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B nocneJlHHe l'OJlbl 3HB 'IHTenbHO noBb!CHncH HHTepec K npo6neMaM, CBH3aH

HbiM c HayqeHneM pa!lHBUHOHHOil o6cTaHOBKH na ycKopnTenHx. PemeHHIO O!lHOii H3 

HHX UOCBHill9H8 JlBHHBH pa60T8. 

HanyqeHHe a noMemeHHHX ycKopHTeneii uenec oo6pa3HO paccMaTpHBBTb cocToH

illHM H3 !lBYX KOMllOH9HT: nepBH'IH09 H paCC9HHH09 H3nyqeHHe. llnH 3THX KOMllOH9HT 

aae)leM cne!lyiDmHe onpeJleneHHSJ. 

n e p B H q H bl M H3ny'I9HH9M 6yJleM HB3biBBTb H3ny'I9HH9, BbiXOJlSiill99 H3 Ol'pBHH

'19HHOll o6nacTH, H83biBaeMoil HCTO'IHHKOM nanyqeHHH. K HCTO'IHHKaM nepanqnoro 

H3ny'I9HHH MOl'yT 6b1Tb OTH9C9Hbl MHili9HH, Jl9TanY. YCKOpHT9nSI H 3KCnepHM9HTBnbH09 

o6opyJlOB8HH9, UOJlB9p>K9HH09 o6ny'I9HHIO YCKOp9HHbiMH 'IBCTHUBMH. 

p a C C !l Sl H H bl M H3nyqeHH9M 6yJl9M H83b!B8Tb H3ny'I9HH9, o6pa3yiOIU99CSl 

B pe3yilbTBT9 B38HMO!l9l!CTBHSl nepBH'IHOl'O H3nyqeHHSl C MBTepHanOM 3BIUHTbl. 

3HepreTH'I9CKHH Cfl9KTp 6 b!CTpblX paCC9HHHbiX H9ilTpOHOB 38 38illHTOl! ycKO

/ 1-5/ 
pHTeneii JlOBOnbHO noJlpo6no Hayqea • Meaee noJlpo6no nccneJloBaa BbiXOJl 

16-81 
pacceHHHoro nanyqeHHSJ a npocTpaacTao, aanHMaeMoe HCTO'IHHKOM • B npaKTH-

Ke llp09KTHpOB8HHSI 3BIUHTbl cne)lyeT HM9Tb B BHJlY, 'ITO !lnSI o6ecneqeHHSl JlOUyCTH

MbiX ypOBH9i! H9JlOCT8TO'IHO nHIIIb T9H9BOH 38lllHTbl OT npHMOl'O ( nepBH'IHOl'O) H3-

nyqeHHH; H906XOJlHM8 T8K>K9 38mBT8 H OT p8CC9SIHHO!'O H3ny'I9HHSI. 

Ocna6neaHe pacceHaaoro Hanyqenan a aamHTe TeCHbiM o6paaoM canaano 

c npoueccoM ero $opMHpoaaaHn. BbiJlenHM cneay10mHe KoMnoHeHTLI nepBH'Inoro 

H pBCC9HHHOl'O H3ny'I9HHli: 
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1) nefJTpoH nl B hJCOKMX aueprMii ( E > 20 M a a); 

2) 6LJ CTpbie Hei!TpOHbl ( 1,5 < E < 20 M aa); 

3) n p o'-1€li<YT04Hhie HeJ1T pOHbl (E < 1,5 Maa) ; 

4) Tennoa~e nei!Tpon~ ; 

5 ) raMM8 - H3JIY'IBHM€. 

B Kna a oM 3 apH •·enHhlX 48CTHU B pac c eHHnoe H3l1Y4€HHe npene6peraeM. 

I. EbiCTpbi€ nei1TpOHbi H nefiTpOHbl BbiCOK H X anem'Hfi 

CTporHi1 aHanHTH4 €CKH A pacqAT npoc T p aHCTB€HHO - aHepreTH4ecKor o pacnpe 

a e n e HJHI H€ ilTpO HOB HBl1H€T CSl qpe3Bbl48HHO C flO li<HOil 38aaqel1 . 3TO o6yCl10Bfl€HO 

MHOrHMH ljlaKTOp8MH Jl B 60nblli0Il CTeneHH H8l1H4H€M MHOrHX paccpeaoT04€HH blX 

rae ds 

R 

{3 

-aneMeHT noaepxHOCTH nonocTH; 

-paCCTOHHJI€ OT MCT04HHK8 ao T04KH C KOopaHH8T8MH ( 

H8 noaepXHO C TH fi0l10CTH (yrnbl (} H ¢ OTCttHTblBt 
~ 

T €l1bHO H848l1bHOrO B€KT0p8 i ); 

y ron Me~ay HanpaaneHHeM aaH~eHHR nepBH4Horo HeilTp 

K !!OB€pXHOCTH fi0l10CTH B T04K€ C KOOpa HH8T8MH (Q, ¢ 

a - y ron Me~ay aanpaaneHHHMH aBH~eHHH nepBH4Horo H p 

H€ i!TpOHOB; 

•5 - yron Me~ay HO pM8l1biD K fiOB€pXHOCTH fi0l10CTH B T04K 

H8T8Mll ( {j , ¢ ) H Hanp8Bl1€HH€M Bhll1€ T 8 BTOpH4HOrO I 

E ' , E - aneprHH nepBli4HhlX H BTOpH4HWX (pacceHH H hlx ) HenTpl 

C TBeHHO; 

:E
1

n (E')- ce qeHrre Heynpyroro a3aHMoaeiicTBHH nepa1!4HbiX He n T r 

B npO C T p 8HCTB€ H 06hl4HO H€flOK8l1bHhlX HC T04HHKO B n epBH'IH OrO ll paCC€HHHOrO MBT€pHana CT€HOK fiODOCTH; 

H3nyqe(!HSl . ;(E') _ cpeaaee qJICDO BTOpH4HhlX Hei!TpOHOB H8 OaHH BKT Hey 

no 3 TOH npH4HH€ HaeanH3 HpyeM pean bHYID r eoMeTpHIO, CljJOpMynHpOB8B 3aaaqy 

cneayiDll!HM o 6 pa30M: B fil!OTHOiJ Cpeae HM€€TCSl fiOflOCTb, B HyTpH KOTOpOH H8X0 -

!1 HTCSl HCTO'!HHK !JeiiTpOHOB MOLUHOCTbiD Q, H f CeK, CO Cfi€KTp8flbHO-yrnOBb!M pac -

opeaen e HHB M f ( E'. e ¢)' l!Op M Hp O B8 HH L!M [( €Jl ii HHUe , T.e . f f f (E', O,¢)dE'dll=l· 
O ( E ') 417 O 

T pe6 y eTc Sl uaATH ¢YHKUIIID p acnpeaeneHHR pacceH nnoro M3ny4eHHSl anyTpH oonoCTM 

H OC l!86l! e HH e 3 Toro H3ny '! e HHA B 3 8lUJITe, npeanonaraH 38KOH OCna6n e H HA !!OTOKOB 

HCIJTpOHOB B B€ IU€CTB€ 3K C /10.H€ HU H8DbHbiM , MO)KI!O 38!!HC8Tb B b lpD )K €HHe JlJ!Sl ~'YHK -

l( l!H pa c npeLie l!e HHSl Bb!Xoaa n e ilTpOHOB, q ( E,R, e, rh, a)' 

w mocTH 11 HanpaaneHHbiX BHY T Pb ee ( pnc . I) : 

B03JHIKIUHX B CTe l! I~ AX 

q ( E, R, 0 , ¢ , a ) d s Q f 
( E ') 

r CE ·, e, ¢ l 
0 

R2 
Y (E')n(E') 

in 
X 

f ( E ', E , a ) cos 8 

X ~~-----------------------

( J) 

dE' C: s , 

~ (E)+"~ (F. ') cos 5 
cos {3 

J f f ( E', E ,a ldEd!!= l, 
( E ') 47T 

Jl€fiCTBHSl nepB!!4HOrO He n TpOH8 C HapaMl! MaTe p nan a CT E 

f 
1 

( E', E, a) - c neKTpanbHo-yrnoaoe pacnpeaeneHHe BTOpH4HbiX uei"!Tp 

M€ HT8p HOM 8 KT€ Heynpyroro B38HMaaelfCTBHSl; 

:E (E'\:E (E) - C€4€HHH Bb!BeaeHHH fiOTOKOB nepBH4H b!X II BTOpH4HbiX 
r r 

MOT€pHane CT€HOK !!OflOCTll, COOTB€TCTB€HHO . 

npeanonaran HCT04HHK, onHCb!B8€MblH Bb1p8~€Hli€M (I) ,T0'!€ 4Hb1M, MC 

noToKa B 3aLUH Te 
1 

F ( E, x), paccenHHbiX B CT€HK8X /10l10CTH H€iiTpO H C 

K8K 

rae 

e 
-~ ' (E) 

r cosy 

F(E,x)cf q(E,R,O,¢,al 
2 

r 
d s ' 

y 

( .) 

- p8CCTOSIHH€ OT p aCCM8TpHB8€ MO I1 T04KH B 38 llii!T€ 

H8 fiOB€pXHOCTH fiODOCTII C KOOpaHH8T8MH ( IJ, ¢ ) ; 

- yron Me~ay HopMan biD K noaepxnoc Tu 38LUHT bi n na r 

JlBH~€HHH BTOpH4HOrO H€iiTpOHa; 

~ 'r (E) - C€4€HH€ Bb!BeaeHl!Sl OOTOKOB BTOpH4HblX HeliTpOHOB B 

aamHTbi; 

X -TonmHH8 38lliHTbl. 
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OKHX aHepru li (E > 20 Mas); 

rpoHbi ( 1,5 < E < 20 Mas); 

1e neiirpOHbi (E < 1,5 M3s ); 

T pOHbi ; 

HH B . 

•HH hlX qaC THU S paCCBRHHOB H3nyqBHHB npene6peraeM . 

