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1. BeeoeHue 

B pH.IJ.e pa6oT /l-J/ paccMaTpuaanoch o6paJoaauue ru
noTeTuqecKoro MaCCHBHOrO HeHTpanbHOfO aeKTOpHoro 6o-
30Ha ff' B peaKUHH 

P + Z -· P + Z + B" 111 
I P - :meKTpou uno MIOoul. 

CymecTaoaauue 3Toro 6oJoua - "TH)f(enoro $oToua" - npe.IJ.
nonaraiOT MHorue cxeMhi e)l.uuou nepeuopMupyeMou Teopuu 
cna6hiX u 3neKTpoMarHHTHbiX aJaHMO.IJ.eHCTBHH. B 3THX 
pa6oTax 6binH Bhi'lHcneuhi nonuoe ceqeuue npouecca I 11, 
a TaK)f(e ueKoTopbie yrnoBbie pacnpe.IJ.eneHHH. Pac'leTbi npo
BO.IJ.Hnnch B HHJllleM nopH,ll.Ke TeOpHH BOJMyll{eHHH H yqu
ThlBanoCb nHlllb TopMoJuoe HJnyqeuue "TH)f(enoro $oToua" 
nenTOHOM. llpu 3TOM paccMaTpuaanucb paJnH'lHbie aapuaHThi 
BJaHMO)l.eHCTBHJI nenTOHa C BeKTOpHOH 'laCTHUeH. 

TaK, a pa6oTe /1 I Bhi'lHcneuo nonuoe ceqeuue peaKUHH 

f1 + Z -• f1 + Z + B (' 

B lllHpOKOM HHTepaane 3Hepruu MIOOHa 150-2000 F:JB/ )l.nH 
pa3nH'lHhlX 3Ha'leHHH MaCChl rHDOTeTH'leCKOrO 6030Ha 15-
50 F:JBI B cnyqae mr -cBJI3H BeKTopuoro THna: CfLY;.,.tLB~. 

)J.nH PB '- BJaHMO)l.eHCTBHJI, JIBnJIIOll{eroCJI npOH3BOnhHOH 
cynepnoJuuueu V- H A-aapuauTOB, TOPMOJuoe po)f()l.euue 
B0 a nenToH-a,ll.pouuwx cTonKuoaeuuHx 6wno paccMoTpeuo 
a pa6oTax /2, -1/. 

B cnyqae o6pa3oaaHHH "T Jl)l(enoro $oToHa" ua To'le'IHOH 
MHllleuu u CBJIJH BeKTopuoro Tuna nonuoe ceqeuue 6hmo 
Bhi'lHCneuo B pa6oTe /4/. 
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B uacToBrneii pa6oTe Bbi"'HCJieH 3HepreTu"'ecKHii cneKTp 

TOpM03HOrO H3Jiy"'eHHJI JiellTOHOM "TJI:lKeJIOrO <l>oTOHa" B 

npo:uecce I 1/ B CJiyqae BeKTOpHoro aapuaina e B o_ B3aHMO

~eiicTBHJI. 3TOT aonpoc npe~cTaBJIBeTcB aKTyaJibHMM npu 

paCCMOTpeHHH O~Horo H3 B03MO:lKHhlX MeTO~OB reHepa:UHH 

ny"'KOB noJHTpouuea/5/. CyrnuocTb 3Toro MeTo~a JaKJIIO"'a

eTCB B 6oM6ap~HpOBKe 3JieKTpOHaMH Jl~ep MHUieHH; npH 

3TOM BHpTyaJibHhle y-KBaHTbi, o6pa3yiOI.nHeCJI llpH TOpM03-

HOM H3Jiy"'eHHH, KOHBepTHPYIOT B aTOMhl ll03HTPOHHJI. KaK 

llOKa3aHO B pa6oTe /S/,3JieKTpOHHMe YCKOpHTeJIH /KOJib:UeBMe 

H JIHHeHHMe/ JIBJIJIIOTCJI HCTO"'HHKaMH ~OCTaTO"'HO HHTeH

CHBHhlX H XOpOUIO c4JopMHpOBaHHhlX ny"'KOB ll03HTpOHHeB. 

Pac"'eT 3HepreTH"'ecKoro cneKTpa noJHTpouuea, reuepupo

BaHHMX Ha 3JieKTpOHHhlX yCKOpHTeJIBX, He06XO~HM ~JIJI 6y~y

I.nHX 3KCnepHMeHTOB. 

B pa6oTe /S/ 6biJIO noKaJaHo, 'ITO 3HepreTH"'eCKHii cneKTP 

aToMoB A 2e * a peaK:uuu 

e -~- z .... e + z + A 2e 
paaeH 

03 4 dahbr 
, a -

da at 

dk 0 dko 

r~e a - nocTOJIHHaB TOHKOii CTPYKTypM, a dahbr /dk 0 
3HepreTH"'eCKHH cneKTp TOpM03HOrO H3Jiy"'eHHJI "TJI:lKeJIOrO 

4JoToHa", Macca KOToporo paaua Macce a TOMa A 2e . 
B pa3~eJie 2 3Toii pa6oTbi no~po6uo paccMoTpeua KH

HeMaTHKa npo:uecca 

e + z .... e + z + y h /2/ 
/Yh - "TJI:lKeJIMH 4JoTOH"/. 

