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A H H o T a u H H 

no.o;cqHT8HO Yr'llOBOe II 9HepreTHqeCKOe pacrrpe.o;eneHHe fJ. -Me30HOB, IIpOHHKWHX B 

4 2 
3eMJIIO CBepxy , Ha 60JlbWOA rny6HHe 14 ·10 rlcM I B ObJiaCTH yrJIOB cos e < - 0,4 
1 cos e = 1 

COOTBeTCT ByeT HarrpaaneHHIO BHH3 IH ·aHeprlll! E > 0, 75 Baa. 

L .G.Zastavenko, A. Chilok 

ANGULAR AND ENERGY DISTRIBUTION 
OF FAST fJ.- :riESONS PENETRATING 

DEEP INTO THE EARTH FROI\I 
THE ATMOSPHERE 

Abstract 

The angular and energy distributions of f.!.- mesons penetrating deep into the Earth from above (the depth is 4 ·l0 4g/ cm 2) 

in the angle region cos e <- 0.4 (CO$ e = 7 corresponds to the downward direction) and in the energy range E >0.15 BeV 
have been calculated. 



lll. Baep,eHHe 

/1 - Me30Hhl, rrpOHHKWHe Ha rny6HHY CBepxy H 38TeM pacceHawHeCH Ha 60JibUJHe yr

/1/ 
Jib!; HaJIHIOTCH rroMexon a aKcrrepHMeaTe, rrpe £tnaraeMOM a UenbiO aacToHw eii pa6oThi Ha·-

JIHeT CH OUeHKa 3THX ITOMeX a 06JiaCTH yrnoa COS () < - 0,4 H 3HeprHfi 

rny6iHHe 4-104 
r/cM

2 . Yrnoaoe H aHepreTH'IecKoe pacrrpeneneHHe /1-

E > 0, 75 Baa Ha 

Me30HOa abiCOKHX 

121 
aHeprHfi, rrpHXODHWHX Ha rroaepXHOCTb 3eMJIH caepxy, Mhl 6epeM a aH n e 

-t,& -z 
F o ( > E, e ) = N 

0 
E ( 1 + E cos e 

3 
1 f" ) , 

Ill 

rne Err •100 Baa, cos e 
3 

Max l cos e, 7 IB I , 

e < " 2 
-2 -1 -I 1 5 

N 
0 

= 0,033 eM ceK cTepan (Baa) ' , 

aHeprHH E a ~opMyne 6epeTcH a Baa'ax; 

N E -t,6 1,5 + 2,5 E cos e I E 11 

0 

/2/ 

( 1 + E cos e 

2 
Mhi 6yneM c'IHTaTb, 'ITO rrpoxonH 'Iepe3 cnon aew e cTaa 1 r/cM 11- Me30H TepH eT aHeprHro 

q = 2 Maa 
2 -1 

CM r /3/ 

'ITO crrpaaennHao a cywecTaeHHofi nnH Hac o6nacTH aHeprHfi E < 1000 Baa. B e3 y'leTa pac

ceHHHH pacrrpeneneHHe 11 - !14e3oaoa Ha rny6HHe x rlcM
2 

6biJIO 6hi 

F ( E + q x 1 cos e , e ) . 
0 

3Ta ~opMyna naeT cne nyiowee 3Ha'leHHe rroToKa caepxy aHH3 Ha rny6HHe x 

2rr r F 0 ( X , > E, e ) co~ 0 . d cos e .::: ~ (qx)-1,4 

9 . 3,5 

141 

4 2 -5 2 
DJIH rny6HHhl 4 10 r/cM llOTOK COCTaamleT 4,5 10 '18CTHU 'Iepe3 } CM 38 CeKyHny, TO 

ecTb 1,2 108 
'18CTHU '!epe3 100 M

2 
3a MeCHU , 'ITO Ha aoceM b rropHDKOB 60JibWe, qeM O*H

/1/ 
naeMOe 'IHCJIO /1 - Me30HOa OT HefiTpHHO 

PacceHHHe /1- Me30HOa a 3eMne rrpHBODHT K TOMy, 'ITO ~YHKUHH HX pacrrpeneneHHH 

OTJIH'IH8 OT / 4 / H He paBHa HYJIIO a 06JiaCTH O>rrl2 nOCKOJibKy, onHaKo, I KaK ecTecT-