JhlB HB AT POHhl H HBiiTQ OH hl SWCOKHX aHB Qf'Hii 

JqBC KH i1 pacqeT npOCTp8HCTBBHH0 - 3 HBpf'BTHqBCKOf'O pacnpe -

nRBT CH qpe3swqafino c nomnoR 3aua qe ii . 3ro o6 ycnosn e Ho 

s 6onhrnoA c r e n e HH HanHqueM MHOf'HX paccpenoroqeHHWX 

JqHQ HBDOK8DbHhlX HC TQqHHKO B n epBH qHQf'O H paCCBHH HOf'O 

l nneanl1311pyeM pean b HYIO r e oMeTpHIO, c¢opMynnposas 3auaqy 

S nnOTHO H cpene HMBBT CH nonocTb , BHyTpH KOTOpDH H8XO

OHOS MOlliHOCTbiO Q , n /ceK, CO CflBKTp8DbHO - Y f'DO Sb!M pac-

l <jJ), IIOpMHpOD8HHb!M K Bll llHHUB , T. e . f f f (E',O, <jJ) dE'dfl=J. 
( E ') 417 O 

uu10 pacnpenene HH H pacceH HHoro 113nyqeHI1 H BHyrpn nonocrn 

3nyqeHHA B 38WilTB . npeunonaraA 38KOH ocna6nBHHA noTOKOD 

! 3KC D0HBHUil8DbHWM , MOmiiO 38DHC8Tb BhlpBMB HHB UDH ~Y HK -

Ixona ne i\r ponoB, q ( E, R, 0, ch , a ) , 

:biX BIIYTPb ee ( p 11 c . I) : 

S03 HIIKIU11X B CTBIIEFI X 

1 s 

I 

Q f 
( E 'l 

f (E ', 0, ¢ ) 
0 

R2 
~ (E')n(E') 

In 

f ( E ', E , a ) cos i5 
X I dE'<! s , 

I (E)+"~ ( E 0) cos i5 

cos f3 

f f ( E', E , aldEd0=1, 
(E o) 471 

·1 

y 

(I) 

rue d S -anBMBHT no sepXHOC TB nonOCT11; 

R - pac c TOHHI1 e or 11CToqHHKa no roqKH c KoopuHHaTaMH ( (J, ¢ ) 

f3 

Ha nosepxHO C TH nonoc TH ( yrnbi 

T BDbHO Haqa nbHOf'O BB KTO pa 

0 

); 

H <jJ OTCqHThlSB IOTC A OT HOCI1 -

y f'OD MBlKUY HanpaBnBHHBM UBHlKBHIHI nepBHqHOf'O HBJ1TpOH8 11 HOpM8DbiO 

K nOBBpXHOCTH DODOCTH B TOqKB C KOOpllHH8 T8MH ( (J , <jJ ) ; 

a - y ron MBlKUY HanpaBnBHH AMH UBHlKB HI1A nepsH qHOf'O 11 p8C CBA HII0f'O 

HBATpOHOB; 

i5 - y ron MBlKDY HO pM8DbiO K nosepXHOCTll nonOCTH S T OqKe C KOOpU H-

H8T 8MH ( (J , <jJ ) H HanpasneHHBM swnera s ropuqHoro HeArpoHa ; 

E' , E- aHeprHH nepsuqHhlX H BTOpHqHWX (paC CBAH HWX) HB iiTpOHOB , COOTSBT-

C TBBHHO; 

~In (E')- ce qBHllB HB ynpyrOf'O S38 11MODBiiCTSHH nepBHqH b!X HB iiTp O HOB C HDpEIMII 

Marepuana cT e HOK nonocrn; 

n ( E ') - cpenHee qacno sropuqHbiX aei\rpoHoB aa onuH aKT Heynpyror o B3aHMO -

DB HCT S HH n epBHqHOf'O HBIJ T pOH8 C HupaMH MaTBpHana CTB HDK ; 

f
1
(E', E,a) - c neKrpanbHo-yrnosoe pacnpenene HHB s ro p nqHwx HeiirpoHos sane 

Me&TapHOM BKTB HBynpyf'Of'O S38HMOUBlfCTBHH; 

~ (E'\~ (E) - ceqeHl!R BblBBDBHilR flO TOKOS nepB!!qHb!X If STOpJiqH bi X HBilT pO HOB S 
r r 

MllTBpl!BDB CTBHOK flODOCTH, COOTBBTCTSB HHO. 

npennonaraR ncroqHHK, onHCbiSaeMbill BbipaJKB HliBM ( I) 
1
TO 'IeqHbiM , MOlK HO nnorHoCTb 

noroKa s 3amnre 
1 

F ( E, x), pacceHHHblX s crenKax nonocTH HeiirpoHos npenc r aBI1 T b 

KBK 

rne 

'<' 0 

F(E,x) e f q (E,R, 0, ¢,a) 

( •l 

-I',( E) cosy 
e 

2 
r 

d s • 
( 2) 

- paCCTOHHHB OT paCCM8Tpi!B8B MO ii TQ qK I1 B 38 llliiTB DO T Q qKI! 

H8 110BBpXHOCTll DODOCTI-1 C KOOpllllHllT8M il ( 0, <jJ ) ; 

y - yron MBlKUY HOpM8DbiO K flOBBpX HOC TII 38111HT bl H tJ anpaBD0 H!IBM 

DSHlKBHHH STOpHqHOf'O HBiiTpO Ha; 

(E) - ceqBHilB Sb!BBUBHHH DOTOKOS BTOpllqH b!X HBfiTp OHO S S MBTBpHane 

38LUHTbi; 

x -ronmnHa 3UWHTbi . 
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no.ocT8B1JHH Bblp8JKeHI!e ( J) B B b ipaJKeHne ( 2) nony'li!M ,ll1JH TQ'Ie'IHOPO IICTO 'I -
1 

HHKa 1!31lY'leHHH, pacnono JKeHHoro BHYTPII nonocTn, ~Y,HKUIIID pacnpe.oeneHHH nnoT-

HOCTH nOTOK8 pacceHHHbiX He i!TpOHOB no T01JUIIIHe 38UIH T bl: 

F ( E, X) 

X 

(' f f 
f

0
(E', 0, ¢) I

1
n (E') n (E')f

1
(E ', E, a) 

(o) ( E ') R 2 r 2 

-I' (E) 
coo y 

cos 0 e 

I (E) +I (E ') coso 
cos {3 

d s dE' . 

(3) 

0THOCH T e 1JbHO He601Jbll!OH BbiXO.ll Hei!TpOHOB Bb!COKOH :OlHeprHH H 6biCT pb1X He f!TpO

HOB 113 6eTOHHO H 38lllHT bl B Hanpaan e HHH H838.ll no OTHO WeHHID K nepBH'lHOMY nyq-

/9/ 
KY B 6onbll!HHC TB e cnyqaeB .oaeT B03MO l!<HO CTb orpaHH'lHTbCH yq~TOM T01lbKO 

O.llHOKp8THOPO pacceHHHH, XOT H C nOMOU!biD npHBe,lleHH biX BbiWe ~OpMy1! MOlKHO 

y'leC T b H MHOPOKpaTHO p8CCeHHHble HefiTpOHbl. l1MeiDIUHeCH B 1JHTepaT ype p8C'l iiT

Hble 11 sKcn e pH MeHTa nbHbie .oaHHbie o rl1y HKUHHX f (E',O,¢) H f (E', E,a) aa c T 0 1lb-. 0 I 

KO OTpb!BO'lHbl, 'ITO npHXO.llHTCH npH6eraTb K COOTBeTC T ByiDilliiM .oonymeHHHM OT-

HOCHTe1JbHO 8H81!HTH'leCKOPO BbipalKeHHH :3TIIX ~YHKUHH . 

PaccMoTpHM npouecc ~opMHpoBaHHH pacceHHHoro nanyqe HHH B aane c Haxpo-

UHK1lOTpoHa 0!151!1 ( pHc . 2). Onpe.oen n M ~yHKUIIIO f 
0 

( E' , (J , ¢ ) . Ha pHc . 3 H 4 

npe.OCT8B1JeHbl U1JOTHOC TH nOTOKOB HefiTpOHOB, 113MepeHH bie :3KCnepHMe HT81JbHO B 

BepTHK81lbHOH nnOCKOC TH, npOXO.llS!Uiefi qepe3 u eHTp ycKOpHTenSI , C noMOU!biD nopo

POBbiX 'leT e KTopo B . KpaTKBSI xapaKTepHCTHKa sTHX .oeTeKTOpoB npHBe.oeHa B pa -

/ 10/ 
6oTe • K poMe T aro, Ha paccTO HHHH 6 MeTpos oT u eHTpa ycKopHTenH a 13 TO'l-

Kax 6bi1JH H3MepeHbl yrnepO.llHbiMII .oeTe KTOp8MH nnOTHOCTH nOTOKOB HefiTpOHOB C 

sHeprHefr E > 20 Mss. C pe.OHH51 senH'lHHa nnoTHOCTH noTOKOB Hei1TpOHOB B nnocKo-

6 2 
C TH UHpKy1!HUHH npOTOHOB COC T8B1JSieT (2,2 ~ 0,8) 10 Hei!Tp/cM CeK (TOK npOTO-

HOB CHH XpOUHK1JO T p OH8 H8 KpafiHHX op6HT8X ~ 2 M Ka). npHMepH O T8K8H lKe Be-

1JH'lHH8 U1JOTHOCTH UOTOK8 nony·IeHa H .ll1JSI 6biCTpb1X HefiTpOHOB C UOMOU!biD ~OC

~OpHblX .oeTeKTOpOB. 3THMII .llBHHbiMH flO cymeC TBY orpa HH'li!BaeTC51 HH~pM8UIISI 

0 c n eKTp81!bHO - y rnOBOM pacnpe.oeneHHII 6biCTpb1X He i!TpOHO B H Hei\TpOHOB BbiCO 

KOH sHeprnn , BbiXO.ll51WIIX 113 ycKopnTenH. Y'liiT biBBH s T o o6cTOH T e nbC T BO , c uenbiD 

ynpomeanH pacqeToB ~YHKUIIIO f
0
(E' ,O,¢) npe.ocTaBnHeM KaK 

6 

f (E' ,0,¢)• 17 ( E' ) f (O)tJd ¢), 
0 0 0 

f f 17 ( E ') f (0lt/J(¢)dfl dE'~ I. 
0 0 

(E') 411 

A aanorH'IHbiM o6paaoM 

f (E' , E, a ) e 17 (E) f (a) . 
I I I 

C'tHTaeM .oanee, 'ITO f
1

(E',E,a ), 

ycpe.oH e H bi no cneKTPY '7 (E' ) . 
Ill, d'; 

Ha ocHoBaHH H pa6oT MOJKHO 

17 (E) .. 
I E 
TJ 1 (E)~O 

I ( E '), I ( E' ) 
In 

npiiHHTb: 

20 < E < 100 M sa , 

E > 100 Msa. 

II n ( E ' ) 

LlnH 6biCTpbiX HefiTpOHOB B Ka'leCTBe l7 (E) MOlKHO B3HTb cneKTp ~en• 
1 I 12/ 

UHSI f ( a ) 
I 

npH61JIIlKeHHO MQlKeT 6b1Tb Bblp8lKeHa K8K 

f ( a ) ~ 471 
I 

( 0, 25 + 0, IS cos a ) 1 T < a < " 

Yrnoaoe pacnpe.oeneHI! e 6b!CTpbiX Hei\TpOHOB npHHHMaeTcH 1130TponHbi 

PaccMoTpHM B Ka<IeCTBe npi!Mepa ocna6neane noTOKOB pacceHHHbt 

HOB B o6nacTH 38UIHT bl, pacnonoJKeHHOi! H 8.ll YCKOPHTeneM. npe.OCT8BH M 

noBepXIiOCTb 381!8 CIIHXpOUIIK1!0TpOH8 c!jlepoi! p a.onyca R C HCTO'IHIII 

pnT eneM ), pacnonolKeHHbiM B ee ueHTpe (pH c. 5). B naHHOM c n yqae 

0~28- -"-
2 

(J._!!_ -28 

s~!T-a,f3~0, y-o; 

.onH aepxae i\ Hany<IaiDmeA nonyc<jlepbi; 

.onH HHlKHei! Hany<IaiDmei! nonyc<jlepbl; 

~ dse2.,.R cos(Jd(J npa npe.ononolKeHHH, 'ITO HMeeTCH oceaa51 C H 

<j>yHKUIIII 1/J ( ¢ ) ; 

2 R cos o . 

K poMe Taro, npennonaraeM, 'ITO 

I
1

n (E) -IIn' n(E)~ n, I ( E)~I' ( E) . 
r r 
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Bns!SI Bbipa>KeHHe ( 1) B BblpBJKeHlle ( 2) I nony'IHM nnH TO'Ie'IHOrO HCTO'I

~HH, pacnono>Keaaoro BHYTPH nonocTn, ¢Y.HKUHID pacnpeneneHHH nnoT-

~ pacceHHHbiX ae i<Tpoaos no Tonmnae aamHTbi: 

X 

(' f f 
f

0
(E', 0,¢) I

1
n (E') n (E')f

1
(E',E, a) 

(o) ( E '> R 2 r 2 

-I' (E) 
coo y 

cos 8 e 

I (E) + I (E') cos8 
cos f3 

d s dE' . 

