B3AUMOJENCTBUE HA 3APEOEHW YACTULM C BELLECTBOTO
|. OB XAPAKTEPUCTUKN HA BSAUMOOEUCTBUATA

3apeaeHnTe YacTuumM, C KOMTO ce 3aHMMaBa eKcriepuMeHTanHarta agpeHa dusvka Ha

HUCKUTE eHeprnmn ca.

JNIeKN: €eneKTPOHU (€) ; NO3UTPOHMN (e+) KOHBEPCUOHHW eNEKTPOHU
0+2-3MeV; B-pasnag pecetkn keV =+ 1 - 2 MeV
HenpekbCcHaT CNeKTbP NMHEEH CNEKTbP

TeXKWU: anda-yactmum (a) ; dparmeHTn Ha genexe (ff)

4 + 8 MeV ; a-pasnag 2 x 100 MeV; cnoHTaHHO aeneHe
NUHEEH CrneKkTbp "NuHeeH" cnekTbp

Han-cbliecTBeHO 3HayeHue 3a Tax uma NPAKOTO B3aMMOAENCTBNE C eJN1eKTpOHHaTa
obBMBKa Ha aTtoma. V'OHVI3aL|VIOHHVI 3ary6V| Ha eHeprua - ce4eHMETOo 3a TAX € MHOIo

NO-rofsiMoO B CpaBHEHUE C BCUYKM 3arybu (B3aumoaencreus).
Cneundmn4HN N3UCKBAHUA:

al. BakyyMm - npeHacsiHeTO Ha YacTvuaTta OoT M3TOYHMKa A0 AeTekTopa (6e3 3aryba Ha

eHeprusl) ce M3BbPLLBA BbB BakyyM - BaKyyMHa kamepa.

6/. WU3TOuMHMUM - Te TpsibBa pga ObaaT "TbHKM", CNEKTPOMETpU4YHM, ©6e3
camonornbliaHe B U3TOYHMKA, ©6e3 HocuTen. [NpuroTBAHETO Ha TakMBa M3TOYHULUM €

n3kycTBo. Mima paspaboTteHn MHOro meToam 3a ToBa.

B/. [leTekTOopM - Usnata npeHeceHa OO OeTeKTopa eHeprusa TpsbeBa ga ce oTaens B
yyBcTBUTENHNA 0bem. ToBa npegsBsaBa ocOBEHUM M3UCKBAHUSA KbM "MbpTBUS cron” -

BXOoOALWNA Npo3opeLl Ha AeTEKTOpPa - Bb3MOXHO Han-TbHBK.



Il. TEXXKU SAPEOEHU YACTULIMN (ANDA)
1. NoHM3aumMoHHM 3ary6m

YacTtuua cbe 3apsg ze, maca M u ckopocTt V B3aMmoaencTsa KyflOHOBCKM C aTOMHUTE
enekTpoHu. Npu ToBa TA HE NPOMEHST NOCoKaTa Ha ABWXeHne. BbuBexxaame NOHATUETO
cneunduyHa 3aryba Ha eHeprus dE/dx [MeV/cm]. MNbpBaTta popmyna Ha bete (3a
HepenaTUBMUCTKM TEXKN YacTULN):

(=) _4zet(zef
dx Jiion m,V?

2

N 2m,V

e I T - 3a HepenaTnBUCTKN TEXKN YaCTuULUun

Kb[ETO: € - eneMeHTapeH 3apsan; Me - Maca Ha enekTpoHa; Ne - GPOV Ha enekTPoHUTe

Ha 1 cm® ot cpepara:

N
ng=—2pZ
A
A - macoBO 4ucno; p - MAbTHOCT; Z - aToOMeH Homep Ha cpepata; | - cpegeH
MOHM3aUMOHEH MNOoTeHuuan Ha aTtoma OT BewecTtBoto. |lce onpegens

eKCrnepnMmeHTarHo.

1=13,5.Z [eV] - cpeaeH NOHU3aLMOHEH NoTeHUMan

enemMeHT [ei\/] Z A ZIA ” (‘)’m3]
He 64 2 4 0,5 1,78.10"
C 78 6 12 0,5 2,3
Al 166 13 27 0,48 2,7
Cu 371 29 63,5 0,46 9,0
Pb 1071 82 207 0,4 11,3
Bb3AyX 94 7,2 14 0,5 1,22.10°

EovH no-ToyeH 3anuc Ha popmyrnata Ha beTe 3a 4acTuum, NO-TeXKN OT erlekTpoHa:

_(Ej _2me’ 22N, S 2mec’BW,
MOH

2
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2T
Mc?

\'}
kbOeTo: B =— 3a vacTuuaTta ;B? = ; M - wmaca Ha yactmyata (M >> mg); T -
c

KMHEeTUYHa eHeprmd Ha Yactuuarta ; Z - 3apsd Ha Yactuuarta ;

2m, c?p? , 2T

W, - MakcumarnHa eHeprusi, KoaTo MoXxe Aa 6bae npedageHa Ha enekTpoHa npu eauvH

aKT Ha B3aumoencTBMe Ha YacTuuata; § - Manka nonpaeka, 3aBuceLla oT NMbTHOCTTA;

U - nonpaBka 3a eHeprusi Ha cBbp3BaHe Ha K n L enektpoHnte B atoma; M - maca Ha

yactuuata (M >> mg); T - KUHETMYHaA eHeprus Ha YacTuuara ; z - 3apsf Ha Jactuuara ;

|- cpeaeH NOHM3aUMOHEH NOTEHUMan Ha atToMnTe Ha nornblialiaTa cpeaa.

Hsakou o4yeBMAHU 3aBUCUMOCTU:

al. dE/dx ~ 22 - cneunuyHNTE NOHU3aUMOHHM 3arybu 3aBUCAT CUMNHO (KBagpaTU4HO) OT
3apgga Ha nagawaTta Yactuua. 3a o-4actvium 22 =4 ; 3@ NPOTOHMU 22 = 1 ; 3a
dparMeHTUTE Ha OeNneHe Zegs ~ 20 1 z% = 400 nopagw Toea, 4Ye Te "U3TpbCeKBaT" YyacT oT
enekTpoHnTe cn. dPparMeHTUTE UMaT OFPOMHN MOHM3ALMOHHKU 3arybu. dopmynarta He

OoT4yMnTa Bb3MOXHOTO U3MEHEHNE Ha Z B Kpad Ha npoGera - 3axXBaT Ha €eJIeKTPOHU OT

cpenarTa.