aeHHO O*Hll8Tb/ 3Ta ~YHKUHH re3KO y6hlaaeT C pOCTOM e , TO rrpH ll8HHOfi 3HeprHH E 

e cTb KOHyC OKOJIO HarrpaaJieHHH Baepx cos e < a (E) T8KOfi, 'ITO rrnOTHOCTb 

-Me30HOB, llpHwenwHX CBepxy F (x, > E,O) MeHbwe rrJIOTHOCTH HeliTpHHHhiX 11 -M e-

30HOa F 
11 

( x, > E , e ) B HeM. nonyqeHHe oueHKH ~YHKUHH F (X, > E, () ) 

H H~JIH eTCH Haweli UeJib!O, 3Ta OUeHK8 naeT a03MO*HOCTb H8liTH cywecTaeHHY!O DJIH 3KCnepH

/l/ 
MeHTa, rrpennaraeMoro B , ~YHKUHIO a ( t:.) 
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§ 2. PacceSIHHe J! -Me30HOB 

PacceHHHe 5bi CTporo p. -MeaoHa Ha HLipe rrpoTeKaeT paanH'IHbiM o5paaoM B aaaHcH-

MOCTH OT Be1IH'IHHbl rrepeaaBaeMOI"O S!Llpy HMI1ynbca; L11ISI Ma1Ib!X rrepeLI8'1 

a ( lc, cos 0) 

A -aTOMHblll Bee, 

f 0 2 
2 J.LC2 2 -~-~~ 

a (lc, cos 0) = 4ro ( --r-1 4(1- cos0) 2 I 

{} < (Jrnln 

{}min < {} < {} .,.,. 

{} = A1h(lcr5 ,-1 
rnln 

, 0 = A- t! '( lc ) - 1 
.... " , Sl 

Jo-• -13 
'o = r S1 = 1,3 · 70 

151 

z -aapstLI S!Llpa, J.L - Macca J.L -MeaoHa, r0 =e 2 / (J.Lc 2) 
141 

rrpH 5on&wHx rrepeaaqax HMrryn&ca HLipy rrpoHcXOLIHT ero pacwerrneHHe; L11IS1 yrrpomeHHOro 

OI1HC8HHS1 HM9IOWel!: MeCTO 3LleCb C1IO>KHOl!: KapTHHbl Mbl I1pHHHM89M, 'ITO p8CC9S1HH9 B 3TOM 

cnyqae fipOHCXOLIHT fiO OT Lie1IbHOCTH . Ha Ka>K LI OM H3 I1pOTOHOB S!Llpa KaK Ha CB050LIHOM, 'ITO 

aaeT B rrepecqeTe Ha RLipO 

2 
a ( lc , cos 0) a ( k , cos {} ) 

1 
4 r 1 ( !!:.._~1_ ) z~F __ ___ 

o 1c 4 ( 1 -cos e > 1 
{} > o.., .. 

F = 

1 0 v 
1 e 1 0 K 1 "e · 1 0 'e cos _+ 2 -·~ sin _ cos _+ ( _ ) [J5sin _ + 3sm _ cos _ ] 

2 M 22M 2 2 2 

+ 2 !5._ sin 1 0 
M 2 

161 

3aec& &HeprHH J.L -MeaoHa ao H rrocne pacceRHHR lc H p CBS13aHbl COOT HOW 9HHeM! 

l = l + 1 - cos e 
lc 

a JtOTopoM Mbl rrpeHe5peraeM Jaccol!: rroKOH J.L- MeaoHa /rrocKon&Ky Hac HHTep e cyeT e ro 

aHeprHR 5onee 0,75 Ssa/ H 5epeM Macey HYK1IOHa M paBHo l!: 1 Baa. 