(3) 

0 He60nh!UOH BbiXOn HeiiTpOHOB BbiCOKOH aaeprHH H 6biCTpblX HeiiTpO

IHOH 38lUHTbl B HanpasneHHH Haaan no OTHOWeHHID K nepBH'IHOMY nyq

b!UHHCTBe cnyqaea naeT B03MOl!<HOCTb orpaHH'IHThCH y'li'lTOM TOnbKO 

> pacceHHHH, XOTH C nOMOmhiD npnBeneHHbiX BbiWe $opMyn MOJKHO 

JroKpa Tao pacceHHHbie HeiiTpOHbi. HMeromHecs a nHTepaType pac'li'lT-

JHMeHTanhHbie naHHble 0 myHKUHH X f (E',O,<f>) H f (E', E,a) HBCTOnb-
. 0 1 

>I , 'ITO npHXOnHTCH I1pH6era Tb K COOTBeTCTByiDmHM nonymeHHHM OT-

!HBnHTH'IeCKOrO BbipaJKeHHSI 3THX $yHKUHil. 

TPHM nponecc ¢opMHpOBBHHH pacceSIHHoro Hany'leHHSI B aane c naxpo-

JJ.151J.1 ( pnc. 2). OnpenennM $yHKUHIO f 
0 

( E', (J , ¢ ) . Ha pHc. 3 H 4 

I nnOTHOCTH IlOTOKOB HeilTpOHOB, H3MepeHHbie aKcnepi!MeHTanbHO B 

nnocKOCTH, npoxonsmefi qepea uenTp ycKopHTenSI, c noMombiD nopo

·opos. KpaTKa H xapaKTepHCTHKa aTnx neTeKTopoB npnseneaa B pa

OMe TOrO, Ha paCCTOHHHH 6 MeTpOB OT neHTpa YCKOpi!TenSI B 13 TO'I

MepeHbl yrneponHblMH neTeKTOpBMH IlnOTHOCTH IlOTOKOB He fiTpOHOB C 

20 M a a. CpenasH senn'!HHa nnoTHOCTH noToKoB ae i~Tpoaos B nnocKo-
6 2 

1111 I1pOTOHOB COCTaBnSieT (2,2 ~ 0,8) 10 HeiiTpf CM CeK (TOK I1pOTO-

KnoTpOH8 HB KpailHHX op6HTBX ~ 2 MKa). npHM epHO TBKBSI )l{e Be

OCTH IlOTOKB nony·~eHa H nnH 6biCTpblX ael!TpOHOB C IlOMOmbiD $oc

TOpOB. 3THMH naHHbiMH flO cymeCTBY orpaHH'IHBaeTCSI HH$opMBUHH 

J-yrnoBOM pacnpeneneHHH 6biCTpblX Hei1TpOHOB II HeiiTpOHOB BbiCO-

BbixonRmHx na ycKopHTenSI. Y'IHTbiBaSI aTo o6cTOHTenbCTBo, c uenhro 

CqeTOB <jJyHKUHIO f
0
(E', 0, ¢) npenc TaBnSieM KaK 

6 

f (E' , 0,¢)-17 ( E') f (0) 1/J(¢), 
0 0 0 

f f 17 (E') f (O\,P(¢)df' dE'= I. 
0 0 

( E ') 47T 

A aanorH'IHbiM o6paaoM 

f (E',E,a)el7 (E)f (a ). 
1 1 1 

C'!HTaeM nanee, 'ITO f
1 

(E', E,a ), 

ycpenaeHbi no cneK Tpy 17 (E') . 
I 11, J2'; 

Ha OCHOBHHHH pa6oT MOlKHO 

17 (E) .. 
1 E 

'7 
1 

(E) = 0 

I ( E'), I 
In 

( E') 

npHHHTb: 

20 < E < 100 Mas, 

E >100 Mas. 

H n ( E ') 

JlnH 6biCTpbiX HeiiTpOHOB B KB'!eCTBe l7 (E) MOlKHO B3HTb cneKTp ~eneHHH. 
1 I 121 

UHSI f ( a ) 
1 

I1pH6nRJKeHHO MO)I{eT 6b!Tb BblpH JKeHa KBK 

f ( a)= 
1 4rr 

( 0, 25 + 0, 15 COG a ) I f- < a < 1T 

Yrnoaoe pacnpeneneaHe 6biCTpbiX HeiiTpoaoa npHHHMaeTcSI H30TponHbiM. 

¢>yHK-

PaccMoTpHM B KaqecTBe npHMepa ocna6neaHe noTOKOB pacceSIHHbiX aetiTpo

HOB B o6naCTH 3amHTbl, pacnonOJKeHH011 Han YCKOpHTeneM. npenc TBBHM BHyTpeHHIDID 

nosepxHOCTh aana CHHxpounKnoTpoaa c¢epoil panayca R C HCTO'IHHKOM (yCKO-

pnTeneM), pacnono)l{eHHbiM a ee ueaTpe (pnc. 5). B nanHoM c nyqae 

8=rr-a,f3BO, y-8; 

(J = 28- + nnR sepxaeti HanyqaromeA nonyc<jlepbi; 

(J - -"- - 2 8 nnSI HH>Kaei! Hany'laiOmeil nonyc$epbi; 

ds- 2" R 1 cos (J d 0 npH npennonoJKeHHH. 'ITO HMeeTCSI oceBaH CHMMeTp HSI 

<jlyHKUHH 1/J ( cp ) ; 

r=2Rcos8. 

KpoMe Toro, npennonaraeM, 'ITO _ 

Iln (E) EIIn. n(E)= n , I (E) =I' (E). 
r r 

7 



TorAa c y "!i\TOM H3nolKe HH blX AOnymeHHii B blpalKeHHe (3) MOlKHO 3a m1 caTb KaK 

r. 

X F(E,x) 
Qf

0
( I O I ) 2 

2,rk n i 'f/(E)f 
t < 1 e 1 l 

0 

R2 in 
t < I o I > 

0 

z 
-I (E ) 0000 

f (a ) e 
I 

Y. sin li d li . (4) 
I (E)+~ ~ cos li 

Ko a<jxjJHUJi e HT k Y'III T biBaeT oTnll '! lle nHTerpana no ¢ OT 21T H3--38 :3Kpa-

HllpoBKII HpMOM MarHH T a . CpeAHee a Kc nepnMe HTan bHo e 3Ha«eHHe 
Q f 0(I OI ) 

R2 
Ha 3cP¢'eK TH B HOM paAuyc e cljlepbl , p a BHOM 15 M, npHHHManOCb paBHbiM 

5 2 
(2,4 ;- 0,9) ·1 0 HeJ!Tp/cM ceK. B blpBx<e Hne (4) npHMeHHMO AnSI paC "! i\T a noTOKOB 

pacce HI!HWX He0TpOHOB BWCOKOii :3Hep r11H, KOf'Aa !IX IICTO"!HIIKOM A BnHIOT CSI 6oM6ap -

A llpyiOm H e c T enbl noMemenHA CHHxpouuKno T poHa nei!TpOHbl BbrcoKoi\ 3HeprHH, a TBK lKe 

AnH pBC'!eTB HOTOKOB 6b! C TpblX pBCCC e H HH biX HeiiTpOHO B , KOrUa fiX IICTO'IHIIKOM HB

DHIOTCSI HenTpOHW BWCOKOH :3Hepr1111 HDII 6WCTpwe nei\TpOHW. 

B Ta6n . 1 npHBeAeHbl aKcnepnMenTanbHble 11 pac'leTHble AB HH ble , xapaKTepH-

3yiO!llHe HnOTHOCTb noTOKB 6b!CTpb!X He!ITpOHOB H HeiiTpOHOB Bb!COKOH aneprnH B 

H eKOTOpWX TO'IKBX 3BDB CHHXpOUHKn OTpO Ha, :3Kp8 HIIpOB8 HH WX OT npAMOf'O 113Dy '! e HIIH 

HpMOM M8f'HIIT8. • 

2. npoMex<YTO'IHb!e H T e nnOBb!e He11Tp0H bl 

DnH noTOKOB npoMelKy T o«H w x n T e nnoawx HetiTponoa xapaKT e pHo AH ¢ 1jly3Hoe 

pacnp o c TpaHeHne B aemecTae. CneAoaaTenbHO, noAxOA K pac«e T y noTOKOB pacce -

S!HHWX Hei\TpOHOB HII3KHX :3Hepr11A AOnme H OT p8lK8Tb xapaKT e pHwe qepTW npouec

CB 3aMeAneHHH. CTeHbl 3ana ycKo p H'renH cnylKaT 3aMeAnHIO!llei1 cpeAoi! AnSI ae l!Tpoaoa 

HH3KHX 3HeprHJ1, Bbi XOAH!llHX H3 HCTO'!HHK8 ( Y CKOpHTenSI ) • 

PaCCMOTpi! M 38A8'<Y 0 TO '!eqH QM 1130TpOHHOM MO HOXpOM8 TH '!eCKOM HCTO'!HHKe, 

pacnonolKe HHOM BHYTPH cljlepH«ecKoA nonocTH . 

8 

113/ 8 MOHOrpa!jHIH AnSI T8KOrO HCTO'<HHK8 C nOMO!llb!O peweHHH ypaBJ 

nony«eHO Bb!palKe HHe AnH cPYHKUHH npOCTp8 HCTBeHH0 - :3HepreTH'<e CKOrC 

38MeAnHIO!llHXCH HetiTpOHOB. 0 AH8KO CnOlKHOC T b nonyqeHHOf'O B blpa x<e 

Hcnonb30B8HHe ero AnH npaKTHqeCKHX p ac"! e TOB. Bb!palKeHHH cyme cT 

maiOTCH , ecnH Hcnonb30BBTb cneAYIOilllle AonymeHIIH . vl3BecTao, qTo K 

38BIICHMOCTb nnOTHOCTH 38MeAn e HHH AnH TOqe"!HO f'O 1130TpOmiOrO II 

TpOnHOf'O HCTO"!HIIKOB MOH~fpOM8TI!qecK~f HetiTpOHOB B 6eCKOHeqHO~ 

aaeT CH q,yaKUHHMII e- ....-r- H e- 4T cooTaeT C TBeHno. T orAa 

n onolKH TID, "!TO n noTHOCTb 3aMeAneHHH B cTenKax ccl>epbl paAHyca R 

6b!Tb npeACT8B1!eHa B BI!Ae 

q ( 

Q p 
X , r ) e n P 

e 

K 

z2 

4 r 

p - MHOlKHTe nb, y'IH T biBBIOIUHII 3axaaT HetiTponoa a npouecce 38 ~ 

sneM 

rAe 

npn 

f 4 1T(R +x)
2

q (x ,r ) d x 
0 0 

p • 

X TonmHna no pa A IIYC Y cljlepbl; 

Q n p - MOillHOCTb HCTO'!HIIK8 n p o MelKyTO'!HblX n eti T pOHOB. 

noACTBBnHH BwpalKeHHe (5) B DWpBlKeHI! e (6 ) II HHTerpHpyH, 

. ..; -;- - ..; ;-
K = 41T y 4r(R -- +2 R y4 r + -- ( 4 r )] 

0 2 0 4 

R » ,;-; 

2 
K = 41T R 

0 

t / 2 
(IT r ) 

noA C T aBn HH nwpalKenne (8) a B blpax<enue ( 5), nony qa e~r 
x2 

Q (x, r) 
0 

2p Q e-4T 
np 

4 11 R 2 ( 4 IT r ) t/z 
c 

9 



~ H3nO)!{B HHbiX nonymeHHfi abtp8)!{BHH e ( 3) MO)f(HO 38nHC8Tb K8K 

" Qf 0 ( I O I > r < 1 e 1 l 
0 2rrkn:£ 71(E) J 

in 
r < I o I > 

0 

X 
R2 

-"' (E ) eozeb 
f 

1 
( a ) e 

-
X 

:£ ,(E )+ ~ 
sin 8 d 8 

cos 8 
(4) 