2 .
6/. dE/dx ~ 1/V" - NOHU3aLMOHHUTE 3arybun 3aBUCAT OT CKOPOCTTa Ha YacTuuaTta, a He
3aBMCAT OT MacaTa Ha uvactuuata. [lpy HamansBaHe Ha V B kpas Ha npobera
o 2 o
NOHU3aLMoHHNTE 3arybu Ha egmHuua nbT (3aBucnmocT 1/V7) HapacTBat. B camunsa kpan

Ha npobera Te pA3KO HamansiBaT NOpagu TOBa, Ye FOrapUTMUYHUA MHOXUTEN 6bp30
KNMOHW KbM Hyna. Yactuum ¢ egHakbB 3apsg U CKOPOCT MMaT egHaKkBW MOHU3ALMOHHU
3arybn (Ho pasnuyHum eHeprum). Ako ce cpaBHAT dE/dx npu egHaksBu eHeprum u

€0HaKBU 3ap4du, e ce nodasm 3aBUCMMOCT OT MacaTa.

B/. dE/dx ~ p - MOHM3AUMOHHWUTE 3arybu ca NpPONoOpUMOHANHW Ha NNBbTHOCTTA Ha

cpepgata. Yecto B Tabnuumte Bmecto dE/dx [MeV/cm] ce paBa BenunumHara:

1dE { MeV

bdx | glom? } n npobera ce mepu B [g/cmz]



2. MpoGer Ha Texkn 3apeaeHn Yactuun. Kpusa Ha Bpsr

dopmynarta Ha beTe npu BbBEXaaHe Ha KMHETMYHATA eHeprus Ha YacTviuaTa MoXxe 3a

Cce 3anuLie KaTo:

dT 4ne’N, z’Mc? Z 2m.c? 2T 1 2T

Ty 2 =p| In=—"—%—— T MR2

dx mg,® 2T A 110 Mc*| ,_ 2T | Mc
Mc?

Kato nmame npegsug, ye e=qkc= 1,445.10'13[MeV.cm]; e = 2,089.10’26[MeV2.cm2]

2 2 5 6
_{ﬂ} z0,3082 Mc ip In1,023.10 2T2 {Mev}
dX Jjion 2T A | Mc cm

kbaeto: T un McZca s [MeV]; les [eV];peB [g/cm3]; 2z, Z, A - ©e3pasmepHu.

3a Bb3ayx: 1=94 eV;ZIA=0,5;p= 1,22.10'3 g/cm3; dE/dx e B [MeV/cm]:

T=1MeV | T=5MeV | T=10MeV | T =100 MeV

MPOTOHMU
22 = 1 0,28 0,084 0,048 ;
Mc? = 938 Mev
o-4yactmuum
2=4 2.48 0,95 0,57 ;
A=4
Mc? = 4 x 938 MeV

¢parmeHTHN
22 = 400 He paboTu 27 287 120

A=112
Mc? = 112 x 938 MeV

3a onoeo (Pb): 1=1071eV;ZIA=0,4;p =113 g/cm3

T=1MeV | T=5MeV | T=10 MeV

o-yacTuum | He paboTu 1950 1700

Moxe rpybo Aa ce oueHM, Ye BbB Bb3ayXa a-4acTULMTE OT €CTECTBEHUTE o-NbYUTENN
e nmat npobesn oT nopsabKa Ha HAKOMKO CaHTMMETpa, a parMeHTUTe - no-marnko

or 1 cm (3@ T = 100 MeV). Ho nnbTHOCTTa Ha Bb3dyxa e TBbpAe Manka. 3a

KOHOEeH3upaHa maTepus (TBbpAo TAMO, TEYHOCT) p = 1 g/cm3 N NOHN3ALUMNOHHUTE 3arybm



cTaBaTt Ha okono 3 nopsiabka no-roriemMun. B To3m cny4van npobesnte Ha ecTecTBeHUTE

o-INTbYUTENN Ca OT NopdAaAdbKa Ha AeCeTKN um.

M3BecTHO €, 4Ye TEeXKUTe 3apedeHn 4Yactum mmaT gobpe onpegeneH npober (c

N3BECTEH CTaTUCTUYeCKN pasbpoc - ctparnuHr). Ton kato dT/dx = f(T), To HamupaHeTo

Ha NbnHUsA npober Ry ce ceexaa ao:
f dT
o f(T)
kbaeTo To € HayanHaTa eHeprus Ha Yactuuara

3a cbxxaneHue, He MoOXe Aa ce nonyyun B aHanutuyeH Bug Ro(To) = ¢(Ty), T.e. npobera
KaTo (PyHKUMS HA HavanHata eHeprus Ha yYactuuata. EgHa npubnwmxeHa gpopmyna 3a

npobera Ha o-4acTuuM BbB Bb3AyX (NP1 HOpMarHu ycrnosus) e:
R=0,318T>2(R B [cm], T, B [MeV])
3a 5,150 MeV oa-yactuum Ha 239Pu, C KonTto we pabotute B nabopatopusita no

EkcnepumeHTanHa sgpeHa guauka, R =3,7cm.

3aBucnmoctta Ha dT/dx oT npobera Ha a-4acTuuMTe B cpedata € M3BECTHa KaTo

KpuBa Ha bpsr.

dT[keV
dx L mm

300 | 239p,

200

100 [
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Ro

our.20. lNoBegeHne Ha cneundUYHUTE NOHMU3AUMOHHM 3arybu B 3aBUCUMMOCT OT

23
npobera Ha o-4acTuum ot °Pu (kpuBa Ha Bpsr).