2 
4T05bl I101IY'IHTb C9'1eHHe Ha r/cM cPOPMY1Ibl /5/ H /6/ cne a yeT YMHO>KHTb Ha 'IHC110 

n 
0 

RLiep B 1 r aem ecTaa: 

n ~ J 
0 2M z = 3• 7 • 70 

13 
I Z 171 

Ha OCHOBaHHH LiaHHbiX 0 COCTaBe 3eM1IH Mbl I1pHHHMaeM I l J2 . Via / 5 / HaXOLlHM Cpea-

HHft KBaLlpST yrna OTK1IOH9HHSI J.L -M930H8 I1pH 3aMeLineHRH B 3eM1Ie OT 9HeprHR lc 
1 

LlO 

9H9pi"HR lc2 
e- 1 (k

1
, tc

2
) = 8,9. Jo-'r ~'~ _ _]__ > 

lc 2 lc 1 

~ i 

TaKHM o5paaoM B Hamel!: aaaa'le MaoroKpaTHOe pacces:~HHe aaeT OTK1IOHeHHR ., 0,1 pa-

LlH8H8, T8K 'ITO C119LlyeT O>KHL18Tb, 'ITO cPYHKUHSI F(x, > E,e) B HHTepecyiO m el!: 

aac o5nacTH e - .!!..... 
2 

B OCHOBHOM onpeaenReTCSI OLlHH M OLlHOKpSTH bi M pacCeSIHHeM, C 

HeKOTopol!: nonpaaKol!: aa c'leT M HoroKpaTHOro paccestHHSI, nono>K HB B / 6 / F = J , nony qa-

9M oueHKY cpeLlH91"0 'IHC1Ia COyLlapeHHl!: C OTK1IOHeHHeM Ha yron > (} > {} 
max 

KOTOpOe J.L 

Me30H HCI1b!TbiB8eT, 38MeL11IRS!Cb OT 3HeprHH k = oe ao aHeprHH lc: N(lc)"' 4. JO- ~ (0 2 1cf1; 
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a nH (} 0,1 H K = 1 Baa aTo 'IHcno ecTb 4 10-
3

. TaKHM o6paaoM, KaK npaaHno, 

IL -MeaoH aaMeiJ.nHeTcH ao aHeprHH 1 Baa, He HCribiTaa pacceHHHH Ha 6onbwol! yron. 

rae 

§ 3. 0CHOaHbie cbopMYnbi 

Hawa aaaaqa caOIJ.HTCH K peweHHIO KHHeTHqecKoro ypaaHeHHH 

n a(kJf + n 0 ( clO(n')a (k,nn') f (;, n' ,k) + 
0 1 

+ n r cl p • cl n (;;. ) C1 ( k • n n' ) f ( i . n • ' k ) 0 [ k - <P ( n ;; • ' p ) l + 0 1 

C1 ( k) 

QJYHKUHH C1 (/c, nn') 

(cJO(n'J[a
1

(k,nn'J +a (k,nii'JJ, 

<P (nn'. P J [l + 1- nil'l- 1 

p 

orrpeaeneHa 151 H 161, n
0 

- 171, 

af 
ak 

q -13{ -

181 

a o6nacTH if ii > 0 
0 

ITpH ycnoaHH, 'ITO f COaiiail,aeT C cpyHKUHel! 11.21 a IIITOCK OCTH 

x n = I) 
0 

Il.fiH HarrpaaneHHI! n aHH3: ;;>;j > I). 
0 

YpaaHeHHe I 3.1 I aecbMa cno>KHo anH peweHHH a no6. BMecTe c TeM, rrpHHHMaH ao 

aHHMSHHe CITeUHcpHKy 38Il.8'1H, nerKO aHIJ.eTb, 'ITO cPYHKUHH 

.. -+ 

. .f(x,;,k) 
_ ... 

r cJ n r;, · J ct> ( 1c , ;; ;; • J T/ (;; ;; • J ' ( q .. X..!!_ a__, ;; • ~ J 
0 0 -· - .0 n "o 

191 

HanHeTcH pa3yMHOA 8IIITpOKCHM8UHeA f ( x, ii, k ). 