Y 'iliT btaaeT oTn H'!I!e HHTe r pana no ¢ OT 2 rr 113-Ga 3Kpa -

MarHnTa . Cpennee 3KcnepHMBH T anbHoe 3HB'iBHHe 
Qf0( 10 i l 

panHyc e ctj>Bpb!, paBHOM 15 M , npHHIIM8nOCb paaH b!M 
R2 

2 
HeliT p / CM CBK . Bbipa~<B H l!e ( 4) npHMBHHMO ann pac'!~Ta noT oKoa 

TpOHOa aWCOKOft 3HeprH H, KOrua IIX IICTO'iHHKOM A BnHIDT CH 6oM6ap -

l nOMBillB HHH CIIHXpOUHKno T pOH8 HBiiTpOHW awCOKOfi 3HBprHH , a T SK)!{B 

~KOa 6w c TpWX p8CCCBA H HWX HB fiT pOHOa, KOrua RX IICTO'iHII K OM Aa -

hl awCOKOft 3Hepri!H Hill! 6WC T pwe HBfiT pOHW. 

npHaBUBHW 3KCnepHMB HTSnb H WB II p8C'-IATHWB US H HWe , xapaKTBpll 

rb noTOK8 6 b iCTpb!X HB!1T pO HOa II HBilTpOHOB ab!COKOll 3HBpr H II a 

iX 3ana CIIH XpOUHK n OTpOH8 , 3Kp8 HIIpOB8HHWX OT npHMOro H3ny'leH HH 

fl pOMB>I<YTO'!HbiB H T ennOBbiB HBl!TpOHbl 

1a npOMB)!{)' T O'lHb!X II TennOabiX HBiiTpOHOa xapaKTBpHO UlltPtPY3HOB 

B aemecTae . CnenoaaTenbHO , nonxon K pacqeTy noTOKoa pacce -

' H113Kl!X 3HBprHl! UOn>I<BH 0Tp8l!<8Tb xapaKTBpHhiB '-IBpTbl npouec 

:::TBHbl 3an a ycK opHTen n c n y)!{aT 3aMeun niDmet1 cpenol! n m• n eftTponoa 

BbiXOUHillH X 113 l!CT O'! HIIK8 ( Y CKO p HTe n n ). 

-1 38UB'lY 0 TO'lB'I HOM 1130TpOH H OM MO HOXpOM8 T H 'lBCKOM IIC T O'!HIIKB, 

3HyTpH ctj>epuqecKoft rron ocTH. 

8 

/ 13 / 
B MOHorpatj>Hn uns1 TaKoro HCTO>.JHHKa c noMOillbJO peUJeHHA ypa aHeHHA B03pacTa 

nony'lBHO Bb!p8)!{BHHB unn tPYHKUIIH HpOCTp8HCTaBHH0 - 3HBprBTII'lBCKOrO pacnpeueneHHH 

3a MeunHIDWHxcn neATponoa. OnnaKo cnO)!{HOCTb nonyqenHoro awpa•en 11n 3aTpynnneT 

Hcnonb3 0BaHHe e ro nnsi npaKTH'lBCKHX pac'leToa. Bbtpa)!{BHHH cymec TBBHHo ynpo 

maJOTCH ,ecnH 11Cl!Onb30a8T b cneuyiDWHB UOIIYillBHHH . Yl3BBCTHO, 'ITO KOOpll11H8TH8S! 

38aHCII MOC T b nnOTHOCTII 3aMenn eHH H nnH TO'lB'lHOrO H30TpOI!HOrO II llnOCKOrO H30 -

TpOHHOro HCTO'lHIIKOB MOH OXpOM8TH'lBCKIIX HBATpOHOB a 6eCKOHB'lHOft cpeue Olli!Cbl -
r 2 .z:2 

B8BTCH tPYHKUHAMII e- ........- II e - .....-r COOTBBTCTBBHHO , Torua MOl!<HO rrpeu -

nonO)!{HTb , '! T O nnoTHOCTb 3aMenneHHH a CTBHKax ctf>epbt pan11yca R 
0 

6btTb npeucTaanena a BHue 

q 

Q (x ,r )~ nppe 

K 

x2 

4 r 

M0}K8 T 

(5) 

p - MHOlKH T B n b , y>.JH T biB8JOIUHii 3axaaT neilTponoa a npouecce 3aMenneuHn ) c ycno -

RH8M 

J 4rr(R +x)
2

q (x,r)dx 
0 0 

p • 

rne X T onmHna no pauHycy ctf>epw; 

Q n p - MOillHO C T b IICTO'lHIIKB llpOMB)!{yT O'!H blX HBilT pOHOB, 

fl OU CTBBnAS! BWp8lKBHIIB (5 ) B DWp8lKBHIIB (6 ) II IIHT BrpHpyA, rronyqneM 

. .,; ;- - ,;;; 
K = 4rr l/ 4r[R -- +2 R .,j4r+ -- ( 4r )] 

0 2 0 4 

flpn 

R » / 7 

2 th 
K = 4rr R ( 77 r ) 

0 

fl oncT aan AH Db!p8li<BHIIB ( 8) D Dbtpa>!<BHHB (5 ) , l!Ol!Y'ISB!\1 
x 2 

q (x, r ) 
0 

2p Q e-4T 
n p 

4 " R • ( 4 77 r ) 1/2 

9 

(6 ) 

(7) 

(8 ) 

(9) 



Bb!pB>KeHHe ( 0 ) COOTaeT CT ayeT ITIIOTHOCTH 38MeaneHHSI anSI ITIIOCKOrO H30TpOITH:>rO 

HCTO"!HHKB a 6ecKoHe"!HOM cpeae c nnoTHOC T blO 2 Q n P I S 
1 

rae S - nno-

waab c<jlepbi . BbipB>IWHHe (9 ) , rro - arraHMOMy, 6e3 6onbWO!i norpewHOCTH MO>KHO 

HCITOIIb30aBT b H anSI Heccf'epH "!eCKOl\ IIOIIOC TH, 3BMeH SI SI 4 IT R 2 

0 
HB 3H8"!eHHe 

aHyTpeHHeH ITIIOWBaH ITOIIOCTH. 

a Ha 

To"!HOe abrpa>KeHHe an>~ rrnoTHOC TH 3aMeaneHHSI Ha rpaHHUe cpeobi HMeeT 

1 131 

q ( 0, r ) z 
0 4 IT R 

Qnp 

(IT r ) 172 
1 1- v' ITr -R- e 

0 

r 
R 2 

0 [1-erf( v' ;- lll 
R 

v' -;-
HeTpyaHO 3aMeTHTb , 'iTO c TO'IHO C TblO ao qneHoa ~ --- ORO coanaaaeT c 

( 10) 

Ro 
q ( 0, r ), rr o nyqaeMoA cornacHo abipa>KeHH !O ( 9). T aKHM o6pa30M , npoc TpaHcTaeH -

o 
HO-sHepre T H"!eCKOe pacrrpeaeneHH e 3BMeanR!OillHXCSI He HTpOHOa ITO TOII!UHHe 3BillHTbl 

MO>KHO OITHC8Tb C IIOMO!UblO <jlopMyii anSI IIIIOCKOrO H3 0TpOITHOrO HCTO"!HHK8 3BMeanSI

lOIUHXCSI H eATpoHoa a 6ecKoHe<IH O I1 cpeoe c n oaepxHOC THO H rrnoTH OC TblO 2 Q I S . 
np 

KpoMe Toro, rrpoMe>K y TO'IH bie He tiTpOHbl o6pa3ylOTCSI rrprr B38HMooelicTBHH He liTpo -

HOB abiCOKOli SHeprHH ( E >20 M sa ) H 6b!CTpbiX HeliTpOHOa C M 8 TepH81IOM 3BIUHT

HbiX C TeH 381IB ycKOpHTe nR. DnOTHOCTb 38Mea'!eHHSI npoMe>KyTO"!HbiX He r!T pO HOa, 

~ /14 / 
o6pa30B 8 HH biX HeliT pOH BM H ab!COKHX SHeprHli, MO>KeT Ob! T b 381IHCBHB a arroe 

q (x,r)a 
1 2 

p ~ 
0 

exp[ I(1J2 (1) (1) - X )] 
-I xH1-erf(I vr--- (11) 

r 2/ r • 

roe 

~ O - IIIIOTHOCT b IIOTOKB HeATpOHOa Bb!COKOI1 SReprHH HB noaepXHO CTif 38!UHTbl; 

I In- ce<;eHHe Heynp yroro a 38HMoaelicTBHR ; 

n - CpeaHee 'IHCIIO HCna pnTeiibH blX Het1 T pOHOa HB OOH H BKT Heyrrpyroro 

B 3 8HMOaeiiCT BHSI; 

I ( 
1 1 

- ce 'IeHHe abiBaae HHSI Hel!TpOHOB abiC OKoli s HeprHH ( 20 < E < 100 M sa ) 

DnOTHOCTb 38MeaneHH!I rrpoMe>KyTO'IH bi X Hel\TpOHOB, o 6 pa30BBHHL!X 6b!CTpb!MH BefiT -

1151 
pOHBMH HMeeT BHil 

• I !21 

q (x, r)e 
2 

p r 

2 
(2)

2 
(2 ) (2) - X 

F exp [ I r - ! x ~ [ 1 - er f ( I v r - ----=-) ]( 12) 
0 r r r 2,1 r ' 

10 

r ne 

Fo 
I! 2 l 

IIIIOTHOCTb IIOTOKB 6bJCTpblX He!iTpOHOa RB noaepXROCTH 381 

ceqeRHe abraeaeHHSI 6biCTpbiX Hel!TpOHOa. 

B <jlopMHpoaaHHH noTOKOa Tennoa biX H eAT poHo a a 3ane ycKopHTenR yq 

HCTO'IHHKB TennoabiX H e liTpOHOa: OeTB IIH yCKOpHTeiiSI H 38IUHT8, a KOT 

XOOHT 38MeaneHHe IIpOMe>KyTO'IHbiX HeJ!TpOHOa. 

lln>~ TennoabiX He liTpoHoa, ao3HHKWHX a aeTanRx ycKopHTenR, p1 

IIIIOTHOCTH' IIOT OKB a 3BlUHTe MO>KHO 1IpeOCT 8aHTb a aHae: 

roe 

F (X) 
T 

Q T 

41T R 

z 
L -""i. 

-- e 
D 

Q T - MO!UHOCTb HCTO'IHHKB TennoabiX HeJ!TpOHOa; 

L - OIIHHB OH¢<jlyGHH ; 

o - Kos¢¢rrurreaT aH¢<PY3HH. 

B b!pa>KeHHe anSI IIIIOTHOCTH IIOTOK B T ennoabiX HeliTpOHOa , a03HHKIUHX B 

3BMeaneHHSI npoMe>KyTO'IHb!X HeATpOHOB, MO>KHO ITOIIy'iHTb IIpH peWeBH 

/16 / 
llH¢<jly3HH C npaaol! 'IBCTblO, OIIHCbiB8e MOH B blpa>KeHHeM ( 9 ) ; 

rae 

Q np 
~ (x)e 2 

T 4 IT R 0 

+[ 1-erf( 

p .. e 
T 

rT I L 2 

p T e 

2 L ! 
a 

I [ 1 + erf( _x_ 

.2,17 
T 

x v r z 
-- T 2,1-;- + L ) ] e L I; 

T 

Eo 
f dE 

ET E 

! - Ce'IeHHe rrornomeHH!I 38MeanlilOIUHXCSI Hei!TpOHOB, 

" e I - 3 BMeanlilOIUBli crroco6HOCTb. 