Tasn 3aBMCUMOCT necHo Moxe na Obae MNoCTpoeHa eKCnepuMMEHTanHo, KaTto C
NoNynpoBOAHNKOB AETEKTOP Ce Mepu OcTaTbyHaTa €Heprus Ha o-4yactuumTte crneg
N3MMHaBaHe Ha onpeneneH NbT BbB Bb3ayxa (M3MEHS1 ce pPa3CTOSIHMETO U3TOYHUK -
aetekTop) n ce pabotun ¢ kparmHu pasnukn AT/Ax. 3a 2%, . To = 5,15 MeV; Ry = 3,7
cm; HadanHu 3arybu dT/dx ~ 1 MeV/icm ~ 100 keV/mm, kbM kpass Ha npobera Te

HapacTeaT cunHo - o 300 keV/mm.
3. enTa - enekTpoHu (J)

Mpn ABMXEHME Ha Texka 3apefeHa vacTvua B cpefa € Bb3MOXHO npefaBaHeTo Ha

3HauuTenHa eHeprma Ha enekTpoH OT cpepaTta ("UeHTpaneH" ygap Ha 4actuua C

aTOMEH ENEKTPOH), T.€. pa3cerMBaHe Ha TeXKa YacTuua Bbpxy CBOOOAEH €NEKTPOH:
4m M

T,=——=2— Tcos?
T Mim e Y

¢ - brbf Ha N3bUTNA eneKkTpoH CNpsIMO nocokata Ha vactuuarta. 3a ¢ = 0 (M3buBaHe

Hanpen), Te € MakcumarnHa:
4m M

2T
Tmax __"e” T~x2m.c® - (BUXW
& T Mam,f2MeC ez (B0 W)

max

3a 5 MeV o-vyactuum Te = 2,7.10'3 MeV = 2,7 keV. T kaTto eHeprusita Ha o-

€IeKTPOHUTE € NO-BMCOKa OT CPedHNsl MOHN3aUMOHEH noTeHumnan |, Te oT cBosi cTpaHa

mMoraTt Aa npeamsBukat noHunsaums. OcobeHo nobpe ce HabnogaesaTt 3-eNekTpoHUTE B

cneauTe Ha T-Me30HM B MeXypyecTa kamepa (ynpaxHeHue "T - i - € eKCnepumMmeHT" B

nabopatopusita EA®), TbM kaTo 3a T-Me30Ha (Mc2 = 140 MeV) oTHOWweHneTo

2
‘"IJI'—e:::O,OMG - MHOTO MO-TONSIMO OT TOBa 3a a-4acTvun. 3a 10 MeV m-mMe30H Te
c
= 146 keV.

Mo mMakcumanHaTa eHeprus Ha o-efneKTPoHUTE MOXe [a Ce OLEeHABa eHeprusata Ha
TeXKaTa 4YacTuuya (korato e u3BecTHa eHeprusita Ha nokown). Tpsabea ga ce otbenexu,
Yye BEpPOATHOCTTAa 3a NnosiydaBaHe Ha J-eNeKTPOHW C MakCUMariHa eHeprus € MHOro no-

Marlrika OT BEpPOATHOCTTA 3a oBnkKHOBEHA NOHM3aLUMS.

4. PbabpchopaoBCKo pascenBaHe



KaTo (hmsmyecko ABneHve ToBa € NbpraBo pa3ceMBaHe Ha TEXKa 3apefeHa yactuua
BbpXy A4po oT cpepata. OcbLuecTBABa Ce NOCPeaCTBOM KYNOHOBO B3auMoencTBue.
Mpn PbaobpdopaoBCKOTO pascemBaHe o-4vacTuuaTa npakTUY4ecku He MNPOMEeHs
eHeprmaTa cu (3a TeXKn sagpa Ha pascemBaTens). EdektnBHoTOo amdepeHumnanHo

CevyeHue 3a pascerBaHe BbPXY TEXKM aTOMU Ha brbSl 6 B NPOCTPaHCTBEH brbs dQ :

(dQ = 27tsin6do)

[cm2/at Ha cTepaguaH]

2 2
do(0) _[ Zze J 1
- 2
dQ MV 4sin® 2
2
KbOETO: Z - 3aps Ha TexkaTa YyacTuua; MV2 = 2T - KMHEeTUYHa eHeprna Ha YacTuuaTa;

Z - 3apsag Ha pascerBawoTo a4po. B cnyyaa Ha o-4acTuum nonydyaBame M3BecCTHaTa
cdopmyna Ha Pbabpdopa (nonyyeHa B 1911 roguna):

do(®) (ze?) 1
do | E

4sin* 8
2

MmeHHO TS e npoBepsiBaHa B onuTa Ha ["anrep u MapcaeH, kaTto:

do(0)
dQ

sin* 9_ const
2

~
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®ur.21. OnuTt Ha Nanrep — MapcaeH — Pbabpdopa.

3a vriu ot 15° no 150° CKOpoCcTTa Ha bpoeHe ce M3MeHsi OT 1,3.105 no 30 (no

CUMHTUNaunnMTe Ha OKO B TbMHa CTaﬂ).

MankuTe BN Ha pasceliBaHe He ca MHTepecHu - Te moraT ga 6baaTt obsicHeHn 1 B
pamknte Ha TOMCOHOBMA Mogen Ha aTtoMma (KbAETO MONMOXUTENHUS 3apsg e

pa3MasaH no uernund aTOM). PascenBaHeTO Ha o-4acTMUUTE Ha rofieMu brNvM HaBexaa



Pb,u,bpcbopp, Ha MUCDHIITa 3a MiaHeTapHuAa Moadesn Ha atomMa, B KOWTO uganaTta maca u

NONoOXUTENEH 3apsa € CbCcpefoTodeHa B MHOrO Manbk 06eKkT BbTpe B atoma - apo.
CeyeHus 3a PbabpchopaoBcko pa3cemBaHe:

CeuyeHune 3a pascenBaHe Ha brbfl, NO-rofNsM oT 0 (4pes uHTerpupaHe Ha do(0) no Q (dQ
= 2nsin0do):
452_2
ne"Zz 2 0 2
o(6) =————cotg“— [cm"/agpo
(6) AT? g5 | Apo]
BepoAaTHOCTTa 3a pasceriBaHe Ha brbfl, No-rofsm oT 6 Ha 1 cm npober Ha YacTuuaTa:

ne*Z?z? N,

W =N,c(0) = a2 A

pcotg? g [pasc./cm]
(Na/A)p - aapa Ha 1 cm3; Z/IA = const, Takaye W~2Z

3a 1 MeV a-yactuua: W(T) = 0,022 [pasc./cm], T.e. no-manko oT 1 pa3cenBaHe Ha 45

0
cm npober, 3a bron > 10°.