B paJ~eJie 3 BM"'HCJieH 3HepreTH"'eCKHii cneKTP "TB:lKeJIMX 

4JoTouoa" yh peaK:UHH /2/. Pac"'eT npoae~eH B o6M"'HOM 

npu6JIH:lKeHHH, T.e. npu BM"'HCJieHHH ce"'eHHJI npo:uecca /2/ 
y"'HTMBaJIHCb TOJibKO ~uarpaMMM puc. 1. 

* CHMBOJIOM A 2C 
aTOM. 

4 

+ -
o603Ha"'eHO CBJ13aHHOe COCTOJIHHe:{e C )-

~d' (! ~ q' 9 

p ~,' 
p ;o' p 

Puc. 1. AuazpaMMbl, oa10111Ue ocHoeHoil eKAao e npoijecc 
mopM03H020 U3AY'I€HUJI "mRJIC€A020 rjJomOHQ" /2/. 

2. KuHeMamuKa npoijecca 

PeaK:UHB /2/ xapaKTepuJyeTcB nBTbiO ueJaBHCHMbiMH 

HHBapHaHTHbiMH nepeMeHHhlMH, B Ka"'eCTBe KOTOphlX B paC

cMaTpuaaeMoii Ja~aqe y~o6uo Bbi6paTb cJie~yrornue: 

s - (q + p) 2 , t = (p,- p) 2 , 

X -2pk, y=-2qk+k
2

, z =-2q'k-k
2 /3/ 

B ~aJibHeiiUieM qacTo 6y~eT ucnoJih30BaThCB KHHeMaTu

qe cKaB li>YHK:UHfl I 6/ 

( 2 2 2 A. x, y , z ) = x + y + z - 2 x y - 2xz - 2yz 

2 ( x - y - z ) - 4yz = /4/ 
- -2 - -2 

[x -(,.jy +yz) ][x -(,.jy-yz) ] 
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11.3 nocne,!J.Hero npe.LJ.CTaBneHHH A -4JyHKI.J,HH cne)J.yeT 

A((v-;± \;-;> 2 ,y,z> =0. /5/ 

11cnonb3YH BTOpym 4JopMyny /4/, HeTpy)J.HO llOKa3aTb, '-ITO 

B CHCTeMe p A = () 

( ( 2 2 2 I 2
1

... 
1
2 A - p + p ) , - p , - p ) = 4M p , 

A A A B p = 0 A R 
A 

/6/ 

H B cuny 3TOrO HBnHeTCH HeOTpHI.J,aTenbHOH. 

BBe.LJ.eM cne)J.ymmue o6oJHa'-leHHH: 

( ( 2 2 2 A =A-p+q) ,-p ,-q ), 2 2 2 
A X == A(- (p + k) '-p '-k ), 

A =' A (-(p + q ') 2, -p 2 '_ q, 2), 
q 

At == A(-(p + p')2,-p2,-p',, 

2 2 2 
A "'A(-(p +A) ,-p ,-A ), 

y 

r.LJ.e ,\ ~ q - k. 

/7/ 

Tor)J.a B COOTBeTCTBHH C 4JopMynou /6/ )J.nH MO)J.yneu BeK

TOpOB B n.C. HMeeM 

... 1- ... 1- ... 1-
lql = -yA, lkl=-vA, lq'l=-vAq, 

2M 2M X 2M 

I; 'I = ~ \1 A t ' 

r.LJ.e M - Macca H.LJ.pa. 

.... 1 -
IAI=-vA. 

2M Y 

/8/ 

TaKHM o6pa30M, Ka)I(,!J.OMY MO)J.ynm HMnynhca Bn.c. CTaBHTCH 

B COOTBeTCTBHe penHTHBHCTCKH HHBapHaHTHaH KHHeMa TH'-Ie

cKaH liJyHKUHH A • 
11.cnonb3YH npe,!J.CTaBneHHe /4/, MO)I(HO Bbipa3HTb BBe,!J.eH

Hhie A -liJyHKUHH /7 I qepeJ HHBapuaHTHble nepeMeHHbie /3/: 

6 

A="s' 2-4m 2M 2 A =x 2 - 4u2M 2 A =<s -t)
2

-4m
2
M

2 
' X r ' q X ' 

2 2 2 2 
A = t(t + 4M ), A = 4M (y- m ) + s , 

t y X 
/9/ 

r.LJ.e m u j1. - MaCChi nenTOHa H "T H)l(enorO 4JoTOHa", S x = 
s ' = s - m 2 - r.t 2 • = S - X 