VrT 

L 

lln11 ab!IIOnHeHBli pBC'I!'lTOB IIO BbiWeiipHaeaeHHbiM <jlopMy IIBM Heo6xoaHI 

IIHTb 3H8"!eHHe BbiXOaa T eiTIIOBbiX H 1IpOMe>KyTO"!HbiX BeliTpOHOB H3 Y CI 

Q H Q . Bocrron b3yeMCSI pe3ynbTB T B MH H3MepeHHil noTOKOB Terrno:e 
T np 

II 



COOT BeT CTByeT nnOTHOCTH 3aMenneHH<I a n<! llnOCKOrO H30TpOnH :>rO 

ecKoHe'IHOi< cp·ene c nnoTHOCThiO 2 Q I S 
np 

rne S - uno -

lbtpa)l(eHHe ( 9 ) , IIO- BHllHMOMy , 6e3 6onhll!Of! norpell!HOCTH MO)I(HO 

H nn<~ uec &epnqecKofi rronocnt, a aM eH<!<I 4 rr R 2 
0 

H8 3HB'IeHHe 

omanu nonoc TH. 

·btpa)l(enne an<~ rrnoTHOCTH aaMenneHH<I Ha rpanuue cpenbl HMeeT 

) z 
Q n P 

4 rr R (rrr ) 112 
! 1- .J " r --R- e 

0 

r 
R2 

0 [1 - erf( .J ;- )] I 
R 

.J -;-
nHTh, 'ITO C TO'IHOCThlO llO 'ln eHOB ~ --- OHO COBII8llaeT C 

( 10) 

Ro 
yqaeMol! cor nacao Bbtpa)l(eHHIO ( 9 ). T aKHM o6paaoM, rrpocTpaHCTBeH-

cKoe pacrrpenenenue aaM enn<~IOIUHXC<I neil-rponoB no -ro n mune aamnT bt 

, c rroMO!UhiO ¢opMyn nnSJ rrnocKoro n a o-rponnoro HCTO'IHHKa aaMenn<~

)HOB a 6ecKouequoil cpene c noaepxuocTn ol! nn oTHOC ThiO 2 Q I S. 
n p 

·poMe>Ky TO'IH ble Hei!TpOHbl 06pa3yiOT C<I 1IpH B38HMOlleilCTBHH He ilTpO -

meprHH ( E >20 Mas ) H 6 btCTpbtx ueilTpon oa c MaTepnan oM aarnnT

ycKopnTen<~ . n n oTHOCTb 38Mell TJeHH<I llpOMe>KyTO'IHb!X He ilTpOHOB, 
_ I 14 / 

HefiTpOH8MH Bb!COKHX 3HeprH fi , MO)I(eT Ob!Th 381IHC8 H8 B BHlle 

2 
4> 

0 
exp [ I(1 l 2 -I ( 

1
' x l [ 1- er f ( I ( 1 l .J;-- _x_ ) l (11) 

r 2/ r , 

YI n p 

>THOCTb IIOTOK8 Het1TpOHOB Bb!COKOI1 3HeprHH H8 llOBepXHOC TH 38lUHTbt; 

teune neynpyroro B38HMoneficTBH <~; 

•nnee '!Hcno ncnapnTen h HbiX ueil -rpoHoB ua onnH aKT ney rrpyror o 

IHMOlle i!CTBHSl; 

teu ue BbtBanen uSJ uefiTp onoB BbtC OKol! s uepr HH ( 20 < E < 100 M s a} 

e nne HHH 1IpOMe>KyTO'IH b!X 
/ 15/ 

BHll 
I l2l 

p r 

2 
Foe:rp[ Il2l2 

r 

10 

He fiTpOHOB, o6pa30BBHHL!X 6b!CTpb!MH nefiT-

( 2) ( 2 ) - X 
-I d[ 1-erf(I. vr- ---=->1( 12) 

r r 2,/ r ' 

rne 

F O - nnOTHOCTb IIOTOK8 6btCTpb!X He fiTpOHOB Ha IIOBepxHOCTH 38IUHTbt; 

I ( 2 ' - ceqeane BbtBeneun<~ 6 btCTpbtx nel!Tponoa. 
r 

B ¢opMnpoBaHHH rroTOKOB TerrnoB btX n eATpouoa B aane ycKopnTen<~ yqa cT BYIOT naa 

HCTO'IHHK8 TeiinOBb!X He fiTpOHOB: neTanH yCKOpHTen<! H 3BIUHT8 , B KOTOpofi IIpOHC 

XOllHT 38Mennenne IIpOMe)l(yTO'IHb!X Hel!TpOHOB. 

D.nSJ TerrnoBbiX nel!TpOHOB, B03 HHKll!HX B neTan<~x ycKopuTen<~, pacrrpenene nne 

rrnOTHOCTH IIOTOK8 B 38IUHTe MO)I(HO , IIpencTaBHTh B BHne: 

rae 

F ( X) 
T 

Q 'T 

4rr R 

X 

L -'L 
-- e 

D 

Q 'T - MOIUHOCTb HCTO'IHHK8 Teiin OBb!X HefiTpOHOB; 

L - nnnaa n u¢¢yauu ; 

D - Kos¢¢uuueaT nu<P¢yauu. 

( 13) 

B btp a)l(eHHe an<~ nnoTHOCTH rroToKa TerrnoBbiX ueilTpOHOB, B03HHK!UHX a pea ynhTaTe 

38Menn eHRSl rrp oMe)l(yTO'IHblX Hefi'TpOHOB, MO)I(HO rrony'IH Tb IIpH pemeHHH ypaBHeHH<I 

116/ 
n n<P¢yauu c rrpaao l! 'IBCThiO, onHCbiBaeMol! Bbtpa)l(eHneM ( 9 ) : 

rne 

r I L 2 

p 'T e 'T 

<1l (x)e 
'T 

Q np 

4 rr R 
2 

0 

+[1-erf( 

p e e 
'T 

I a 

X 

-==- + 
2 .J r 

T 

E o I 
- J a 

E -r ~ I • 

l [l+erf( _x_ 

.2.J7 
'T 

.J r -r 
X 

) l e 
L I . . 

L 

dE 

E 

I - c e qeune nornomeHHH a aMennSJIOIUHXCSl ael!Tpo aoa, a 

e I - 3 8Me)ln.IIIOIU8Sl cnoco6HOCTh . • 

,;;- -
X 

- T 
-

-L- )] e 
L 

+ 

( l1 ) 

D. n.11 Bbm onae uu" pac'!~TOB no Bbtlllerrpu aeneu Hbi M ¢opMynaM ueo6xonnMo onpene

n HTh auaqe uue Bbtxon a TerrnoBb!X H npoMe>KyTO'IHbiX ael!TpouoB na ycKopHTenH 

Q H Q • B ocrronhayeMCH peaynhTa TaMH H3Mepeanl! noToKoB TerrnoBb!X H peao-'T np 

II 



H8RCH b!X HeiiTpOHOB R8 paCCTOSIHHH 10 M OT MHWeHn, 60M6apC111pyeMOH npOTOH8MII 

C 9 Heprne fi 660 MaB (TOK npOTOHOB CIIHXpOUHKflOTpOHa H8 Kp8HHHX op6 HT8X 

"2 MKa) . l13MepeHmi 6hin H BhWOn HeH bi c noMOUlbiO nHnneBhiX neT eKTopoB. E b tnll 

non yqeabi cnenyiOUll!e 3HaqeHI!S! nOT OKOB pe30H8HCHbiX 

F 
p 

FT 

6 2 
( 2 , 2 + 0, 7 ) 10 HeliTp lcM ceK, 

- 5 . 2 
( 2,6 !. 0, 7) 10 HeliTp l cM ceK. 

II TennOBb!X HeliTpOHOB : 

B ToqKax 3ana ycKopaTenR , 3ama me HH biX oT npstMoro aanyqeanR ycKopnTenR, no-

TOKII Hei<TpOHOB C OOTB e TCTBeHHO paBHbl 

5 2 
1.10 aefiTplcM ceK , F 

p 
5 2 

F T ~ 2,2 .10 a ef!Tp l cM ceK . 

T o r na n o T o KH HefiTpoHO D , 

F "2.10
6 

p 

Bb!XOCIS!Uli!X 113 y CKOpHTenR, MOlKHO OUeHHTb K8K 

F 
T 

2 
He liTp l cM ceK, 

5 2 
0,4 . 10 H ef!Tp / CM CeK . 

Cnen ooaTenhHO, nonHhtii B bixon 

12 
Q ., 2 .10 He liT pi ceK , 

p 11 
Q ., 5.10 HeliTp /ceK. 

T 

npen nonaraR , q T O cneKTp npOMelKyToqHb!X Hei\TpOHOB B HHTepoane 3 He p rHii OT 

1,5 Man no Tennoaof! nMeeT ann 1/ E , nonyqaeM: 

( l l 13 
Q " 4 .10 neiiTp / ceK . 

n p 

llpyr y10 OUeHKY BblXOll8 npoMelKyT oqHbi X HeJ1TpOHOB 113 yCKOpi!Tenst MOlKHO cnena T b 

npn ncnonb30BaHIIII Bbtxo na 6btcT p btX Hei<Tponoa, nonyqeaaoro nyTeM HRTerpnpona 

HUR !jlyHKUII H yrnonoro pacnpeneneanR , H3Mepea aoii aKcnepHMe HTanbHO ( pac. 3 ). 

npH T OKe CHHXpOUHK110TpOH8 H8 KpailHHX Op6HT8X " 2 MK8 Bb!XOJ:l 6biCTpb!X HeiiTpO -

HOB COCTBBm!eT 

12 
Q

8 
= 1,6 .10 nei!Tp/ceK . 

npoMe)!(yToqHbJe Hei!T pOHbi , B biXOJ:IS!UlHe H3 yCKOpHTenR, B OCHOBHOM reHepnp yiOT CH 

B C T e HK 8 X BaKyyMUOfi 118TYUHOH K 8 Mepb!, T 011UlHH8 KOTOpblX COCT8B1!SieT npH611H -

31!TenbHO 10 CM. noT OK 6bJCTpb!X HeJ1TpOHOB OCna6nReTCS! B T8KOM cnoe naTyHJI 

npu6naanTenbHO B 5 pa3. TaKHM o 6 pa30M , ecna npeHe6peqb ocna6neaJieM noToKa 

n poMe )l<y T o qJtb!X Hei':TpOHOB B CTeHK8X KaMepbl , BblXOJ:l n poMeJKyToqH b!X HefiTpOHOB 

C OC T8BHT 
( 2 J 12 

Q - 5. 1,6 ·10 .. 
n p 

13 
10 neiiT p /ceK. 

12 

i 
I 

il 

1 

3TO 3 HaqeHHe HeCKOllbKO 38HI!)!(e HO, T 8 K K8K 38 HHlKeH Bbi XOll 6b!CTpbi: 

HOB. 