3a 5 MeV a-4yactuua: W(T) = 8,8.10'4 [pasc./cm], T.e. 1 pa3censaHe Ha 300 4YacTuum,

npw npober 3,7 cm 3a brba > 10°.

BepOﬂTHOCTTa 3a P'b):l,'bp(bOpD,OBCKO pa3ce|7|BaHe HapactTBa C HaMansiBaHe Ha

eHeprusita B kpas Ha npobera (pegkn cbouTus).

M3BecCTHO e, Ye a-4YacTuumTe B €WH akT Ha noHu3aumsa rybat okono 35 eV. 3a 5 MeV
5 o 4
o-4acTMum BbB Bb3ayx umame okono 1,4.10° B3aumogencteud, T.e. okono 4.10
“ o -4
noHun/cm. 3a PbabpdopaoBCKOTO pascerBaHe - okoro 9.10 ° pasc./cm, nnu:
ceyeHune 3a NoHusauma 4107 Rg
: D2
ceveHue 3a Pboabpdopa R}

ll. BBAMMOOENCTBME HA EJIEKTPOHM C BELWWLECTBOTO

3a cbxaneHue, npn enekTpoHnTe He MOXeM [Oa Wu3rnofisBamMe HepenaTtnBnucTko

I'IpI/I6J'Il/I>KeHl/Ie. Ho TaxHOTO B3anmMoaencTBme C BELLECTBOTO npeanara HAKOU TUMUYHU



penaTnBuUCTKH e(*)eKTVI, KOUTO TMpU TEXKUTE 3apedeHn dactmun wmorat pdga ce

HabnogaBaT camo Npu TBbPAE BUCOKN eHeprimn (Hanpumep eekT Ha YepeHKoB).
1. NAOHM3aUMOHHM 3ary6u Ha eNeKTPOHM

Bmecto dopmynata Ha bete ce npegnara dopmynaHa Ha bete-bnox u bop 3a

cneundUYHNTE NOHN3ALUMOHHM 3aryby Ha eHeprus:

dE 2me’n, ! 1 MV2T,

Tax T mV? 272(1—[32)_|n2(2 1—132—1+|32)+1—|32]

1
KbOeTo. Te:mecz[—2—1 - penatnmBnCctka KMHETUYHa €eHeprmda Ha nagallnda
1-8

_ ) N
enekTpoH; V - ckopocT; | - cpefieH NOHU3ALMOHEH NoTeHUMan Ha cpefaTta; ng :TAPZ

o 3
- 6p0|/| Ha eNneKTpoHUuTE B 1cm” ot cpenarta.

dE V4
OTHoOBO: a ~p - MJIBbTHOCTTA Ha cpeaaTta, K =const

E 1
:— ~ W- CKOPOCTTa Ha nagawunTte eJieKTpoHn
X

dE
dx 3aBucy crnabo oT knHeTuyHaTta eHeprus Te ~ InTe
X

A. BenunuuHaTta 1E B {

p dx

MeV
g/cm?

} cnabo 3aBuCKM OT CBOWCTBaTa Ha cpepata U e
YHKUMS HA eHeprusTa Ha nagawmTe eneKkTPoHMU.

3a 0,5 MeV: 3a Bb3ayx: p = 1,2.10'3 [g/cm3]

1£_2{ MeV} | E:2’4.10_3{MeV}:2’4[keV}

pdx | glcm? dx cm cm

"npober" 3a dE/dx = const - 200 cm



\
! 4 \ \ Bb3OyX
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Pb

0
0,01 0,1 1 10 100
KnHeTunyHa eHeprus Ha enekTpoHa B [E/mc 2]

1dE
®ur.22. lNoBegeHve Ha A B 3aBMCUMOCT OT eHeprusaTa Ha efeKTpoHuTe.
p dx

3a anymuHun Al: p =27 [g/cm3]

1£=2 MeV2 ; E=5’4[Mev}=54oo[kev}
p dx g/cm dx cm cm

"npober" 3a dE/dx = const - 1 mm.

B. NMpo6er Ha MOHOEHEPreTUYHU eNEKTPOHU

pd

WHTEH3NTEeT

N
\
AN -

7y
Ro dlcm]

®ur.23. EkctpanonupaH npober 3a eNeKkTPoHN.

3a npo6era HAMa aHaJlTMTU4YHN n3pas3n. EKCTpaI'IOJ'II/IpaHI/IFI r|p06er 3a MOHOEeHepreTn4Hm
EJ1EKTPOHN KaTo q)yHKLI,MFI Ha eHeprnata ce anpokcunmumpa C NUHEenHa 3aBUCUMOCT

(NpnBNMXKEHO) EMNUPUYHO:



1

R, = (0,253E ~0,045)3a E > 0,6 MeV
°A
R, =izo,19651’38 3a 0,15 MeV < E < 0,8 MeV
PA

Ro - B [cm]; E - B [MeV]; p - nnbTHOCT Ha cpepaTta; Z - aTOMeH HoMep Ha cpefarta; A -

MacoBO 4MCIIO Ha cpeaara. 3a npobera uma Tabnmum 1 HoMorpamum.
MornbwaHe Ha B-4acTULM C HeNpeKbCHAT eHepreTUYeH CNeKkTbLP

[daney oT rpaHuuaTa Ha NbAHOTO NOrfbliaHe MNPUBNMKEHO MMaMe EeKCMOHEeHUManeH
3aKOH (cny4anHo):
-ud
J==Joe”

