJIOB8R CKOpOCTb KOTOpbIX,BO-rrepBHX,6JIH3Ka K Hanpa.B­

neHIDO KeIJJiepOBCKOT'O ,ll;BHJKeHMH, 11 BO-BTOpb!X,,IJ;OCTaTOtJHO BeJIHKa. -IIycTb cl. - y roJI M8Jl\l1Y HarrpaBJieHIDIMH TerrnoBOil "T H Keruie-- ' poBcKoti "'
0 

cxopocTeti. Tor,n;a BbIJieTeTb 113 ,n;:11cxa Ha 6ecKoHetI-

HOCTh MOI'yT BCe tiacT~I,,ll;Jlfl KOTOpbIX 

( .;;o t .JT)' > 2 ,J., I T; e. VT>Vo[~c~~~-:.co~d.](37) 

)J,eiloTBHT8J£bHO , ITOT8Hl\MaJlbHaH aHeprIDI tJaCTJ1Qbl c Maccoi1 

Ha ? a,IJ;:ifYC8 R paBHa G~m , aHepr11R JKe xerrnepoBCKoro ABR· 

JKeHMa B ,n;Ba pasa MeHhme. CJie,n;oBaTenbHO,,D;JIH l'!CrrapeH11a tracT~ 

Heo6xo,n;MMO, KaK MIIBl1MJ'M, ygBOl1Tb ee aHepr·mo. 

TernIOBhI8 CKOpOCTl1 MM8IOT MaKCBeJIJ£OBCK08 pb.v.ipe,n;eneH11e' 

CJI8,IJ;OBaT8J!bH0, 113 ,ll;MCKa Bh!Jl8TaeT ,ll;OJ!H 

- ~ - · 'lo 

U ::: l tn )?./a r f J exp{- m~ l,,T~d'\)TdCO~Jlp, 
2m-1eTi: J eiffi. J 

0 -1 "'""" 

(38) 

r.n;e 'tJ°mi.n orrpe,n;enaeTCR 113 ycnoBIDi (37). 

By,n;eM ctrHTaTh, tITO .Jrni.n>>~ k~i.' , TCr,D;a :1HTePF'1JOBaHl1 

(38) ,D;aeT rrp116JimKeHHhli1 pesyJinTaT 

ll: i r~1cT;. )11-z.exp{- rn-Vo\&-1/ ~· (39) 
2(2!il'J'k(,/F-f} \mvoa 2KT;, _, 

MHol!rnTeJrb (J2' - I )2 ~ 0, I7 Henocpe,n;cTBeHHo c .. wµ,:re~~ 
H3 y~JIOBIDI (37) I1pl1 CO~~ = i , T.e. KOT')J;a· HaITpaBJI8Hl1H T' Cr: -

.iI8pOBCKOl1 H T8IT.IIOBOH CKopocTe': COBTI~aroT. fuAeHHO 3TH HaffIX'l-~' -7:~­

H!Jii ,IJ;a!OT OCHOBHOM BK.iTa,IJ; B 'HHTP.. '•'l.Jl . 

Ytrn:Tbl.Ba.H, tITO B r10He OCH0 ;_-;.._::)110 ~HeprOB'-'1Ae.ne:~F. ,~v:c?· -:-!. 

<;oKpyr lliBapJ.VllWlb,D;OBCKO ': ' c•epttol% ~i.i'. F R"' (7- 9) R9 [44 , ti-:~ij 

!il 

' ' 



.rryti:aeM 

U:: 1 J !iKTi 
2{2gj)1/2 mca 

-=--_R_· \ me. c R R~(-le-1)a exp1.- l<Tl i} (..f2:-i)2} ~ 
(40) 

"' 1 j KTi • ex {- 5 M3 I) } 
- 2(2!lf) 1/e 5 th[) p KTi. . 

8ToT pesyJibTaT rroKa3bIBaeT, tJ:TO rrpvr MHTepecyioumx Hae TeM­

rrepaTypax ( K T;. ~ 5 MsB ) He1°,!Tp0Hbr MOPyT JierKo rroKM,TI/J.Tb ,ri;11cK. 

McrrapeH11e Hel1•rp6HoB sc"fl1~'e:r<:TMBHO OXJIBJ!\..[\aeT mw.sMy B r.11c­

Ke. CY111eCTB8HHO, tJ:TO HeV.TpOHH yHOC.f!T c co_6ol1 He TOJibKO sHep-

rmo' HO IL yrJIOBOH MOM8HT ' crroco6cTBY.f! TeM caMblM 6onee 6b!C-

TPOMY pa,n;MaJibHOMY rra,n;eHMIO Bei~ecTBa B iJMCKe. 