Tenepb onpenenHM noTOK H pacceHHHbiX p e 3oHa HC HbtX a TennoDbi: 

o 3ane c HHxpouaKnoTpo Ha . E yne M cqaTaTb , qTo c T e H bt nonoc TH BbWO' 

ponHoro MaTepn a na c neKoTopbiMH a<jxpeKTH BHbtMH n apaMeTpaMII 3 aMen. 

na<jxjly3HH . CTeHbi 3ana C HHxpouaK noTpona B b t non n e H bl H3 o6btqnoro 6E 

3 
( p = 2,35 r / cM ) , SlpMO M8rHHT8 , M8rHHTHb te 111lH3bl H npyroe 0 

H3 CT a nH. ' noaTOMY B KaqeCTBe a!jJ!jleKTHBHOrO M8T epnana MO)!(HO pat 

o6hl qH hlA 6 e ToH H TH )!(e n hlfi 6eTOH c conep)!(aHHe M lKene3a ~50% Cio 

HHe BOJ:IOpOna npHHHMaeTCSI OJ:IHH8KOBbiM H paDH blM ., 0,35% n o sec : 

B btpalKeHHe ( 9) naeT pacnpene neHae nnoTHOCTH 3aMenneHHR o 

HOXpOM8 T J!qecKoro HCTOqHHK8 38 M ellnRIOUlHXCSI Hef!TpOHOB. C npyrofi C 

o ue aK e M OU!HOC TH HCTOqHHK8 38Mell111110U!HXCS! HeATpOHOB npennonarano 

cneKTp8flbHOe pacnpeneneHHe HeiiTpOHOB HCTOqfiJ!K8 OnHCb!BBe T CSI <l'YHl 

1/ E. llnR T8KOrO cneKTpa HCTOqfiHK8 B ll pHH SIThlX H8MH reoMeTpHq eC } 

114 / 
pacnpeneneHHe nnOTHOCT H 3aMenneHHSI OnHCbiBSeTCfl cPYHKUI!eil : 

q(x,r )= 

Q p ( f ) 
np 2 

4 rr R
2 

..;~ r 
T 

I e 

2 
X 

4 r - X -v fT --=- ( 1 - er l 
2 y r 

rne cqHTaeTc H, qTo napaMeT pbi 3aMenneHHR ue 38BHCHT OT aueprHH; 

pacT TennOBblX HeiiTpOHOB; P ( r ) - BepoHTHOCTb H36elK8Tb p e30H8H< 

YfCIIOflb3YH ( 15 ) B KaqeCT Be HCTOqHHK8 TennOBbiX He ltfpOHOB, M 

qHTb Bbipa)!(eHHe , a nanorHqaoe ( 14 ). llnH ynp omean H Bbtqacneaall n 

He t1 T pOHOB npH X = 0 armpOKCHMHpyeM B blpS)!(eHl!e ( 15) 9KCIIOHeHUH8. 

q( x ,r)= 
2 p ( r ) 

y rrr 

e 

2 X 

y rrr 

PacnpeneneHHIO ( 16 ) OTBeqaeT MOTH OCTb ll0TOK8 Te llJIO BblX Hetl:TpOHC 

Q np 2 1 
---<I> (0) " p -- 2L ~ 4 rr R 2 T 

~ y rr r 0+-=:: l 0 a T 
y rrr T 

13 



fiTpOHOB H8 p8CCTOSIHHH IQ M OT MHUieRn, 60M68piU!pyeMOii npOTOH8MH 

)6() M 8B ( TOK npoTOHOB CBHXpOUHKIIOTpOH8 H8 Kpa i!HHX op6HT8X 

epeHHSI 6blrrH BblnOrr HeHbl c noMOlllbiO HHilHeBhiX neT eKTopoB. DhlnH 

lelly!OlllHe 3 H8 'leHHSI nOTOKOB pe30H8HCHblX 

F 
p 

FT 

(2,2 :!:.. 0,7 ) 

(2,6 :!:.. 0,7) 

6 2 
10 HefiTp lcM ceK, 

5 2 
10 Hei!Tp lcM ceK. 

H TenrrOBblX HeilTpOHOB : 

na y CK OpHTerrH , 33lllHIU e HHblX OT npSIMOf'O H3rry'leHHSI yCKOpHTerrSI, no-

fOB COOTBeTCTBe HHO paBHbl 

5 2 
F ti 1.10 HefiTplcM ceK, 

p 5 2 
F T ~ 2,2 .10 HeiiTplcM ceK . 

H He i!TpOHO B , BblXOilSIII!HX H3 yCK OpHTerrR , MO)!{HO OUeHHTb KBK 

6 2 
F ., 2.10 HeiiTp l cM 

p 5 
ceK, 

F ., 0,4 . 10 
2 

HefiTp/ C M CeK . 
T 

HO, norrHhlll BblXOil 

12 
Q ti2.10 HeilTp/ceK, 

p 11 
Q ti 5.10 He <rTp / ceK. 

T 

, 'ITO cneKTp npOMe)!{yT O 'lH b lX HeriTpOHOB B HHTepaane 8HeprHH OT 

Terrnoao fl HMeeT BHil 1/E , rronyqaeM: 

(I) 13 
Q .. 4.10 Hei!Tp/ceK. 

np 

Ky B b!XOil8 npoMe)!{yT O'iHbiX HefrTpOHOB H3 YCKOpHTerrSI MO)!{HO Cll e iiB Tb 

>BBHHH Bb!X01l8 6b!CTpb!X Hei1:TpOHOB, IIOrry'ieHHOf'O nyTeM HHTerpHpOB8 -

Yf'IIOBOf'O pacnpe!leneHBSI, B3MepeHHOii sKcnepHMe HTanbHo ( pHc. 3). 

lXpOUHKIIOTpOH8 H8 Kpai1HHX Op6HT8X ti 2 MK8 Bb!XOil 6b!CTpb!X Hei1TpO -

reT 

12 
Q 8 = 1,6 .10 He!ITp/ceK. 

lble Hei1TpOHbl , B biXOilSIUIIIe H3 yCKOpHTerrSI, B OCHOBHOM reHepHpy!OTCSI 

.KyyMHOfl naTyHHOH K a Mepbl, TOII!UHH8 KDTOpb!X CO C T8BII SieT npH6IIH

CM. noTOK 6biCTp b!X HeliT pOHOB OCII86IISieT CR B T8KOM Cnoe IIBTYHII 

oHO B 5 paa. TaKHM o 6 pa30M , ecnH npeHe6pe'ib ocna6neHHeM noTOK 8 

b!X HeftTpOHOB B CTeHK8X KBMepbl, BbiXOil npoMe>KyTO'IH b!X ReftTpOHOB 

<a l 12 
Q •5. 1,6· 10 .. 

np 

13 
10 Hei1Tp/ceK. 

12 

i 
J 

~' 

t 

3TO 3H8'le HI!e HeCKOIIhKO 38Hl! )!{eHO, T BK KBK 38 HB)!{eH Bb!XOil 6biCTpblX Hei1Tp0-

HOB. 

Tenepb onpenenHM noTOKH pacceSIHH hiX pe3oHaHCHbiX H TennoB biX HeiiTpOHOB 

a 3ane c HHxpoUHKrroTpO H a . E yneM C'lH T BTb, ·~To cTe H bi nonocTH BbWOrr HeHbi na Oll HO

ponHoro MBTepnana C HeKOTOpblMH s<P<jleK TH BHb!M H napaMeTp8 MII 38MellneHHSI H 

nH<P<jlyaHn. CTeHbi aana C l!HxpouHKIIOTpoHa Bbinon He H bi H3 o 6bi 'lHOro 6eToH a 

3 
( p = 2,35 r / CM ) , 51pMO M8f'HHT8 , M8f'HHTHbie IIHH3bl H 11pyroe o6opyllOB8 HH e 

H3 CTBIIH. nosTOMy B K8'leCTBe s<P<jleKTHBHOf'O M8Tep1!8II8 MO)!{HO p8CCMOTpeTb 

o6bi'lHbifl 6eTOH H TSI)!{enhl!! 6eTOH c conep)!{8HH eM )!{erre3a ~ 50% no aecy. Co11ep~<a -

HHe BOilOpOil8 npHHH MaeTC H OllHH8KOBblM II paBHblM ., 0,35% n o aecy. 

BbrpalKeHne ( 9) naeT pacnpenene HHe nnoTHOCTH aaMellrreHHSI B c nyqae Mo-

HoxpoMaTnqecKoro I!CTO'lHHK8 38 M ellii5110li!BXC 51 HeilTpOHOB. C llpyr'OH CTOpOHbi, npH 

O!leHKe MO!UHOCTH HCTO'IHHK8 3aMell ii5110lllHXC SI HeilTpOHOB npennonararrOCb, ' ITO 

crreKTp8I!bHOe pacnpe!lerreHHe He fiTpOHO B HCTO'iHHK8 OnHCbiBaeTCSI <jlyHKUHe i;j BHil8 

1 /E . Dn>~ TaKoro crreKTpa ncTD'IHHKa B npH H SI TbiX HaMH reoMe Tpnq ecKHX ycnoB HHX 

/14/ 
pacnpeneneHHe nrrOTHOCTH 38MenrreHHSI OIIHCb!BBeTCH ~YHKUI!eH : 

Q p ( T ) 
2 

X 

q(x , r )= 
r 

T 

np 

4 rr R 
2 

2 

y---;-;-
I e 4 r -y-;---==-- [ 1 - erf ( ~) 11

1
( 15) 

2y r 2y r 

rne C'iHTaeTCSI, 'IT O napaMeT pbl 38MenneHH51 He 38BHCSIT OT 8 H e prHH; 
T 

- B03 -

pacT TenrrOBb!X HeiiTpOHOB; p ( r ) - BepOHTHOCTb H36e)!{8Tb pe30H8HCHO!"'O 38XB8Ta. 

YfcnOrrb3Y51 ( 15) B KB'ieCT Be HCTO'IHHK8 TenrrOBb!X He*"pOHOB, MO)!{HO nony-

'lHTb Bbipa)!{eHHe, aHanorH'iHoe ( 14 ) . DnR yrrpoineHHR Bhi'iHCneHnfi noTOKOB T ennoBloi X 

He i1T pOHOB npH X = 0 annpOKCHMHpyeM Bb!p8)!{eHHe ( 15 ) 8KCIIOHeHUH8IlbHOii tPYHKUHeii: 

q( x , r)= 
2 p ( r ) 

y rrr 

e 

2 X 

y rrr 

PacnpeneneHHIO ( 16 ) OTBeqaeT nnoTHOCTb noToKa TennoBbiX He!ITpoHoa: 

<I> (0 ) = 
a' 

Q np 

4 rr R 2 

0 

p 
T 

13 

2 

~ y " r T a 

2L 
(1 + -- ) 

y rrr T 

( 16) 

( 17) 



r 

a pacnpe.oeneHHJO ( 14) 

<I> ( 0) ~ ,. 
Q np 

4 rr R 2 

0 

p 

2 -
r,.JL. ~)) 

te [1-erf( L ,. 
L!a 

nnoTHOCTb nOTOK8 pe30H8HCHblX HeilTpOHOB eCTb 

F 
p 

q ( :r • r ) 

c~:. 

( 18) 

( 19) 

B Ta6n . 2 npe.ocTaaneHbl HCXO.QHbte .QBHHbte H pe3ynbTBTbl Bbl'lHCneHHil noTOKOB 

Hei\TpOHOB pe30H8HC8 HH.QHSI ( 1,44 SB) H TennOBblX HeilTpOHOB .QnSI 38n8 CH HXpOUHK

nOTpOH8 OHf!H. n a HHhle B KOnOHK8X c HH.QeKCOM , 1' nony'leHbl B npennonoJKeHHH 

MOHOXpOM8 TH'lHOCTH HCTO'lHHK8 38Me.QnSIJOWHXCSI HeHTpOHOB, B KOnOHtBX C HH.QeKCOM 

• II • .Q8HHb te nonyqeHbl B npennonOJKeHHH, 'ITO cneKTp HeilTpOHOB H C T O'lHHf:C8 HMeeT 

BH.Q 1/E. npH Bbl'lHCneHHSIX He .QenanOCb pa3nH'lHSI B aenH'lHH8X B03p8CT8 Tenno

BhlX HeATpoHoB H HeATpoHoB pe3oHaHca HH.OHH. HeonpeneneHHOCTb a 3Ha'leHHHX noTo

KOB HellTpOHOB o6ycnoaneH8 HeonpeneneHHOCTb!O B 3H8'leHHH MOWHOCTH HCTO'lHHK8. 