2
KbAETO: Jg - MHTEH3UTET Ha nagawma cHon B-4actuum; d - aebenuHa Ha cnos B [g/cm®];

-1,33

L - MacoB KoeuUMEHT Ha nornbluaHe: p =~ 22E,, [cm2/g]; Emn - rpaHuyHa eHeprus

Ha B-crnekTbpa [MeV].
B. O6paTtHO pa3cenBaHe Ha eNNeKTPOHU

Llenta Ha cnekTpomeTpusiTa BbB BCAKAKbB BUA, BKITOYUTENHO U Ha criekTpomeTpusta
Ha eneKkTpoHW, € [Ja Ce OCUIypU NbMIHO NOrfnbllaHe Ha eHepruATa Ha 3apegeHarta
yacTtvua B paboTHUA (4yBCTBUTENHUSA) 06eM Ha aetektopa. O6paTHOTO pascenBaHe Ha
€eNeKTPOHNTE MOXEe [a M3HEece 4YacT OT eHeprusita Ha enekTpoHa oT paboTHUS obem u

[a U3KPUBM EHEPreTUYHUS CNEKTbP.

al. EnekTpoH-eNneKTpoHHO pa3cenBaHe (MoT, Munep)
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dur.24. KbM enekTpoH — efIeKTPOHHOTO pa3cenBaHe.



" 4mM
Te=—""-7T, cos?p- 3a BCAKAKBM YacTULUM (KMacU4ecKm).

(M + m)
3a nokosdwaTta ce yactuua B nabopartopHa koopanHatHa cuctema 0 < ¢ < n/2.

3a napawarta Yactmua 0 <0 < .

3a pasceriBaHe Ha eNneKTPOH BbpXY €NeKTPoH B + ¢ = w/2 (YacTnumute ca MaeHTUYHK),

ToraBan 6 e 0 <0 < n/2. brnuTte 6 N @ ca AONBIAHUTENHU, SiNO = COSQ.
To" = Tecos’p ; Te"=Tol2=Te' 3a0 = n/4 (45°)

Mpaktuyeckn unssoau: lMpu cnekTpoMeTpusi Ha enekTpoHW cHona TpsibBa Oa naga
nepneHAUKYNAPHO Ha MOBLPXHOCTTA Ha AeTekTopa (HegonycTMu ca Marsku briv Ha

nagaHe).
KayectBeHoO:

Mpw enekTpoH-eNEKTPOHHOTO pa3ceiBaHe eneKkTpoHa BUHaru ryéu eHeprusi.

3
CeueHuneTo e nponopumoHanHo Ha 1/T°, T.e. cTaBa CbLUECTBEHO 3a HUCKU EHEepruu.

3 N
CeueHneTo e nponopumoHanHo Ha bpos Ha enekTpoHute B 1 cm TApZ, HO Z/IA ~
const, T.e. TO He 3aBucK oT Z.

To e no-manko OT cevyeHMEeTO 3a MOHM3auusa Ha eauHuua nbT (npober) 3a BUCOKK

eHeprum.
6/. PbabpdopaoBCcKoO pa3ceBaHe Ha €fIeKTPOHU

EnektpoHnTe morat ga ce pa3cenBat B KyJIOHOBOTO MoJie Ha sApOTO HE3aBUCUMO OT
TOBa, Ye noTeHumana e npuenuyal,. 3a uenta e Heobxoaumo Te ga AOCTUraT MHOrO
6nn3ko o A4poTo (MHOro Manku npuuenHu napameTtpu). MNoHsakora ToBa pasCcTosiHME
Cce TbIIKyBa KaTO €eNleKTPOHHO pasceriBaHe BbpXy atoma. OTHOBO 3a eHeprusita Ha
OTKaTHOTO SApPO:

T, :LMZTecosch; 0<¢<n/2;HO Mg << Mg

(M +m)



4m M, 4m, 5
5 ~ ~10
(M, +mg)” M

A

T,""=0 ;0=m/2;T,"™=10°Te;0=0

—
Te,Pe

®ur.25. KbM enekTpoH — aapeHoTo pascenBaHe (PbabpdopaoBcko).

brun 6 moxe ga 6bae BeskakbB 0 < 0 < x. [Mpn 06paTHO pasceriBaHe Ha eNEeKTPOHU Ha
0 = m, A4pOTO NOeMa yABOEHMSA MMMYJSIC Ha Najawusa enekTpoH, HO NpedageHara my

KMHETUYHa eHeprnd e HALLOXHA.

N3Bogu: Mpn PbabpdopaoBCKOTO pa3cenBaHe €NeKTPpoOHUTE He FyGAT eHeprusa, camo

NPOMEeHAT nocokaTta cu (4o obpatHa).

OudepeHunanHo edeKTMBHO ceyeHue 3a PbabpcdopaoBCKO pa3ceMBaHe Ha

enektpoHu (Mak-KvHnn, dewbax); g — 1.

BeposiTHOCT 3a pasceiiBaHe Ha brbNn O B eAnHULA NPOCTPaHCTBEH bibn dQ BbpXY eAHO

a0po:

dQ 2E . 40 137 cos? 0 aap.crepag

2 2

ZCOSZQ Sing 1—Sin9 2
dcﬁ(O)_[ZezJ 2|4, 72 " 2 2 { cm }

sin

Hsikou nssopu:

CeyeHVeTo e CUINHO M3TerneHo Hanpep (ronsiMa BeposITHOCT 3a pa3ceriBaHe Ha Marku

brNW, nopagu )- HO cbliecTByBa onpefeneHa BepoATHOCT 3a pasceriBaHe n

1
sin*(6/2)
Ha 0 > 90° (1/2).



2
CedeHneTto e nponopuuoHanHo Ha 1/E”, T.e. HapacTBa CUITHO MPWU Mariku eHeprum Ha

nagalwuTe enekTpoHMU.

3aBncuUMoCT OT pasceuBallaTa cpea:

N, (Z%*
makpoceyeHue: dXg =Ngdo=—2p [pa3c./cm.cTepan.]

A 4E?