McrrapeHvre Hel1TpoHOB rrpovrcxo,n;11T B yshOM KOHJ'Ce yrJioB , 

rrp1mera.JOl!\8M K rrJIOCKOCTvr ,!l,11CKa. 3HatJ:vrTeJibHa.f! 11x ~aCTb .v IO % 

MOJK8T 6b!Tb rrepexBatJ:eHa BH8IJIHIDlli yTO~a.Kl!J1ID.1vrC.f![45] o6JiaCTffifil 

aKKpeL\HOHHoro ,n;vrcKa vr HOPMaJibHol1 sBes,D,ol1 ,n;Bo:l1Ho11 c11cT eMbr. B 

ITJIOTHbIX XOJIO)l;HbIX o6JiaCT.flX H8l1Tp0HbI 6hfCTp0 TepM'aJI113YJOT C.fl 11 rrp 11 

saxBa~ rrpoToHa.Mvr ,D;a.JOT ,n;et!TpoH vr ysKy10 raMMa-JI11HvrIO 2, 22 MsB . 

AToMbI ,n;ei1Tep11B:, o6pa.syioll\vrecH B a.TMocqiepe .3B83,I\bl-KOMITa.HboHa Mo­

ryT 3B83,ll;HbIM BeTpoM BbIHOCl1TbC.f! B Me:>KsBes,n;Hyio cpepy. B 119e,IT.eJib· 

HOM c.rryti:a.e CT0!1p01J;8HTHOl1 sqxpeKTMBHOCTM 06cyi1<,n;a.eMoro M8Xa.Hl13Ma 

M rrpe,n;ITOJIOlK8Hl1.fl 0 60JiblllOM KOJil11.!8CTB8 tJ:epHbIX )l;b!p Ha paHHef! c·:·a­

,I\1111 raJiaKT11Kl1 , 3TOT M8XaHMSM MOP 6H ,n;aTb 3a.M8THb!l1 BKJia,TI; B M8:>K-

3B83,!l,H08 o6vrJil18 ,!l,8HT8pvrfl. 

BaJKHeHllletl rrpoBepK_otl B03MOJKHoro o6pa.soBa.Hvr.f! 11 11crrapeHM.f! 

(c ITOCJI8,Dyl01!\11M 3axBaTOM B XOJIO)l;HOH cp8,!l,8) HetlTpOHOB MOrJia. 6H 

.32. 

cTaTb perHcTpa.Q1u1 Jil1HHl1 2,22 MsB oT ,n;Bof.nm:X c11cTeM c qe~Hol1: 

,D;b!pOl1: HJIJ1 Hel1:TpoHHol1: 3B83,!l,Ol1:. 06HapyMeHHoe )µteKo6coHoM 11 AP• 

[6, 7] "TpaH3118HTH08 11 co6m11e c rrpo,D;OJll!l'.HT8JibHOCTb!O 20 MMa_yT B 

MRPKOM raMMa- ,IJ,11a.rrasoHe, Ha H8lll B3rJ!.f!,D;, .f!BJI.f!8TC.f! B8COMb!M apry­

M8HTOM B rroJibsy peaJivrsru.wvr 06cYJK,I1aeMoro CL\eHapvrH B6Jivrs11 8el1-
TpoHHol1: sBes,W>I. CorJiacHo _[7] B crreKTpe sToro KpaTKoBpeMeHHoro 

(K COJKaJieHmo,~O CHX rrop H80TO]l(,JJ;8CTBJI8HHOro) HCTOtIHHKa raMMa­

vrs.nyqemm Bbl)J;eJimoTCH suvrccvroHHHe Jil1HHl1 oKoJio 0 ,4I MsB; ·.l: ,8 

MsB; 2,24 MsB Ii 5,9 MsB. JivrHrempeJibTepoM H .iw .. [ 5] .6bTJia Bbi';!µ3H­

HyTa PHITOT83a, tITO 3TH JIJ1inrn .f!BJI.f!IOTC.f! pe3yJibTaTOM aHHl1PHJI~ 

H pa,n;Ha.QHOHHOro 3axBa.Ta. IT0311T!XJHOB ,H H8l1:TpOHOB, reHepvrpyein,pf 

rrpH . 3ITH30,!l,HtiecKol1: aK:i<peQHH Ha HetlTPOP.HYIO 3Be3,n;y c Maccoii. M -v 

I MG> : JIHHl1H 2, 22 MsB qiopMHpyeTcff :npvr saxBaTe Hel1:TpOHOB B 

aTMO_ccflepe _HOpMaJibHOM 3B83)J;l,r, a OCTaJibHbI8 JIHHHH - Herrocpe.n;c_TB8H-' 