T ennoabte HeATpOHbt, BbtxonHmHe H 3 ycKopHTenH, naJOT HecymecTaeHHbtA BKnan a 

CYMM8pHyJO nnOTHOCTb TennOBblX HeilTpOHOB. 

CpaaHeHHe pac'l~TH~X 3H8'leHHA nnoTHOCTH noTOKa Tennoa~x H pe30H8HCHblX 

HellTpOHOB ( Ta6n. 2) H H3MepeHHblX 3H8'leHHil ( Ta6n. } ) nOK83btB8eT, 'ITO TSIJKenblll 

6eTOH BnOnHe npHrO.QeH K8K S~eKTHBHblH M a TepHan CTeH 3Bna yCKOpHTenH npH 

OnHC8HHH nOTOKOB TennOBblX He i\TpOHOB. 

3. faMM8-H3nyqeHHe 

PaccMoTpHM raMM8-H3nyqeHHe, B03HHKaJOmee B pe3ynbTa Te 3axaaTa Tenno

BbiX H npoMeJKyTO'lHbiX HellTpOHOB B M8TepHanax o6opy.QOB8HHSI H 38WHTHbiX CTeH. 

nnoTHOCTb o6pa30B8HHSI r8MM8-H3nyqeHHSI OT 38XB8T8 TennOBblX HellTpOHOB B sne-

MeHT8pHOM 06'beMe 38WHTbl d V MOJKHO 38nHC8Tb B BH.Qe (pH C. 6) 

14 

rne <J> (X ') 
T 

d q 
y 

• I 
(JJ 

<I> (x') I 71 (E )dv, 
T a J 

nOTOK TennOBblX Hei!TpOHOB B TO'!K e x" ; 

71 ( E J) - BbtXO.!l 38XB8THblX raMM8-KB8HTOB c s Heprne il 

norno•ueHHbtA HeATpoH; 

dve2rrr drdx'. 

noTOK 38XB8TH blX raMM8-KB8HTOB OT T8KOrO HCTO'lHHK8 paaeH 

dF edqy B(JLJ r ) 
e- IL J r 

4 rr r 2 

EJ 

E.C.Cbt'leBbtM npe.onoJKeHo cne.oy10mee BbtpaJKeHHe .onSI ¢aKTopa HaKonnE 

KB8HTOB: 

2,4 
B(IL r)cl+--IL r. 

J E, J 

3TO Bb!palKeHHe C TO'lHO CTb!O 10-20% cnpaBe.QnHBO .QnSI 

E = 2 1- 8 Msa. 

z 10-30, 

no.ocTaanHH DbtpaJKeHne ( 20) H ( 22) a BbtpaJKeHHe ( 21), nonyqaeM 

dF • ..!_ ~ 
2 (J) 

<I> (:r')I 71(E )..!_( 1+ 
T cr J r 

x - x' 
Bb!nonHHSI 3aMeny nepeMeHHbiX r z 

cos8 
nonyqaeM 

2, 4 

EJ 

-JLJ r 

IL
1
r)e drd1 

(pHC. 6) H HHTerpH 

dFY(:r,x').~I 
2 (J) 

<I> (:r, l I 
T 

a fl ( E J ) I ~ e -JL J I x- xI 
EJ 

Ei ( -IL J 

noTOK r8MM8-KB8HTOB HB TOnWHHe 38illHTbl X OT pacnpe.oen• 

HCTO'lHHKOB 38XB8THOrO raMM8-H3nyqeHHSI MOJKHO Bblp83HTb K8K 

15 



meHHIO ( 14) 

<!> ( 0) 2 ,. 
Q np 

4 rr R 
2 

0 

p 

2 -
r,.JL ~) ) 

te [1-erf( L ,. 
Lia 

TIOTOKB pe30H8HCHblX HeilTpOHOB eCTb 

F 
q (X, r ) 

p ,;I. 

( 18) 

( 19) 

rrpencTaane HW HCXOAHWe A8HHwe H pe3ynbT8TW BW'IHCneHHH TIOTOKOB 

Je30H8HC8 H HAHSI ( 1,44 9B) H T eTinOBblX HeilTpOHOB Ami 3ana CH.HXpOUHK

·riJ1 . JlaHHbJe B KOnOHKBX C HHQeKCOM ' J• nonyqeHbl B npennono>KeHHH 

H'IHOCTH HC T O'IHHK8 38MennHJOWHXCSI HeilTpOHOB, B KOnOH~BX C HHAeK CO M 

~ TIOnyqeHbl B npennono>KeHHH, 'ITO CTieKTp He iiT pOHOB H C T O'IHHI,(B HMeeT 

JH Bbi'IHcneHHHX He aenanocb pa3nH'IHH a aenH'IHHax Bo3pacTa Tenno-

IOB H HeiiTpOHOB pe30H8HC8 HHAHSI. HeonpeneneHHOCTb B 3 H8'Ie HHSIX TIOTO

OB o6ycnoaneHa HeonpeneneHHOCTbiO B 3HB'IeHHH MOWHOCTH HCTO'IHHK8. 

3l!Tp0Hbl , BblXOASIWHe H 3 yCKOpHTenH, ABIOT aecymeCTBeHHbiii BKnan B 

TinOTHOCTb TennOBblX HeiiTpOHOB. 

·HHe p8C'I ilTH~X 3H8'IeHHl! nnOTHOCTH TIOTOK8 T e nnOBbiX H pe30H8HCHbiX 

ra6n. 2) H H3MepeHHbiX 3H8'IeHHH ( Ta6n. ] ) TIOK83biBBeT, 'ITO TSI>KenbiH 

3 TipHroneH KBK 9¢¢€KTHBH b!l! MaTepHan CTeH 3Bna YCKOpHTenH n p H 

rOKOB TeTinOBblX Hei!TpOHOB. 

3. raMM8-H3nyqeaHe 

TpBM raMM8-B3nyqeHBe, B03 HHK810Wee B pe3ynbT8Te 38XB8T8 TeTinO

lKYTO'IHbiX Hei!TpOHOB B MaTepHanax o6opynoB8HHSI H 38WHTHbiX CTeH. 

tp830B8HHSI rBMM8-H3nyqeHBSI OT 38XB8T8 T e nnOB biX Hei!TpOHOB B 9ne -

)'beMe 38WHTbl d V MO>KHO 38TIHC8Tb B BHAe (pH C . 6) 

14 

rae <!> (X ') ,. 

d q 
y 

I 
(l) 

<!> (x'll 77(E )dv, 
T a l 

TIOTOK TeTinOB WX HCRT pOHOB B TOqKe x ' 

77 ( E 
1

) - BbiXOA aaxsaTH blX raMMa-KBBHTOB c 9 Heprnei! 

norno•ueHHbii! ael!Tpoa; 

dva2rrrdrdx'. 

noTOK 38XB8THblX raMM8-KB8 HTOB OT TBKOrO H CTO'IHHKB paBeH 

dF2dq y B(fL 1 
r ) 

e-1' 1 r 

4 rr r 2 

( 20) 

El HB OllHH 

( 21) 

B.C .C bt'IeBbiM npenno>KeHo cneny10mee Bbipa>Ke HHe AnSI 4JaKTopa HaK onneHHSI raMMa-

KBBHTOB: 

2,4 
B(fL r)al+-

l El 
11 r • 

j 

3TO B btpa>KeHHe C TO'IHOCTbiO 10-20% cnpaaennHBO AnSI 

E = 2 .. 8 M9B. 

z 10-30, 

noncTaBnHSI Bbipa>KeHHe ( 20) H ( 22) a Bbtpa>KeHHe ( 21) , nonyq a eM 

11 r < 15 H 

dFa_!_.,.. 
2 

<!> (x')l 77(E)...!_ ( l+ 
T a l r 

2, 4 

EJ 

-1' r 
fL

1
r)e 

1 
drdx' . 

(J) 

BbmOnHHSI 3aMeBy nepeMeHHblX r ~ 
x - x' 

(pH C. 6) H HHTerpHpySI TIO 0, 
cosO 

nonyqaeM 

( 22) 

( 23) 

dx' 
dF (x,x')s- l 

y 2 (J l 
<!> (x')l (E )1 2

'
4 

T a 77 J 

-j.L J 1· -•1 
e - F:i (-jl. lx-x'l)l.(24) 

EJ J 

noTOK rBMM8-KB8HTOB HB TOnillHI!e 3 8 WHTbl X OT pacnpene n c HHbiX 

HCTO'IHBKOB 38XBBTHO rO r aMMB-Hanyqe HHSI MO>KHO Bblp83HTb KBK 
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r 

F (X) 
y 

1 

2 

"" 

~ ~ 

(J J 

""2, 4 -ll lx - x 1 
l](E)If--<1> (x')e J dx' 

J - oo E 1' 
J 

- J <I> - (X ') Ei ( -ll J I X - X' I ) d X ' I . 

( 25} 

C nea oaa'!' enbHO, MOIOHOC'l'b L!03 bi 3 BXBBTHoro K3ny'!eHK!<I OT TennoBblA HeiiTpoHoB 

r ae 

p 1' (X) 
y 

-E 

a! a 

2 

J _.., 

! 
(J J 

lJ ( EJ ){ 
"" -ll J I x- x'l 
f 2, 4 <J> 1' ( X ' ) e d X ' -

<I> (x') F:i (-ll lx -x'l)l dx' , ,. J 

a = -3 2 
1,54 .10 • (Mp/qac ) / (M aa / cM ceK ) 4,27.10-4 -~Kp --- 2 

M aa l cM • 

( 26 ) 

B bipalKeHKe ang pac'!eTa MOIOHOCTK Ll03bi 3axaaTHoro r aMMB -K3ny'!eHHH oT 

npoMelKyTO'!HbiX HeliTpOHOB MOlKHO nony'!KT b npH 3BMeH e B B bipalKeHHH ( 26) 

~ <I> ,.< x ') Ha q ( x' , r ) . KpoMe Toro, ang y n pomeH HH pac'!eTo a a 0 38MeH!<IeM 
Ha r ,. T oraa , noac TaBn!<! SI BbiPB lKe nKe ( 9 ) a BhipalKeHwe ( 26 ), nonyqaeM 

pnp (x) 
y 

a(l-p ,.) 

2 

E J 

Q n P 

4" R 
2 

0 

- (x 'J 2 

~ 
(JJ 

( x') 2 

lJ (E ){ j ~e---.;- e-ll, 
J --

- oo V 11r 

J e -.-r 
Ei (- ll I x- x' I ) d x' I . 

J l/ 11r 

I x-x 1 , 
dx (27 ) 

n e pBb lil HHTerpan B BbipalKe HKH (27) MOlKeT 6b!Tb Bbl'!HcneH B HanHTH'!eCKH . B bmOnHSill 

KHT e rpKpOBBHHe, nonyqa e M: 

16 

p n P (x) 
y 

a(1-p ,.) 

2 

Q n P 

4" R
2 

0 

~ 

(JJ 

2 

l1 (E ) I 2, 4 e'll J 

' 
[(1+erf[_x_ 

21/-, 

-ll x X - ll X 
x e l +( 1-erf [ --- + ll l/ r] ) e' 1-- ' ,. 

E l 

J e 
V TT r T 

21/r,. 

( x') 2 

HT 
Ei [ - ll' I X - X 'I I d X ' I . 

PacqeT 3axaaTHoro raMMa - K3ny'leHK!<I, o6pa3yJOmerocH a pe3ynhTa T e 3 . 