Ilocne nepexo)J.a K HHBapuaHTHhiM nepeMeHHhiM /3/ 
4Ja30BhiH o6"beM npouecca /2/ npHHHMaeT cne.LJ.yiDII.J,HH BH.LJ.: 

r.LJ.e 

I' f 
d\ 
2k

0 

3 , d3 , , ) 
~ __ P_(i (k + q' + p - q- p 

2q~ 2p~ 

TT ---=-- f dxdtdy dz 
4JA . vH, 

H, ~ A,·z 2
t 2B,·z+C,- nono:>KHTenbHO 

HbiH KBa)J.paTHbiH Tpex'-lneH; 

A z = - Ay , R z = 2M 
2 

y 
2 

+ E y • y + F y , 

2 
- C = A · y + 2ll · y + C z y . y . y 

/10/ 

onpe,!J.eneH-

/ll/ 

3)1.eCb K03<P4JHI.I,HeHTbl E,, F~, AY' By Hoy HBnHWTCH 

4JyHKI.J,HHMH TOnbKO nepeMeHHblX X H t : 

E = s's -t<s'+x+2M
2

>+2M
2(Jt

2 -2m 2
), 

y X 

? 2 2 2 
F = t[s (x +11-) +2<m x +11M ll, 

y X 

A 
y 

( s'- t >2 - 4m 2M 2 , 

B = t[(t-s')(x+l/)+2(m2x+I1 2M 2)], 
y 

/12/ 

C = t
2

[<x+ 11 
2

) 
2
- 4tt 2sl + 4t[l1 2s'·s + m 2x+ 11

2
M

2 (J.t 2-4m
2
)]. 

y X 

,D.ucKpHMHHaHT KBa.LJ.paTHoro TpexqneHa Rz paBeH 
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D 
z 

B
2

- A C z z z 
_l -A(A ,A,A ).,.\(;\ y'A ,A ) ·1131 

4 y X • t q 
64M 

l1cnonh3YH HepaBeHCTBO TpeyrOnbHHKa ,ll,il.ll MO,ll,yneif HMnynL

COB 181, MO:>KHO noKa3aTb, '-ITO 

,.\(,.\ ,A,A ) < 0, ,.\(,.\,A , A q) < 0, T.e. D > 0. 
y x- y t - z-

Y'-IHTbiBa.R nono:>KHTenLHYJO onpe,ll,eneHHOCTb HHBapHaHTa 

z H TO, '-ITO Az < 0, HMeeM B2 ' 0, -C 2 > 0. 
BLIHCHHM Tenepb o6nacTh HHTerpupoBaHHH B 1101, 

KOTOpa.R HBn.ReTCH ciJH3Hl.feCKOH o6naCTbiO H3MeHeHHH X , t , 
y H Z npH ciJHKCHpOBaHHOM S • 

C 3TOH u;enbJO paCCMOTpHM l.feTbipexyronhHHK HMnynbCOB 

npou;ecca 121 B n.c. I puc. 21. )J,nHHhi ero CT~OH H ,ll,Haro

Hanh, COOTBeTCTBYIO~a.R HMnynLCY A= ~-k=q't-p', onpe,ll,emi

IOTCH no ciJopMynaM 181. KaK cne,ll,yeT H3 onpe,ll,eneHHH HHBa

pHaHTOB 131, npHA ciJHKCHpOBaHHbiX X , t H Y HHBapHaHT 

z 3a,ll,aeT yron (q'k) . TaKHM o6pa3oM, Bbi6paHHbie HHBa

pHaHTHble nepeMeHHLie 131 nonHOCTbiO onpe,ll,enHJOT npocT

paHCTBeHHYIO KOHciJHrypaiJ;HJO l.feTblpexyronbHHKa HMnynhCOB 

B n.c. Ilo3TOMY 3a)J.al.fa o6 onpe,ll,eneHHH npe,ll,enoB H3MeHeHHH 

X, t , y H Z MO:>KeT 6biTb CBe)J,eHa K 3a)J,al.fe 0 BCeB03MO:>K

HbiX KOHciJHrypau;HHX l.feTblpexyronbHHKa HMnynhCOB. 

(f'itJ 

9 
Puc. 2. lJembrpexyzo/lbHUK uMnyAbcoe npot~ecca /2/ e /l.c. 
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,. 

.. 