B cj:JopMy ne 19 I ct>(k, ;;;;· J 
p e weHHe ypaaHeHHR 181, He 38aHCSilUe9 OT X 

H yaoaneTaOpHIOW99 ycnoaHIO: 

T/ (X) = 
-+ 

-+ 

I 0 
7 

IIpH 

X < I) 

X > 0 

k -+ 00 ' 

¢yHKUHR f ( ~ ' n, k ) KS~ cpyHKUHH TOflbKO OT IJ.ayx ITOCITeiJ.HHX CaOHX apryM9HTOa 

ITpH cpHKCHpOBSHHOM 3H8'1eHHH IIepaoro, eCTb H e 38aHCHWe e OT KOOpiJ.HHSTbl 

ypaaHeHHH 181, TaKOe 'ITO OIIp9 IJ. 9IT9 HHbiA HM IIOTOK qepe3 !IfiOCKOCTb-+ ~n 0 = 0 

~ n 
-+ 
n neHHH 

I 

COBIISIJ.ae T C !IOTOKOM 121 ITpH aaeprHH 
q - .• -~--

n no -M930H hl, HMeiOWHe HS y p OBHe 39M ITH aHepr!IIO HH>Ke STOlf, HS rny 6HHy 

Il.SIOTI. C aanbaellwHM pocToM aaeprHH f > E c riOTOK 1
0 

y6biBaeT -KaK - ~ 

pe w eaHe 

a Ha npaa-

He norra-

a ITOTOK OT f IIO'ITH He M9HReTCH, fiOCKOflbKy, 0Il.H8KO, aepoRTHOCTb p8CC9RHHR HS 60nb-
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WOH yron C pOCTOM 3HeprHH rra.aaE T, TO MO)J{HO H a.Qe S!TbCSI, 'ITO HeCM OTpS! Ha p83HHUY B no-

OO )J{.Q a!OWHX IIOTOKaX cPYHKUiili f 1i f 6nH3KH 6nH3KH .apyr K .apyry B HHTepecyioweli 

Hac o6nacTH 9HeprHil IE N 5 BaB I . 

TaKHM 06pa30M, 3aMbiCe.n KOHCTpyKUHH 191 COCTOHT B TOM, 'ITO .a nSI .Q aHHOli 

rny6HHbi 
"' -> -> 

,; CTpOHTCSI cpyH KUHSI f ( ,; , n , k ) - He 3aB~C S! Wee OT K00p.UHH8Tbl pewe~ 

HHe ypaBHeHHSI 181, IIOpO)J{.Qa!OWHil KOTOpOe IIOT OK IBepHee, '!aCTh ero, CYW8CT 58HH8SI H8 

rny6~c~He { I 6nH30 K K f 
0 

( 2) . 

C.aenaeM ewe cne.ay10wee 3aMe'! aHHe: Ha rny6HHY rro.a 3eM7!eJ1 x >> 4 2 
4'10 riC M IIpOHH-

KaiOT nHwh fJ.- Me30Hbi, HMeJOwHe Ha rroBepxaocTH 3eMnH aaeprHIO E >> 100 BaB, B aTOM 

cnyqae CTaHOBRTCR cywecTBeHHhlMH pa.UH8UHOHHhl e IIOTepH 1i BenH'IHH8 q 131 3aBHCHT OT 

9H e prHH, 

V1 MeR H8lllY Ta6nHUY ~YHKUHH cf> ( k, cos 8 ) pacrrpe.aeneHHe fJ. -Me30HOB Ha T8KOil rny-

4 
6HHe MO)J{HO pacc'IHTaTh B .aBa aTarra: 11 orrpe .aenReM pacrrpe.aeneaHe Ha rny6aa e , x-4•10 

IIO Q:>opMyne BH.U8 141, Y'IHTbiBa!OW8il O.UH8KO 38BHCHMOCTh q OT 9Hep r H H 

2 1 npHHHMaR aTo pacrrpe.aeneHHe 38 Hcxo.aHoe, onpe.aen HM .a anee pacnpe.aeneHHe Ha rny 6~c~ He 

X no cpOpMy ne B H.Q8 191, n e p eC '! 8 T <f> ( k, COS 8) .ann liHblX Z , '!eM B3SIT08 HaMH 

3Ha'!eHH8 Z = 12 , MO)J{HO BbliiOnHHTh B rrpe.arronO>K8HHH nHHeliHOli aaBHCHMOCTH cf> OT Z. 