KaTo npeHebperHem TpyBManHaTta 3aBUCMMOCT OT p U umame npeasug, Ye Z/A ~ const,
MakpocevyeHneto dXr ~ Z (YneHbT B KBagpaTtHuTe ckobm =1+23aZ =1+ 100 n moxe

Aa He ce oTuuTa).

MpakTuyecku ussoaum:

CneKkTpomMeTpusi Ha eNEKTPOHN He ce npaeu ¢ aeTektopu ¢ ronamo Z. 3a Nal Zgg ~ 50;

3a aHTpaLUeH, CTUNOEH Zgff ~ 5 - CNEKTPOMETPUSA Ha €NEKTPOHU Ce NpaBWu C aHTpaLeH

nnun ctundex, a He ¢ Nal (B nocneagHus crny4van BeposTHOCTTa 3a ob6paTHO pascerBaHe
e noHe 15 - 20 nbTM no-ronsma) n cbCc cunuumes (Si) a He c repmaHueB (Ge)
NonynpoBOAHNKOB AeTekTop. 3a M3bareaHe Ha BNUAHMETO Ha OOpPaTHOTO pascenBaHe

Ce npasAT KpUcTtanu ¢ KnageHun.

Iv. PAODJUALUNOHHU 3ATYBU HA EHEPIT'UA HA 3APEOEHU YACTULMN.
A. CnupayHo nbyeHue

Mpn 3abaBsiHe Ha 3apedeHM YacTuum (M BbOOLWE Npu OBMXKEHME C YCKOpPEHue) B
KyFIOHOBOTO NoJie Ha sapaTa U eNekTpoHMTe, CbLLECTBYBa BEPOSITHOCT 3a U3MNyckaHe Ha

eNeKTPOMarTMHTO bYeHMe, NPU KOETO eHeprusiTa Ha 3apedeHaTa YacTviua Hamansea -
2
-(dE/dX),3n. TO3n BUA 3arybu ca nponopumoHanHu Ha 1/M” Ha 3apegeHaTa vacTtuua

(I'Ipl/l € HaKbB 3ap$|/:|,). CobLecTBeHM Ca 3a FIeKU YacTuum, 3a EJTIEKTPOHMN.

CneundmyHm paguaumoHHm 3aryom Ha 1 cm (bete, Xantnep)

2.2
_[ dTe] =N, T, Ze [ 41 ZTez 4 ; Ng =N—Ap - spalom’
dXx Jpan 137 mec® 3 A




2
e

kbaeto: Te - KMHETMYHA EHeprusi Ha enekTpoHa (penaTtuBWUCTKA), Fo = 7 -
mgc

Knacu4ecku paguyc Ha eneKkTpoHa.

2
Tasn copmyna e BsipHa 3a Te >> Mec” (M Ge3 OTYMTaHe Ha ekpaHMpaHeTO Ha NomneTo

Ha SOPOTO OT aTOMHUTE €NEKTPOHM).

CnMpayHoTO TbYeHe He e penaTMBUCTKM edpekT. 3a Te < mec?

2.2
(ﬂj :ENﬂTe Z re
dx )., 3 137

Mpumep 3a cnupayHO MbYEHME NPU MHOMO HUCKU €HEeprun Ha najalmute enekTpOoHU
(oeceTkn keV) e nosiBata Ha HENPEKbCHAT PEHTrEHOB CNEKTbP B PEHTreHOBUTE TPBHOM,

Ha CbOHa Ha KOMTO ce nosiBaBaT XapaKTepuctm4HnTe peHTreHoBun JNIMHMN Ha aHTUKaToda.

N3Boau:

CneundunyHute pagmaumoHHmn 3arybu ca nponopumoHanHu Ha Te (T.e., HapacTteaT ¢ Te,

3a pasnuka oT NOHM3aUMOHHUTE, KOUTO cnabo 3aBucAT OT Te M Hamansaeart ¢ Te).

(ﬂj ~Z ; aKTN4ecku [ﬂj ~N—""pZ2
dx nan dx nin A

KaTo npeHebperHem TpuBuManHaTta 3aBMCUMOCT OT p U uMame npensug, ve Z/A ~ const

KpUT

~ 1/2 n3nusa, ye (dT/dx),sn ~ Z. 3a Bcska cpefa cbulectByBa Te - KpUTU4YHa

eHeprvisi, NP1 KOSITO PaaVaLMOHHNTE U MOHN3ALMOHHNTE 3arybu ce uspaBHsBaT - Te' w

~1/Z.
CneKT'bp N BrNoBoO pasnpeperieHne Ha CNUpPavYHoOTO Nb4eHue.

CnupayHOTO NbYeHre MMa HenpeKbCHAT cnekTbp. paHnuaTa My e eHeprusita hvmax

= Te (kbaeTo Te € penaTMBMCTKaTa KUHETUYHA EHEPIUSA HA NagaLLns enekTPoH).



KayecTtBeHo:

AN
dhv

@

» hv
NVmax

®ur.26. CnekTbp Ha CNUPAYHOTO STbYEHME 38 MOHOEHEPTreTUYHU €MNEKTPOHU Npwn
pasnuyHn gebenvHn Ha MbrNbTUTENs:
1 - KoraTo Mame TbHBK NorTbTUTEN (MHOMO Marnku NOHU3auMoHHKM 3arybn). 2 - "neben"”

NOrMbTUTEN (CpaBHUM ¢ npobera Ha NafalLms enekTpoH)
MpPUHOC B CreKTbpa Ha CNIMPAYHOTO MbyeHue AaBaT enekTpoHn ¢ 0 < Te < TeMor.