QqeBH,ll,HO, '-ITO ecnH ciJHJS..CHpOBaHbl HHBapHaHTbl X ,t H y, 
TO ciJHKCHpOBaH H yron (q 'p'). 0TCIO)J,a cne,ll,yeT, '-ITO H3-

MeHeHHe Z npH nOCTOHHHbiX X, t H y COOTBeTCTByeT Bpa

~eHHIO napbl BeKTOpOB q' H p' KaK u;enoro BOKpyr BeKTOpa 

i\ I puc. 21. 3To Bpa~eHHe MO:>KHO xapaKTepH3oBaTb yrnoM 

noBopoTa ¢ , H3MeHHIOII.\HMCH B npe,ll,enax 0::; ¢ ::; 2 7T. Co

OTBeTCTBHe Me:>K)J.y HHBapHaHTOM Z H yrnOM ¢ n03BOn.ReT 

onpe,ll,eilHTb npe,ll,enbl H3MeHeHHH Z , KOTOpbie OKa3biBaJOTCH 

KOpHHMH TpexqneHa R z: 

z . 
mtn,max 

-B ± yiD 
z z 

Az 
1141 

B ,ll,anLHeilmeM y)J.o6Ho BMecTo nepeMeHHOH y paccMaT

pHBaTb ilHHeHHO CB.R3aHHbiH C HeH HHBapHaHT Ay 191, T .K. 

npe,ll,enLI H3MeHeHHH no A Y BhirnH,ll,HT npoll.\e. 

Onpe,ll,enHM Teneph ciJH3Hl.feCKYIO o6nacTh H3MeHeHHH HH-

BapHaHTOB X, t H ;\ y. 

IlpH onpe,ll,eneHHbiX COOTHOilleHHHX Me:>K,ll,Y MO,ll,yil.RMH HM

nynhCOB B03MO:>KHbl cne,ll,yiOII.\He npe,ll,eilbHble KOHciJHrypaiJ;HH 

qeTLipexyronLHHKa I puc. 3/: 

I "P'-' lfl+ll(/ 9 /PI+ If'/ 

1</X~ 

~q' 
-9 

Ill npu /ij/-fk7 ~ /J!J-/fJ 

II npu /if/+/i?J ' /PJ+ Jlf/ 

z::r 
7( 'f 

IV npu Ff/-/k/ ~ fpJ-fif'/ 

.,. ~"if' 
~ 

Puc. 3. IlpeOe/lbHble KOH(/)uzypat~uu 'lembrpexyzo/lbHUKa uM
ny/lbCOe. 

9 



I H I I Kou<Purypauuu onpe.D.emnoT MaKCHMYM A. B pa3-
Y 

JlH'IHbiX o6naCTJIX llJlOCKOCTH (x, t) : 

(\;A. ) 
y max 

l V A , + \1 A q , npu \1 A + V A , ~ ,j A , + y' \ 

\
1 A. + y A. x , npu v A. + v A. x 2:: v A. t + v A. q • 

II 51 

I I I H 1\' KourtJurypauuu Ja.D.alOT MHHHMYM A.Y : 

l 
\ A. t - \;A. 'I , npu ,/A. - \! A.x ::; y A. t - y A. 'I 

( v' t.. ) . cc • 

y tnl!l -

,;A. - v A. x , npu \;A. - \1 A. x :::_ \/ A.t - ,; A. 'I • 

II61 

Y'IHTbiBaJI CBOHCTBO A -clJyHKl(HH 151, H3 II3I, II51 H 

I 161 nony'laeM, 'ITO .D.HCKPHMHHaHT D paseH HYlllO Ha scex 
z 

3TH X npe)].eJlaX. 3TO Ba)I(HOe CBOHCTBO ll03BOJ1HeT Cyll.leCTBeH-

HO ynpOCTHTb llpOl(e)].ypy aHaJlHTH'leCKOrO Bhl'IHCJleHHH HH

Terpana no A.Y B nonuoM clJaJOBOM o6beMe npouecca 121. 
rpaHHl(a 06JlaCTH H3MeHeHHH nepeMeHHbiX X H t HaXo

)].HTCJI H3 YCJlOBHJI 

(\/A. ) = ( A ) . 
y Ill ax \ y rn 111 

1171 

lf3 1151-1171 nony'laeM ypasueHHH 'leTbipex JlHHHH: 

\1 A. + \1 A. = ,, A. - \ 1 A. ; 
X t q /18/ 

\ 1 A. q = 0 , HllH x t t = s' - 2m~1 ; 1191 

,, A. - \ A, \At+\Aq' 1201 

,~~.. 

X 
0, HJlH X = 211 \1. 1211 

KOTOpbie o6pa3yiOT uenpepbiBHYIO 1 na.uKyiO KPHBYIO I puc. 4, 
JlHHHJI AE-BC-CDE-EA I 0 

10 

J 

'l 

TaKUM o6pa30M, ypasueHHH 1151, 1161 H 1181-1211 
onpe)].eJlJilOT HCKOMYIO 06JlaCTb H3MeHeHHJI HHBapHaHTOB X, 

t H A y. 