Ho B6Jivrsvr Hel1TpoHHol1 3Be3,D;H. B sToM c.nyqae c yt<eToM rpa~HTa~ 
D;HOHHoro KpacHoro CM811\8Hl1.f! t. ':::! 0,28 ITOCJI8,D;HH8 OTOJK,!l,8CTBJI.f!, 

roTcH C· JIHHHHMH aHHl1PHJI.f!L\Hl1 rr9s11TpoHoB 0,5II MsB, pa,n;11ari;110H­

Horo 3axBaTa HetiTpOHOB B XOJ10,IIHOl1 BO,!l,OpO,D;HOl1 aTMOCcpepe 2,22 

MsB . 11 JilIBHm.m 7,682 H 7,646 MsB, B03HHKa.Klll\11Ml1 rrpvr 3axBaTe 

Hel1TpOHOB B lK8JI83HOl1 Kdpe H8tiTpOHHOM 3B83,D;hl• 113 cpaBH8HM.f! . 
Ha.6mo,IJ,aeMblX HHTeHCl1BHocTel1: B JI11HH.f!X I,8 MsB H 5,9 MsB ( ~ 

3 I0-2 cpOT/C~ C H "' 1;5 I0-2 qiOT/C~ C, COOTB~TCTBGHHO) CJI8-

)J;Y8T, ~TO . H8MTpOHbI 3<P<I'eKTMBHO TOpM03.f!TC.f! B BO,n;opo,n;HOM a TMocipe­

pe c ITOBepXHOCTHOH ITJIOTHOCTbID H8CKOJibKO r/c~ 11, CJ!8,!l,OB8.T8Jlb­

HO, OHH rrepe,n; BXO,!l,OM B a.TMoccpepy ,ll;OJIJKHbl o6;ra,n;aTb He6oJibllJHM]I[ 

sHeprvrRMH ( ~ I MsB). 3HeprHtIHhle JKe Het!Tpmm 11crra.pmoTCH B,n;aJIH 

OT ITOBepXHOCTl1 HetiTpOHHOl1 3B83,W>I. Hx ,!l,OJI!O MOlKHO OL\8Hl1Tb' cpaB.­

HHBM OTHOCJ1T8JibHb!8 MHT8HCl1BHOCTl1 cpOTOHOB B JIHHl1.f!X 

~Q. . 



·' 

_ __:1..::.0_1='~~=-::·~a--::­
U = iOFe.a ·+ F1,s :+ Fs,s 

3,D;eCb yt<lllTRBaeTCH, qTO OKOJIO .ro % 11cnapRJOOJ,FlXCH HeVi~ 

TpottoB nepeXBaTRBaeTC.H impMaJihHOti 3Be3.D;Oi1:. Ta.x6e s<!>:'fleRT!1BHoe 

11crrapeH11e HeWrpOHOB H3 a.KKp8WfOHHOPO )J;lllCKa B03MOiKHO, HatnrnaH 

c TeurrepaTyP K lt~5 M3B (CM. Bhllll8). 

,IJ:onycKrui Teneph, · T.ITO. a.xitpewm Ha tteii.Tpmrnyto · ase:.'l,cy c 

Maccofi I Me npoi!CXO~ co CKOpOC'l'hlO M . .v ME~ ro18 
r/c , no-

~yi!aeM BepoHTHOe paccTo.HHHe .D;O HCTOt{l!HKa 

. n 
(M/"1p) rf,0.015 

4gjf2.2 
d~ 

~ 100 nc • 

ABTopH 6Jiaro~pwr ·.H.B.~Jib.D;OBJ.Na sa o6c~eHMe pesyJib­

TaToB pa6oTH M ~eHHJie COB8TR. 
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ITO.D;IlMClll K pHCyHEaM 

XapaKTepHHe BpeMeHa B036yJK,IJ;eH11.H M paapymeHHH .H.D;ep 

B MaKCBeJIJIOBCKoti nJiasMe . Ha pJl[cy1rn:e rn~:mBe,D;eHhl Ta.K­
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