6biC T pb!X HeliTpOHOB, npOBOL!KTCll no MeT OL!KKe, npeanO>Ke HHO ii B pa60T8 

117/ 
3BlllHTbi llaepHbiX peaKTOpoa ( CM., HanpKMep, ) • AHanorK'IH biM o6pa: 

onpenenHTb 3BXBB THOe P BMMB - H3nyqef!Ke , B03 HHKI1lee npK 3 8 MenneHHK 

Bb!COKOH 3 HeprKH . 3KcnepKMeHTBnbHbie K pBC'! e THble JlBHHbie 0 MOlliHO< 

PBMMB -K3ny'leHH51 B p a 3 mi'IHbiX TO'IKB X 3Bna CHH X pOUH KnOTpOHa npH Be/lE 

PacqeT npo aeneH c ornacHo aaHHbiM Ta6n . 2 /lnll TH ~<enoro 6eToHa ( Kor 

B 3BKnJO'!e HKe c neayeT OTMeTKTb, 'I TO n n H acex Bbi6paHHbiX TO'!eJ 

UHKnoT poHa Ha6nJOaaeTc!<l xopowee c ornacKe aaHH bie aKcnepwMeHT a c p1 

L!BeT B03MOlKHOCTb HC nOnb30BBTb npeanolKe HH bl M MeTOil a n g pBC'!eTB no 

Hb!X HeilTpOHOB K PBMMB - KBBHTOB B noMerneHH!<IX YCKOpK T eneli. 

n H T e p B T y P . B 

I. R.Sanna, K.O'Brie n. Hea lth Phys., ~ 2 5 (1963) . 

2. R.Lehma n , O .Fekula. Nucleonics, g 35 (1964). 

3 . R.Sanna, K.O'Brien~ M .Alber g. HASL- 1 6 2 ( 1 964). 

4 .K. O'Brien,R.Sanna. P roceedings o f the USAEC First S y.np osi 
Aceelato rs Radiation D osimetry and Experience, New York, 
3-5 , 1 965, p. 286. 

5 .K. O'Brjen,R . San na,M .Alberg ,J .E .Mc. Laug h lin. Trans. A m. Nucl 
2 , 254 (1966). 
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(X) ~ ~ a ~ 
()) 

~2, 4 -p. /x - x 1 
'I) ( E)If -- <1> (x ' ) e 1 dx ' 

J -~ E ,. 
J 

2 

( 25) .. 
- J <I> ( X ') Ei ( -" I X - X' I ) d X ' I . ":" .-, 

hHO, MO!IlHOCTb A03bl 38XBBTHOI'O H3ny'!eHH!I OT TennOBblA HeiiTpOHOB 

a~ 
(X) 

a 

2 

-E J 

~ 

(J) 

7] ( E J ) I 
"" -p. I x - x'/ 
f 2, 4 <I> ( X ' ) e J d X ' -,. 

<I> (x') E:i (- p. lx - x' ll l d x ' , 
,. J 

-3 2 
1,54 . 10 • (Mp/qac ) / ( Maal cM ceK ) 4, 27. 10-4 -~Kp 

M;:;;M
2

. 

( 26) 

:e HHe a n !! pBC'!~Ta MO!IlHOCTH a03bl 38XB8T HOI'O I'8MM8 -H3ny'!eHHS! OT 

bl X Het\TpOHOB M OlKHO nony'IHT b n p H 38MeHe B Bbtpa·lKeHHH (26) 

Ha q ( x' , r ) . KpoMe Toro, an11 ynpomeHHSI pac '!e ToB 
0 aaMemteM 

raa , noac TaBnH H BbtpalKeuHe ( 9 ) B BhtpDlKeH He ( 26 ), nonyqaeM 

cz(l-p ,.) 

2 

Q " p 

4 tr R 2 

0 

(x ') 2 
- -~-,-

~ 
()) 

( x') 2 

77 (E ) I f .. ~ --.r -p. 
J e e J 

- oo V;;-

E J 

! e Ei (- p. I x - x' I ) d x ' I . 
J y 1T T 

I x-x 1 , 
dx (27 ) 

Jan B BbtpalKeHHH ( 27) MOlKeT 6btT b B bi'!Hc n eH aHan HT H'!ecK H. B btnOnHSIS! 

=, nonyqae M: 

16 

Pnp (x) 
y 

a(l-p ,. ) 

2 

Q "p 

4rr R 2 
I 

(J) 

2 

'7 ( E l I 2, 4 e'~'- 1 
J 

[(l+erf[-x--p. y r ]) x 

X e- p. J X + ( 1 - erf [ _x __ + p. v7l ) e p. J X l -
- J T 

E J 
J e 

y rr r - oo 
T 

2v' r,. 

( X' ) 2 

4TT 
Ei [ - p. J I X - X 'I l d X ' I . 

2y-;- J T 
T 

(28 ) 

Pac'leT a axaaTHoro raMMa - Hany'!eHHSI , o6paayJOme rocH B peaynbT a T e aaMeaneHH!I 

6biCTpblX HeJ1TpOH OB, npOBOaHTCS! no M € T OaHKe, npeanOJKe HHOil B pa6oTBX no tP H3HKe 

117/ 
aamHTbi SiaepHhiX peaKT opoa (eM. , uanpHMep , ) • AHanor H'!HhiM o6pa3oM MO~<HO 

onpeaenHTb 3BXBBT HOe I'BMMB - H3ny'!eHHe , B03HHKWee npH 3aMean e HHH He i'!TfoO HO B 

BblCOKOt\ 9H e prHH . 3Kcne pHMeHTa nbHble H pa C '!e THble aaHH ble 0 MOWHOCTH a03bl 

raMMa -Hany'!eHH!I B paan H'IH htX TO'!Kax aana CHHxpounKnoTpoua np H aeae Hhi B Ta6n . I. 

Pac'!~T rrpo a eaeH c ornacno aaHHWM Ta6n . 2 an11 T!l menoro 6eToHa (KonoHKa 1) . 

B aaKnJO'!eHHe c neayeT OT Me THTb , '! T O a n SI acex Bbi6paHHhiX To'!eK aana C HHxpo 

UHKnoT poHa Ha6nJOaaeTcH xopowee c orn acHe aaHHhie aKcnepHMenTa c pa c '! e TOM. 3To 

aaeT B03MOlKHOCT b Hc nonb30BaTb npeanO)I<eHH hll1 MeToa an11 pac'!eTa noneil pacce!IH -

Hb!X HeiiTp OHOB H I'BMMB - KBBHT OB B riOM eme HH!IX yCKOpHTeneii. 

fl H Tepa T y P , a 

I. R .Sanno., K.O 'Brien. Health Phys., 2_. 25 (1963). 

2. R,Lehma n, O . F'ekula. Nucleonics , g 3 5 (1964) . 

3. R . Sanna, K.O'Brien~ M .Alberg. HASL-- 1 62 (196 4). 

4 .K. O ' B r ien,R . Sanno.. P r oce edin gs o f the U SAEC F'irst S y mposium o n 
A ceela t o r s Radia tio n D osime t ry a nd E x p e ri ence, New York, November 
3-5, 1 965, p. 286. 

5.K. O ' Br jen,R . Sanno.,M .Albe rg ,J .E .Mc. La.ug h lin .Tra n s . Am. Nucl. ,Soc..Jl 
2 , 254 (1 966) . 
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9 . n-p KHMenb H ap . B c6opHHKe 'BonpOCbl A03HMeTpHH H 38WHT bl OT H3nyqeHHl!, 

Bb!O. 6, ATOMH3):{8T, M, 1967. 

10. E.C.Cb1qe a H a p. ATO MHa SJ 3HeprHSJ , £Q., 323 ( 1866). 

I I. B. Yl .KoqKHH H ap . n penpHHT OY151Y1, P-1713, .Uy6Ha, 1964. 

12. N.Metropolis et a L Phys.Rev., 110, 185 (1958). 

13. Yl.CHeaa oH. n peo6pa30B8 HHe <P y pbe, Mn,M, 1955. 

14 • .n.n. Epoaep H ap. E eToH a aawHTe SJa epH biX ycTaHoaoK. AToMHaaa T, 1966. 

15. EHonorHqecKa SJ a amHTa SIJ:tepHbiX peaKTopoa. ATO MH3AaT, 1965 . 

16 . P .M erpH6nHaH, .U.XonMC. T eopHS! peaKTOpOB. rocaTOMH3A8T, 1962. 

17 • .Q.n.Eona ep H ap. A TOMH8S! 3HeprH SJ , l§, 26 (1964). 

PyKonHcb nocTynHna a H3AaTenhCKHl! OTaen 

20 HJOHSJ 1967 roaa . 
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Ta6JIHI.(a 2 

K pacqeTy noTOKOB He~TpOHOB HH3KHX aHeprHH B sane CHHXpol(HKno

TpoHa 011.ffi1 

8!MJeKTHBH~H 

.uaTepHan 
QC)~qH~~ 6eTOH THJKem.rif 6eTOH 

Co~epJKaHHe BO~opo~a, 
Bee, % 

Co~e~aHHe xene~d,Bec, % 

~ .[s Y Jr'Lr 

L ' CM 

i2,. t CM 

{b_ 
L.Q. 

pT/pp 

Fr : 
Fp 

~,ro5 HeifTp/c.u2ceK 

F;,ro5HeHTp/c...ZceK 

I 

I8,I 

I ,3 + 35 

23,5+6,35 

: 

: 

0, 35 

2 

3,84 

I0,3 

I5,2 

2I,7 

,...,I 

n 

I2,3 

: I 

: 2,46 

: 2,6 + 0,65 I,45t0,39 

: 32 + 8 : 3,57+0,89 

0,35 

50 

3,45 

2,97 

II,9 

3,57 

0,69 

n 

1,92 

2,9 + 0,78 

5,46+ I,36 

-----------~ 
Pu c . 1. I< ¢opM11posaHHJO pacceHHHoro 113ny'IeHH51. 

t 

----
i'nc. 2. 3 ;:ta Hne CHHXpOU11KnoTp DH8 011.Hl1 Ha G60 :V\::Jr. ( BI!Jl ll j 
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Ta6mn.ta 2 

eTy ilOTOKOB He~TpOHOB HH3KHX 3HeprH~ B sane CHHXpo~HKR0-
0I1.ffi1 

~ 

BO,ZlOpO,lla, 

xene;:,a.,Bec, % 
r .., r:=-;;::;
... 5 v Tr'L., 

CM 

CM 

~ :-. 
-'q 

/Pp 

I 

I8,I 

:.leeK I ,3 + 35 

AfceK 23,5+-6,35 

06bPIHbiH 6eTOH 

0, 35 

2 

3,84 

I0,3 

I5,2 

2I,7 

.-vi 

I1 

I2,3 

I 

2,46 

THJKenb!H 6eToH 

0,35 

50 

3,45 

2,97 

II,9 

3,57 

0,69 

n 

I ,92 

2,6 + 0,65 I,45t0,39 2,9 + 0,78 

32 + 8 3,57+0,89 5,46+ I,36 
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Puc . I. K cjlopMHposa ml!o pacce SJHHoro ll3 n y 'Ie HH SJ . 
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P uc . 2. 3 D8 Hl!e CHHX p OUMKn OT pOH8 011Hl1 Ha 060 :\ \ ;on (uu;] ll J:n .~ : '<':1 e ) . 
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Puc. 4. P acnpeneneuu e noToKa 6hlcTpwx HeHTpouoa no aepTHKanu . 
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P11c . 5. K pac'!eTy ocna6neH1!51 noTOKOB pacceH HH biX Hei!Tponoa a aamHTHOM nepeKpbiTIIH. 
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Pnc . 6. K pac'!eTy aa xaa THoro raMMa - Hany 'le HH H. 
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