A6cuHCChi To'leK B H C- TO'leK conpH:>KeHHH KPHBhiX I 181 
H 1201 c npHMOH I 191 onpe)].ellHlOTCH H3 cucTeM ypasueHHH 

1181, 1191 H 1201, 1191, KOTOpbie CBO)].JITC.II K 0)1.HOMY 

KBa)].pa THO MY ypaBHeHHlO 

ax 2 - bx + c = 0 , 1221 

r.D.e 

a= (M-ml<s'-2mM)+ M~, 

b = y A. + 4Ma [a - M (M 2 - 11 2 )1 , 

2 2 ') 2 
c = 11 MI..+ Mfa -M(M- 11-)] 

Tor.D.a peweHHH ypasneHHH 1221 Ja.D.aKn KOOP.D.HHaThi TO'leK 

RH c: 

r.D.e 

H 

d 

xc:, ,t 
b ± \ 1 d 

2a 

,, ·) '\ 
b - - 4ae = A · A. (a, /l- ~1 , \\ · ) . 

B nnocKocTH ( x, t l cymecTBYIOT .D.Be nHHHH. 

\1 A + \' ,\ X = \' A t t \/ A 'I 

\
1 A. -\A, \1 A. t - \.A 'I ' 

1231 

1241 

pa3)1,eJ1JilOll.lHe 06JlaCTb H3MeHeHHH X H t 1181-1211 Ha 'le

Tbipe ll0)1.06J1aCTH, B KOTOpbiX HH:>KHHe H BepXHHe npe)].eJlbl 

H3MeHeHHJI A v onpe)].eJlJIIOTCJI nonapHbiMH KOM6HHal(HJIMH 

Bbipa)l(eHHH I t'51 H I 161 I puc. 4, KPHBbie BFHE H AHC I. 
A6cuucca TO'IKH nepece'leHHH H 3TH X JlHHHH nerKo uaxo

)].HTCJI H3 CHCTeMhl ypaBHeHHH 1231 H 1241: 
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X H = ~ [ s, 2 + 2M 2 
- v )\ + 4M 4 + 

2 2 s' 
2 

+ 2M 
2 

+ V >.. + 4M 
4 

+(/1 -rn) ]. 
, 2 

s + rn 

)J,JUI HCCne,IJ,OBaHH.R B3aHMHOrO pacnonmKeHH.R KpHBbiX 

/18/, /20/, /23/ H /24/ B DllOCKOCTH (x, t) pa3peUIHM 

3TH ypaBHeHH.R OTHOCHTenLHO t. IlonyqHM KBa,IJ,paTHOe ypaa

HeHHe 

r,IJ,e 

2 
At - Bt + C = 0, 

o.s 

~ 
~ 
'-..... ~ 

02 

01 [; +-5. =~ +1;, 

IX' -.tr =Jr. -1£ 
• "J t ' 

o_L-------~------~------~------~ 02 QJ fi Q.f. 
X/211, 18 

/25/ 

Puc. 4. c1Ju3u<~ecKa.R o6Aacmb U3MeHeHu.R uHeapuaHmoe x u 
t /'IUC/leHHble 3HQ'IeHUJI 01/lHOCJI1/lCJI K peaKI.IUU /1 p -+ /lPYh 
npu Macce "m.RJKeAozo ¢omoHa" 11 = 2m 

11 
u q 0 = 0, 5 F3B/. 

12 

A = . ( s X + 2M 2) 2 - L'. 2 ' B = s ('A'-t-.2 )+2M2('A'+t-. 2 ), 
X X X 

1 2 , 2 c = - (L', - )\ ) 
4 X 

)\' 
X 

2 2 2 
s - 4rn M 

X 
L'.=y'A±y'A 

X 

fa paaeHcTBe ,IJ,n.R A nnroc OTHOCHTC.R K ypaBHeHH.RM /18/ 
H /23/, a MHHYC - K ypaBHeHH.RM /20/ H /24//. YpaBHeHHe 

/25/ HMeeT ,IJ,Ba peUieHH.R 

t 1,:1 = 

B ± v' T 
----

2A 
/26/ 

<T = B 2 - 4AC = t-. 2 >..<A,4rn 2M2 ,4M 4
)), 

KOTOPL!!!_ cooTaeTCTBYffiT Ha puc. 4 nHHH.RM_ ABF, FHE 
~ L'. = y 'A + v 'Ax) H AHCD , DE (A= y 'A - y'A x).A6CIIHCCbi 

ToqeK D H F Haxo,IJ,.RTC.R H3 ycnoBH.R paaeHCTBa Hynro ,IJ,Hc

KpHMHHaHTa T, T.K. a 3THX ToqKax op,IJ,HHaTw nHHHI /26/ 
coana,IJ,aroT. HMeeM: 

1 [ 2 2 2 2 x ,= - (s + M -rn ) (s + 11 - (M + m) ) ± 
D, F 2s 

± y 'A· >.. ( s , 11 2 , (M + rn) 2)]. /27/ 

Koop,IJ,HHaTbi /27 I .RBn.RroTC.R KHHeMaTHqecKH npe,IJ,enLHbiMH 

3HaqeHH.RMH HHBapHaHTa X ,KOTOpbie COOTBeTCTBYIDT B C.II.H. 