§ 4. P e 3YnbTaT bi pacqeTa 

HaH6one e cno>KeH pac'leT cpyHKUHH cf> (k,;:: it• ); OH 6b!ll BbiiiOnHeH no MeTo .ay rrepe·· 

131 B n - -
Bana, OnHCaHHOMY B , Ta 6 nHU8 1 .aaHbl 3Ha'I8HH SI Q:>yHKUHH - tg cf> ( k, n n' ) , 

B Ta6nHue !1 .aaHa cpy HKUHS! K (k, r) , qepe3 KOTOpy!O HHTepecyJOW8SI HaC BenH'IHH8 

¢ (x,k,r) r dp r dO. (n') n' ;0 f(x' ;;•, p) 
1c ii>ii

0 
< r 

noTOKa fJ. - MeaoaoB c 9Hepr~c~eli 6onee k B aB B o6paTHOM KOHyce 

2 4 -2 
qepe3 nnowa.a Ky 1 CM Ha rny6RHe ( x/ 80) 4 · 10 r cM 

-2 4 
¢(x,k,r)!!i!4TTN

0
x 'K(k,r). 

3a 1 ceK. n n 
0 

< r 

Bblp8 >Ka8 TCSI T aK : 

3 .aech N KOHCTaHTa, BXO.U51Wa51 B Q:lopMyny /11, lln51 HarneR rny6HHbl 4 • 10 4 
I' CM -

2 
X =80 

li 
4TTN

0
x-2,5 7,2· 10- 6 -2 -1 

CM C8K 

HanpHMep, .a nSI k = 1 BaB H 

2 -2 
CM ,T, e . 8 10 fJ. -M 830H8 B 

-14 
T = - 0,7 cp = 3 • 10 fJ.• M830Ha B 1 C8K 

I 2 
M8C51U qepe3 100 M • 

qepe3 

B nopS!.U K 8 o6cy>K.U8HHSI IIOny '!eHHbiX pe3ynhTaTOB H806XO.U HMO OT M8TH T h, 'ITO OHH B8Ch

M8 6nH3KH K peaynhTaTa M npocTeliwer o pac'!eTa, Y'IH T biBaiOW8I'O T OnhK O O.QHOKpa T H08 pac-

peS!HHe 

( ¢ (x,kr)-+ ¢ (x,k,r)). 
1 

HaR60nhwaSI B enH'IH Ha OTHoweHHS! ¢ j ¢ nonyqaeTcSI, KaK 9Toro H ecTecTBeHHO O>KH-
1 

.U8Th, IIpH k=3 / 4,r = -0,4 , H p8BH8 = 4j IIpH H3M8H8HHH k H Brny6h 
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paCCMOTpeHHOl! o6naCTH STO OTHOWeHHe npH6nH)I(aeTCSI K e.LJ.HHHUe H .LJ.a)l{e CTaHOBHTCSI 
/3/ 

MeHbWe ee /eM § 3/, nocKOnbKY paanH'IHe ¢ II ¢
1 

B HHTepecyJOwel! HaC o6nacTH He-

eeniiKO, TO Haw pacqeT no cpaeHeHHIO c npocTel!wHM o6naaaeT e OCHOBHOM nHWb npeHMy

wecTBOM 6onbwel! Ha.LJ.e)I(HOCTH. YlHaqe: npoeeaeHHbiH HaMH cno)I(Hbil! pacqeT ceHaeTenbcTey

eT 0 TOM, 'ITO npocTel!wHl! pacqeT, Y'IHTbiBaiOWHl! TOnbKO OD.HOKpaTHOe pacceSIHHe, a aeT pe

weHHe Hawel! :3a.LJ.a'IH C D.OCTaTO'IHOJ!: TO'IHOCTbiO. 