‘brnoBo pasnpegeneHue Ha CNUpPaYHU rama-KBaHTU

Mpu HepenaTBMCTKM eHeprun Te << MeC? cCnMpayHUTE KBAHTM Ce W3MbYBaT

npenpeHauKynapHO Ha NocokaTa Ha Najalius enekTpPoH.
2
Mpun Te ® MeC” brnoBaTa 3aBUCUMOCT € CIOXHa

2
Mpun Te >> MeC™ N3NBYBAHETO € HACOYEHO Hanpea, KaTo

cos? 9
dean(e) N 2
dQ

sin“g
2

‘brnoBata 3aBMCMMOCT CWUMHO HamnoOMHSA Tasn Ha PbabpdopaoBCKOTO pasceriBaHe

m,c?
HaNpeA - ¢ ysenyasarie Ha exepruaTa To. brbnia O Hamanssa, kato O ~===—. Taan
e

3aBUCMMOCT Ce u3nosni3ysa 3a noljiydaBaHe Ha MHOIo TeCHU (C Marka p33XO}J,I/IMOCT)

CHOMoBe OT BUCOKOEHEPretTn4Hn y-KBaHTU Ha YCKOPUTESNIM Ha €EJIeKTPOHWU, HanpuMmep



6eTanOHVI U NUHENHN YyCKOpUTEnu. TakmBa cHonoBe ce npunarat npu

byeTepanmndaTa B OHKONOInATa.

CUHXPOTPOHHO M3Nb4YBaHe — TO € 4YacTeH cryya Ha CnNMpavyHOTO fbYeHue.
Mony4aBa ce Mpwu ABWKEHME Ha €NeKTPOHM MO KpbroBa opbuTa B MarHWTHO More.
[BWXEHMETO NO OKPBXKHOCT € yckopuTenHo! OcHoBEH Tun 3arybu Npyu CUHXPOTPOHUTE U

HaTpyneBaTeJlIHUTE NMPBbCTEHN KbM YCKOpUTEINTE.

vH

®dur.27. CUHXPOTPOHHO N3NbYBaHe

XapaKkTepucTUKu:

ManbyBa ce no gonuparenHara KbM Op6VITaTa B KOHYC C bI'bJl 0.

CneKpra € HenpekKkbCHAaT C MakCUMyM TpPU vy

_ mgc?
Te

0

; Vo =4,6.10"°HT?
-1
( vo—yecToTa -s , H— marHutHo none — raycu, Te — eHeprua — eV )

CI/IHXpOTpOHHOTO JTb4EeHne € HanbJ/THO NOoNAPU3NPaHO, KaTo BEKTOPA Ha eNIEKTPUYHOTO

none nexwu B Ni1IOCKOCTTa Ha 0p6VITaTa.

M3nona3ea ce 3a uacnegBaHus B obnactrta Ha “TBbpA0TO” PEHTreHOBO NbYeHUE —

“CUHXPOTPOHHM NabopaTopun” KbM rosieMmUTe YCKOPUTENN.
Bb. EcbekT Ha YepeHKoB

Owe Mapus n TMuep Kiopn ca 3abensizanu cnabo CUBO-CMHKABO CBETEHE Ha
KOHLIEHTpUpaH BOAHWU pa3TBopu Ha Ra comnu (npu nonyyaesaHe Ha Ra B uucT Bug oT

ypaHoBa pyaa).



B 1935 r. YepeHkoB (acnupaHT Ha BaBunoB) npu uacnenBaHe Ha NyMUHECLIEHLMNA Ha
BOAHW pas3TBOpM MOA4 [OEWUCTBME Ha y-NMbyYM OTKpPUBA CBETEHe, He CBbpP3aHO C
nymuHecueHumnsaTta (He ce racu). HTeH3auTeTa My He 3aBucen oT Z Ha cpefaTa, KOeTo
Nnokasea, Ye He e cnupayvyHo m3nbyBaHe. M3nbyBaHeTO e HacoyeHo nopf ornpeneneH

BB/ CNPAMO NocokaTa Ha NagalmTe YyacTuum.
B 1937 r. Tam n ®paHk obsicHABaT ABNEHNETO.

3aKkoHUTe 3a CbXxpaHeHne 3abpaHsaBaT OBMXEHMETO Ha 4YacTUUM C Maca Ha MOKOM
OTIIMYHA OT Hyfna CbC CKOPOCT, NO-rofiiMa OT CKOPOCTTa Ha CBETNMHATa BbB BakyyM, HO
B JaJeHa cpefa CKOpOCTTa Ha cBeTfiMHaTa e ¢' < ¢, kaTo c¢/c'= n > 1 - KoedULUMEHT Ha
npeyyneaHe Ha CBeTNUHaTa; 3a BakyyMm n = 1. [IBKeHne Ha yactmua cbeC ckopocT V >
c'=c/n, n > 1, He e 3abpaHeHO, HO B TaKbB Crny4yaun YyactuyaTa rybu eHeprmust u umnync
ype3 enieKTPoOMarHMTHO usnbyuBaHe. [1pn n3nonsysaHe Ha npuHUMNa Ha XWUreHe, ye
yacTuuaTa € U3TOYHUK Ha eNEeKTPOMarHMTHO Bb3MYyLLIEHME, KOETO Ce pa3npoCTpaHsiBa B

cpefaTa CbC CKOpPOCT ¢'= ¢/n BbB BMA Ha chepnyHa BbIIHA.

q’Do
HT Hg BZ’”H
ATq

¢

®ur.28. KbMm nssoaa Ha ycrnosmeTo 3a epekT Ha YepeHKoB.
BbnHoBM OpOHT - HacnareaHe Ha Bb3MyLLEeHUATa BbB (pazoBa NOBBbPXHOCT (KOHYC)

R=Cc'At; S = VAt

. R ¢ ¢ 1
S V nV np
o T . 1
Ton kato 0 = 2" ¢ ; cosO = sing, T.e. cosb = _[3 - OCHOBHO CbOTHOLUEHWe npwu
n

edrekTa Ha YepeHKoB.



0 - brbna Ha u3nbyBaHe Ha YepPEHKOBCKUTE DOTOHM CNPSIMO NocokaTa Ha ckopocTTta V
\" c

Ha 3apefeHaTa yacTuua; f = — 3a vactuuyaTa; n = — KoedMUNEHT Ha npeyyrnBaHe Ha
c c

cpenarTa.
FpaHMUM NO CKOPOCT U bIrbi Ha U3NbyBaHe:

Mpn Ha mansiBaHe Ha CKOpPOCTTa (eHeprndata) Ha 4Yactuuarta, brbfna 0 Hamansisa u
knoHn kbm 0. 6 = 0 koraTto Bn = 1, T.e. korato V = ¢'. N3nbyBaHe Ha YepeHKOBCKO

nbyeHne e HeEBBb3MOXHO, korato V < ¢, B < 1/n — edpekTa e nparos.