MaKCHManbHOMY ~. HanpaaneHHOMY DO H npOTHB HMnynLCa 

HaneTaromero nenToHa q . 

Ha 3TOM JaaepUiaeTc.R Hccne,IJ,oaaHHe o6nacTH H3MeHeHH.R 

HHBapHaHTOB X, t, Av HZ, KOTOpoe He06XO,IJ,HMO )J.ll.R BLI

qHcneHH.R HHTerpana /10/. 
Ha puc. 4 npHBe,IJ,eHa liJHJHqecKa.R o6nacTh HJMeHeHH.R 

nepeMeHHbiX X H t, qHCneHHbie 3HaqeHH.R OTHOC.RTC.R K peaK

IIHH flP --> fLPY h npH Macce "T .R:>Kenoro dJoTOHa" f1 = 2m IL H 

q 0 = 0,5 F3B. 
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3. 3Hepzemut.tec~euu cneKmp 

MaTpH'IHbiH JJieMeHT npouecca /2/ COl'lTBeTCTBeHHO JJ.Ha

rpaMMaM puc. J MO)KHO JanHCaTb B CJie)J.yiOJUeM BH)J,e: 

Ze 3 m 2 Y. f -

<fiSii>=--( ) _!!_u(q')M u(qkp'IJ <Ollp> x 
- , t aiL 11 

,j2TT 2 koqoqo 

X 0 (k + Q, + p, - Q - p ) • /28/ 

3)1.eCb fa - 4-BeKTOp n01111pH3aU.HH "T11)KeJIOrO $OTOHa"; 

<p' IJ 11 (Q) I p" - MaTpH'IHbiH JJieMeHT onepaTopa JJieKTpo

MarHHTHoro TOKa Me)I()J,y COCT011HH11MH 11)1,pa; 

~I ~ ly (2q -ky)- l.(2q' I y k)y . 
U/1 y /( (( (( z ({ (( !l 

BcneJJ.CTBHe ycnoBH11 coxpaHeHH11 JJieKTpoMarHHTHoro TOKa 

)1,0Jl)I(Hbl Bblll011H11TbC11 COOTHOlUeHH11 

k · ~I = 0 
a Cl/l ' 

/29/ 

Q < p'IJ <0> IP> 
11 11 

0, /30/ 

r)J,e Q = P '- P · 
IJpH CYMMHpOBaHHH no COCT011HH11M nOJI11pH3aU.HH }' h BO-

3HHKaeT CYMMa 

,, A A " 
"" f f = u + 
A a /1 af1 

k k {1 ({ 

') 
/(-

BTOpOH 'IJieH KOTOpOH BblllaJ],eT npH Bbi'IHCJieHHH Bep011THOCTH 

npou.ecca HJ-Ja ycnoBH11 /29/. 
0npe)J.e11HM KOMnTOHOBCKHH TeHJOp, OnHCbiBaiOIUHH $oTo

o6pa30BaHHe "Tg)l(eJioro $oToua" ua nenToHe paBeHCTBOM 

S a(3; 11v l.sp(~ ·+in l~l <~ + im l~!f 
4 cqt w 

/31/ 

rJJ.e 

+ 
Mf3v = Y 4 M f3v Y 4 ' 

14 

t 

J.IJJiy'leHHe $OTOHa .IIJJ.POM onHCLIBaeT TeH30p 

Q!l Qt, 
A =A (t)P P +tA (t)(o - ----), 

!LV E !1 v M !lll t 
/32/ 

r JJ.e A E (t) H AM (t) - o6o6meuuLie Jap11JJ.OBLIH H MarHHT

HLIH $opM$aKTopLI 1IJJ.pa; P = p + p '. B cnyqae npoToHa OHH 

HMelOT BH)J,: 

2 2 2 
GM (t)t + 4M GE(t) 

AE(t) 

t + 4M 2 

2 
AM(t)=GM(t). 

3JJ.eCh G M (t) H G F (t) - MarHHTHbiH H Jap11JJ.OBLIH $opM$aK

TOphi npoToua; M - Macca npoToHa. 

IJpocyMMHpOBaHHOe no KOHe'IHbiM H ycpe)J.HeHHOe no 

Ha'laJibHbiM n01111pH3aUH11M JJ.H$$epeHU.HaJibHOe Ce'leHHe Top

MOJHOrO H311Y'IeHH11 "Tg)KeJioro $OTOHa" npHHHMaeT cne

JJ.YIOIUHH BH)J,: 

rJJ.e 

2 
= ~ S A _dxdtdy~-, 

2TTA /LV !lll 2 --
t v' R z 

/33/ 
da hbr 

S = S .. r~ • o ~f.3 = /11! ~ ; /11! "'t· 

[ / .. 2 2 1 1 y z =-01-'v 'P- +2m )t(- + -)- (- + -) + 
z2 y2 z y 

2t 2 2 J + - (y- z - t + 11 - 2m ) -
yz 

4 Q q [ ~ 2 + 2m 2 ) -
1
- - _t_ I - 4q' q' [ <11 2 + 2m 2) -1- - _!_] + 

1l v z 2 yz 11 v Y 2 yz 

+ 4(q q' + q' q ><l +2m 2 >-1-
7.1 v 11 v yz /34/ 

15 



B ciJopMyne /34/ npH Bbi'IHcneHHH umypa /31/ 6blno yqTeHo 
ycnOBHe coxpaHeHHH 3lleKTpOMarHHTHOrO TOKa /30/. 