0TMeTHM, 'ITO Mbl Bbi'IH CnSinH cPYHKUHIO 1J (k, cos () ) TaK)I(e e npH6nH )I(e HHH, Y'IHTbi-

BaJOWeM nHWb MHOrOKpaTHOe pacceSIHIIe I TO ecTb D.HcPcPY3H10/ II OD.HOKpaTHOe pacceSIHHe, 
/3/ 

KaK H pa cqeT no MeToay nepeeana I 113 I, aToT pacqeT He aaeT yeenH'IeHHR <I> ( k, r ) 

no cpaeHeHHJO c <I> (k,r), 
1 

Y'IHTbiBaiOwel!: TOnbKO OD.HOKpaTHOe pacceSIHHe , e o6nacTH yr-

noe, 6nH3KHX K npeaenbHOMy yrny ODHOKpaTHOrO pacceSIHHSI. 

HaMH 11ccneaoeana aaBHCHMOCTb <I> ( k , cos() ) OT napaMeTpa () .,.,. : yeenH'IeHHe aTo-

ro napaMeTpa e 1 ,5 paaa He aaeT aaMeTHoro pocTa <I> ( k , cos () ) aTo cornacyeTcH c 

OD.HOKpaTHbiM xapaKTepOM pacceSIHHH. 

B 3aKnJO'IeHHe aBTOpbl Bb!pa)I(8JOT rny60KYIO 6naroaapHOCTb npo¢. r.T. 3auenHHY H 

npo¢. M.A. MapKoey, no npeano)l(eHIIJO KOTOpbiX BbinonHeHa HacTOSIWaH pa6oTa. AeTOpbi 

6naroaapHbl TaK)I(e 6onbWOMy 'IHCny COTpy D.HHKOB MaTeMaTH'IeCKOrO CeKTOpa nT¢ H . 

Bbi'IHcnHTenbHOro ueHTpa OY!SIY! aa noMOWb npH npoeeaeHHH pac'IeTa. 
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Ta6mm.a I. 

ci>_ynKI.Um - £g 10<l> (k, cos e J. 

~----------------------------------------------------------------

/-1-La:;r::r\-f 4/3 I I/2 I/J I/5 

1,9 +I,JJ 1,50 2,01 2' LfS 1,32 
1,8 +2,07 ?,28 3,37 4,21 5,50 
I,7 +2,63 3,06 4,40 6,10 8 ,00 
1,6 +3,13 3,72 Lf , ()7 7,90 11,0() 
1,5 +3,62 4,29 6,16 IO,OO lit ,00 
1,4 +4,07 4,81 7,67 12,00 17,00 
I,J +4, 48 5 '17 9,40 14,00 20 
I,2 Lt ,89 5,5I 11,40 I6,00 
1,1 5,29 6,78 13,50 18 
I,O 5,50 7,20 15,50 20 

0,9 5,70 8,70 17,50 
o,e 6,10 I0,2C' I9,50 
0,7 7,IO 11,70 20 

0,6 8,20 13,20 
0,5 9 ,30 I It' 70 

Ta6mma 2 . 

<f>yHKI!llfllf K(k,r) . 

------------------------------------------------------------------r'\. ~ ~~/J I 1/2 I/3 

-0,4 8,29-7 J 65-7 {1,94-H it 61-9 
' ' -0,5 2 52-7 9 '•7-n 4,28-9 J 20-IO 

' ' ' -0,6 7 IJ-8 2 2I-8 '4 96-IO I I6-II 
' ' 9 ' ' r 

-0,7 I 78-8 4 24- l 52-II I 71-IJ 
' ' g, -IJ ' -0,8 3 49-9 5 J9-IO 5,65-16 
' ' ' -0,9 2 ,90-1o 1,16-II 3 23-I6 

' 