O6paTtHo, Npu yBennyaBaHe Ha CKOPOCTTa Ha 4yactuuarta B KnoHn kbM 1, a brbna o

KNOHU KbM arccos(1/n), KONTo 3aBUCK OT KOedbMLMEHTA Ha NpeYynBaHe.

3a pageHo BelwecTBO MMa MakcMmaneH brbfl Omax = arccos(1/n). lpu 3agageH

KoedULMEHT Ha npevyrneBaHe nh YepeHKOBCKOTO U3NbyBaHe € Bb3MOXHO 3a: 1/n < B <1.

®ur.29. brnoeo pasnpegeneHne Ha YepeHKOBCKOTO NMbYyeHue Npu “TbHBLK” paguaTop.

3a MOHOEeHepreTM4YHU YacTULM U TbHBK paguaTop brbna 0 e TouHo onpeaeneH. Mo
‘brbila Ha YepeHKOBCKOTO U3bYBaHE MOXE [a Ce onpenens CKopocTTa U eHeprusiTa Ha

3apeneHarta 4acrtuua.

UepeHKOBCKM AETEKTOPY Ha 3apedeHun YacTuumM - M3MNoNn3yBaT ce rMaBHO BbB dusnkata

Ha BUCOKWTE eHepruun (penaTuBuCTKu).
Mpumep: Boga (H20) n enekTpoHu:

Np2o = 1,33 ; T, =m,c? —1 |- penaTuBUCTKa KUHETUYHA eHeprus

1
V1B

'paHnyHaTa eHeprus 3a enekTpoHu: B = 1/n = 0,75; Te'P = 264 keV



ToBa e goCTa HUCKa eHeprna - KOHBEPCUOHHUN ENEKTPOHN U B-‘-IaCTI/ILI,M MoraT Aa gaBat
eC*)eKT Ha L‘|epeHKOB, KaKTO U (bOTO- N KOMNTOHOBW E€JTEKTPOHU MNMpU B3aMMoJencTBmne Ha

Y-KBaHTUTE C BELLECTBOTO.
3a NpoTOHM BbB BoAaA: T,C,rID = 485 MeV.

V|3I'IOJ'I3yBaHeTO Ha paguaTopu C ronam KoeuumMeHT Ha npevynBaHe MOXe a HaMalin

rpaHu4HaTa eHeprus. 3a n = 2 (HAKOM pas3TBOpW) Te'? =80 keV.

3aBucmmocT Ha 0 oT eHeprusaTa: 3a 1 MeV enekTpoHu BbB Boga h = 1,33 ; 0 = 37° ;

emaxH20 =41 ,50-

CneKTpaneH CbCTaB U WHTEH3UTEeT. 33Fy6MTe Ha euHuUua NMbT Ha EeNEeKTPOHUTE

3aBUCAT OT CBOMCTBATa Ha cpeara:

3a peanHa cpega uanbyBaHETO Ha YepeHKOB € OrpaHMyeHo Mo 4ecToTa, TbWl KaTo
koedmuMeHTa Ha npedvynBaHe e @YHKUMA Ha 4ectotata, n(m) (aucnepcuda). 3a
paneyvHus yntpasuorneT (A < 10 nm) u peHTreHoOBOTO u3nbyBaHe BuMHarM n(e) < 1 u

n3nbyBaHe € HEBb3MOXHO.

3a peanHuTe cpegun: rpaHUYHa YyectoTa g = 6.10" s'1; Ao = Ap2 = 3.10°° cm = 300 nm
= 3000 A = 3,8 eV. M3nbyBaHeTO e cbCpeaoTodeHO B BNU3KNS yNTpaBMOMET, HO ce

npocTupa n BbB BUAMMAaTa 4acTt Ha cnekrtbpa (400700 nm) - oT ycnosmeTo Bn(v) > 1.

3
3arybute Ha eHeprusa npyn YepeHkoB Ha eauHULA NbT ca Hakonko keV/ecm mn ca 10™ nbTn
no-manku OT WMOHU3aUMOHHUTE 3arybm 3a penaTtmBUCTKM 4YacTtuuun. bposi boToHu (B
AnanasoHa 400 = 700 nm) Ha 1 cm npober 3a egHo3apsigHa YacTtuua ca:

:—N = 470sin%0 = 470(1- cos?0) [choToHa/cm]
e

Mpumep: 500 keV enekTpoHn BLB Boga: n = 1,33 ;

B= [1-— ' -0866 ; 0-30° ; cosb=_\ =087

np
( Tez 1
m.C




3—E= 116 cpot/cm = 12 poT/mm
e

MHTeH3nTeTa Ha YepeHKOBCKOTO M3NbYBaHE € MHOro Nno-ManbK OT UHTEeH3UTeTa Ha
CUMHTUNauuuTe - okono 50 NbTn. YepeHKoBCKNA pagnaTop He TpsibBa ga cuMHTUNMPpA.
BpemeHaTta Ha CBETNUHHMSA MMMYNC Ca MHOrO KbCW. YepeHKOBCKUTE OeTeKkTopu ca

MHOIO No-“6bpP3n” OT CUHTUNALUNOHHUTE.

C'bLIJ,eCTByBa NPpUHUUMHA pasyinka Mexay CnmpadyHoTo U YepeHKOBCKOTO ITbyeHue.
MNocnegHoTo 3aBucK oOT MaKpPOCKOMN4YECKNTE CBOMCTBaA Ha cpegarta - nokasartesi Ha
npedyynBaHe w”n € 4YUCTO peNaTtuBUCTKU ereKT. CI'II/Ipa‘-IHOTO 3aBucnm  OT
B3aMMOOENCTBMETO C OTAENTHU aTOMM. L‘|epeHKOBCKOTO JTby4eHne € MHOro rno-HMUCKo

€HepreTn4Ho.
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