113 /34/ H /32/ nonyqaeM ,IJ,nH caepTKH, 

S""' ~ SJLVAJLv=AF<t>S 0 +tA~1 <t!Sl' /35/ 

r,IJ,e 

..:s
0
= <JL

2
+ 2m~)[~(s' 2 -t<s'+M 2 >>+~(s;-t<sx+M 2 ))] + 

z y 

+ -
1
-[t

2
(s'+ sx+2M

2
-JL

2
)-t(s'

2
+s 2-(JL

2
+2ml(s'+ sx) + 

yz x 

+ 2M2(JL2-2m2))- 2{JL2+2m2)s'·sx] + 

[ 1 2 1(, 2] 2 v z) + t -(s -t- 2M ) + - s +2M ) + M (.>L + -
Z X Y Z Y 

-S - ( 2 2 2 )( t 2 1 1 ) [ ( 2 2 ] ( 1 1 ) c Jl + m - - m ) (- + - + t- Jl + 2m ) - - - -
2 z2 y2 z y 

[( 2) 2 4] 1 1 y z ) - t - Jl - 4m - - - (- + - • 
yz 2 z y 

113 KHHeMaTHKH Clle,IJ,yeT, qTO npH HeKOTOpblX MaCCaX 

H 3HeprHHX MHHHMallbHaH BenHqHHa t OKa3biBaeTCH Ha
CTOllbKO MallOH, qTo HeOOXO,IJ,HM yqeT 3cPcPeKTa 3KpaHHpo

BaHHH H,IJ,pa noneM aTOMHbiX 3neKTPOHOB. TaKoil yqeT npo
BO,IJ,HncH HaMH nocpe,IJ,CTBOM yMHO)KeHHH .IJ.HcPcPepeHI.J,HallbHOrO 
ceqeHHH /33/ Ha aTOMHbiH dJopMciJaKTop F (t) B MO,IJ,enH 

T oMaca- <l>epMH. 
Tor,IJ,a, HHTerpupyH no HHBapHaHTY z B npe,IJ,enax /14/ 

H nepeXO,IJ,H OT nepeMeHHOH y K Ay, H3 /33/ H /35/ nony
qaeM cne,IJ,yroii.J,ee Bbipa)KeHHe ,IJ,nH HHBapHaHTHoro 3HepreTH

qecKoro cneKTpa TOPM03Horo H3nyqeHHH "TH)Kenoro ciJoToHa": 

dahbr q, 

dx - 2A 

2 

m 
2
e J F ( t ) __!!:_ J dAy S (\) , 

M t2 
/36/ 

r,IJ,e <I> = r 2 z2a 
e 

I r - KnaccuqecKHH pa,IJ,Hyc 3neKTpoHa/; 
e 

16 

S(A ) 
y 

z 
1 max dz 
- f -=S = AE(t)S0(A )+tAM(t)S 1<A ); 
7T z . . IR y y 

m1n v z 

2 2 B z 
-S (A)= (JL +2m )[ I (s' 2-t(s'+M 2 )) + 

o y <-C )3 2 z 

1 2 2 , + (s - t(s + M ))J + 
-- X X 

y 2VA y 

1 [ 2 , 2 2) + --- t ( s + s + 2M - Jl -
-- X 

yyf-Cz 

- t (s' 2 + s;- (JL 2 +2m ~(s '+ s x) + 2M 2 (JL 2 - 2m 2» -

-2<JL 2 +2m 2)s'sJ+ 

[ 1 2 1 , 2] 
+ t --===-( s X - t - 2M ) + --=== ( s + 2M ) + 

yi-Cz yyiAY 

2 y B z 
+ M <---- + -----). .1=-c- A 3/2 ' 

v z y y 

1 ] + 
B 

{ .. 2 2 t 2 [ z -S (A ) = '+' + 2m )(- - rr: ) I + 
I y 2 (-C ) 3 2 

z 

2 2 1 1 
+ [t- (JL +2m )] <-==- -==) 

v-Cz yyfAy 

-[Ct-JL~2-4m4] 1 

YV-Cz 

1 y 
-(---=:: 
2 yf-Cz 

+ 

Y'lVAy 

B 
A 3 I 2 ) • 

y y 

I1cnonb3YH Haii,IJ,eHHbie B pa3,IJ,ene 2 npe,IJ,enbi H3MeHeHHH 

Ay /ciJopMynbl /15/ H /16// H TOT ciJaKT, qTO ,IJ,HCKpHMHHaHT 
D = 0 Ha 3THX npe,IJ,enax, nerKo BbJqucnHTb HHTerpan no 

A Y z a ciJopMyne /36/. O,IJ,HaKo H3- 3a rpoM03.IJ.KOCTH nonyqa-
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15 
dti,dk., (!itl1 

10 
10-+ 

5 sm·S' 

0 ~ 0 

''""' ' f Puc. 5. 3Hep2emu'lecKuii cneKmp "mJfJKeAo2o ifjomoHa" 6 peaK
~uu ep ... epy h npu oayx ~Ha'leHUJfX e2o Maccbl; q 0 =1 F:JB. 
3oecb (.-::. k lkmax <<fmin -::. 111 k~ax ) ; aepXHJfJf u HUJICHJfJf 
KPU6ble oaHbl 0a Jhcwma6ax Aeaou u npaaou wKaAbl. 

ro~erocH Bbipa)l(eHHH Mbi ue npuao.u.uM ero J.JJ.ecb. nocne.JJ.uee 

HHTerpupoaauue not npoBO.JJ.Hnocb ua 38M. 

PeJynbTaTbi Bbil.JHcneHHH 3HepreTul.JecKoro cneKTpa 
ro_pMOJHoro HJny'leHHH "TH)I(enoro cboroua" a n.c. da h br ldk0= 

-1 h br I = <IJ da d k 0 .JJ.nH BOnbclJpaMOBOH MHlllCHH B lllHpO-

KOM uurepaane 3Hepruif uaneraro~ero :JneKrpoua q 012-
10 4 M:JBI npu 11 = 2m(' npuae.JJ.eHbi uaMH B pa6oTel">l. TaM 

)I(C paCCl.JHTaHbl HHTCHCHBHOCTH Il03HTpOHHCBblX Ilyl.JKOB, 

KOTOpbie MOryT 6biTb nony'ICHbl Ha KOnbiiCBbiX H nHHCHHbiX 

ycKopuTenHx :JneKTpouoa. 
3.JJ.eCb Mbi npuae.JJ.eM 3HepreTHl.JeCKHH cneKTP d;; hbr I dk 0 

a peaKu;HH ep ... epy h ronbKO .JJ.nH q 0 = l F:JB, HO npu .JJ.BYX 

18 

3Hal.JCHHHX MaCChi "TH)I(enorO clJoTOHa": /1 = 2m e H /1 = 2m /1, 
COOTBCTCTByiOmHX o6pa30BaHHIO Il03HTPOHHH H aTOMa A211 
I puc. 51. 

KaK BH.JJ.HO H3 puc. 5, 3HepreTHl.JeCKHH cneKTp d; hbr ldk 0 
paCTCT C yaenHl.JCHHeM 3HeprHH "TH)I(eJIOrO clJoTOHa" H .JJ.OC

THraeT MaKCHMyMa B6JIH3H k ~ax I k ~ax = X ol 2M ' r.JJ.e 

X D - MaKCHMaJihHOe 3Hal.JeHHe HHBapHaHTa X, onpe.JJ.enHeMoe 

clJopMynoii 127 I I. KpoMe Toro, aepoHTHOCTh o6pa3oaaHHH 

aTOMOB A211 OKa3~BaeTCH IlO,!I.aBneHHOH OTHOCHTenhHO ae

pOHTHOCTH pO)I(.JJ.eHH.H noJHTpOHHeB npu6nH3HTenhHO a 10 s -7 
-710 6 paJ. 

B JaKnrol.JeHHe OTMeTHM, 'ITO, nocKOJihKY npuae.JJ.eHHhie 

ctJopMyn~ nonyl.JeHhi 6e3 ucnonhJOBaHHH KaKux-nu6o npu-

6JIH)I(eHHH, TO OHH IlpHrO,!I.H~ .JJ.JIH Bhll.JHCJieHHH 3HepreTHl.Je

CKOrO CileKTpa TOpM03HOrO o6pa30BaHHH neiTTOHOM HeifT

panhHOH aeKTopuoH: l.JaCTHUhi B 0 nro6oH: MaCChi Ja Cl.JeT aeK-

TOpHoro aapHaHTa e B 0 - B3aHMO.JJ.eHCTBHH. 

As Top~ Bhipa)l(aiOT HCKpeHHIOIO 6naro.JJ.apHOCTh JI.JI.He

MeHOBY Ja IlOCTaHOBKY Ja.JJ.al.JH H none3Hhle 06CY)I(.JJ.eHHH 

paCCMOTpeHHhiX BOilpOCOB, a TaK)I(e r .B.Muu;enhMaxepy 

u H. M. IllyMeH:Ko Ja o6cy)I(.JJ.eHue ueKoTophiX aonpocoa. 
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