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B3anmogencrBue TSXKENbIX 3apsiKEHHbIX YacTuL, C BELLLIECTBOM
B3anmooencrene af1eKTpoHOB C BELLLIECTBOM

B3anmogencresme MOHOB C BELLLECTBOM

icnonb3oBaHMe Ny4yKoB 3apsXKeHHbIX YacTuL,
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1. BBegeHue

B3anmopgencreue vacmuuy ¢ sew,ecmaom 3aBUCUT OT UX
TMNa, 3apsaga, Macchbl U SHEPruu.

SapFDKeHHbIe YacTulbl MOHN3YKOT aTOMbI BELLLECTBA,
B3aMMOﬂeVICTByF| C aTOMHbIMWU 3JTIEKTPOHaAMMW.

HelTpoHbl U raMMa-KBaHTbI, CTankMBasiCb ¢ YacTuLamm
B BellecTBe, nepeaatoT UM CBO 3HEPruto, Bbi3bliBas
NOHM3aLMI0 B pe3ynbrate 0bpas3oBaHUs BTOPUYHbIX
3apsKEHHbIX YacTul,.

B cnyyae y-KBaHTOB OCHOBHbIMUW NpoLEeccamu,
NpuBOAALLMMM K 06pasoBaHNIo 3apsaXKEHHbIX YacTul,
aBnsaTca potoadpdekT, adpdekt KomnToHa v poxaeHue
3NIEKTPOH-NO3NTPOHHBLIX Nap.

B3anmoagencteme 4yacTtuy, ¢ BELWECTBOM 3aBUCUT OT TakmMX
XapakTeEPUCTUK BELLECTBA KakK ero nioTHOCTb, aTOMHbIW
HOMEpP N CpeaHUN NMOHN3ALMOHHbIN NOTEHUMan BellecTsa.
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Charged Particulate Radiations Uncharged Radiations
Heavy charged particles Neutrons
(characteristic distance = 107> m) (characteristic length = 107! m)
Fast electrons X-rays and gamma rays

-acteristic di = 10-3 D
(characteristic distance = 107~ m) (characteristic length = 10 ~! m)
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magnification magnification

Uem 6ornblue HavanbHas KNHeTUYecKasi SHeprna MOHOB, TeM BOMbLUYIO Porib B UX
B3aMMOOENCTBUM C TBEPAbIMU MaTepuanamMmm Urpaet NoTepst IHEPrMm Ha MOHU3aLNIO U TEM
MEHbLLYI — CTOXaCTU4ecKne B3ammMmogencTeus ¢ agpamum. B pesynsrate NoHbl C BbICOKOW
QHeprneun OBMXYTCS NPaAKTUYECKN MO NPSIMOU, @ MOHbI C HU3KOW 3Heprmen — bonee XxaoTU4YHO.
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2. B3anmopencrBue TXENbIX 3apsKeHHbIX YacTUL, C BELEeCTBOM

Tspkénble 3apsikeHHble YaCcTULbl B3aUMOAENCTBYIOT MaBHbIM 0O6pa3oM C anekTpoHaMu
aTOMHbIX 060roYek, Bbi3biBasi MOHN3ALMIO aTOMOB.

A3 3aKOHOB COXpaHEHNSA MOXHO MOMYy4YnTb, YTO NPU CTONTIKHOBEHUWN C 3MIEKTPOHOM Maccon m
TshKEnaga Yactmya maccon M TepsieT KWNHETUYECKYIO SHEPIULO

AT = T (4m/M),

4yTO, Hanpumep, ana 5-MaBHou anbda-yacTuuybl coctaBnsaeT 2,7 k3B

https://www.youtube.com/watch?v=noP7HT-Uins

|
Tpeku (BU3yannusnmpoBaHHble TpaekTopuun) anbda-yactuy,

B rasax B kamepe BunbcoHa (cloud chamber)

-
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YaoenbHble NOTepU IHEePrumn 3apsHKeHHOM YacTuueun

TopMo3Hasa cnocobHOCTb BeLLeCTBa MOXET
ObITb OXapakTepunsoBaHa BENNYMHOWN
yOesibHbIX Nomepb 3Hepauu

dE/dx,

roe dE — aHeprus, Tepsiemasi YacTMUEN B
cnoe BellecTsa TonwmHon dx.
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3aBMUCMMOCTb y,u,ean0|7| noTepun aHeprnm B Bo3ayxe ot
SHEPIrnm Yactunubl 414 HECKOJ1bKNX TUMOB 4YaCTuL,



ITuk Bparra npH npoxo:IeHHH IPOTOHOR € 3HEepPrHeH

YaoenbHble NoTepU SHEpPrum
BO3pacTaloT C YMEHbLLUEHNEM IHEPTUN
YacTuubl 1 0cOBEHHO pesKo nepea
OCTaHOBKOW YacCTuLbl B BELLECTBE
(nuk bpaeza).

B 1930 rogy NaHc bete BbiBEN
doopmyny aOna pacyéTta yaenbHbIX
NOTEPb 3HEPIUN THAXKENOMN
3apsKEHHOWN YacTULEN B BELLIECTBE:
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YaoenbHble NOTEPU 3HEPTUN MOHAMX BOAOPOAA U renus B
pPa3nn4yHbIX cpeaax

Helium *He lons
in Nitrogen —

Helium (*He) lons in Al

Helium (*He) lons
in Cu
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N3meHeHne aHepreTnyeckoro
pacnpeneneHnsa 4yacTul B ny4ke
- Mo Mepe NPOXOXOEHUS Cros
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HNoHu3ayuoHHbIe romepu TAXKENbIX 3apAXXeHHbIX YaCTuLl B pa3HbIX BeELLleCTBax B 3aBUCUMOCTU OT
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UoeHTudukaumsa yacrtmy no dE/dx

?5 180F 1 Measured
= F 1 energy loss
S 140F 4  [ALCE TPG, 2009]
@) - E
2 soof ;
= F LY
00 _ Bethe-Bloch
— - Remember:
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dE/dx depends on B!

3.1 0.2 1 2
Momentum [GeV]
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nOTepM dHEepPrmm B TOHKUX nornoTutTensax
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MNMpober 3apsxeHHON YacTuulbl

R_/” dE
- Jg dE/dx

!
- lo 3aBUCUMOCTb M3MEHEHUSA UHTEHCUBHOCTU
| nepBoHa4yaribHO MOHO3HEPreTUYHbIX
E [Der_ 11 anbda-yactuy oT NyTn X, NPONLEHHOIO
e NMU B BELLECTBE.
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HIJDE'ET ﬂ.'ILIIiJEl—‘EE.CII—ILI E PA3THYIHBIX BECIIECTEAX B 3dBHCHMOCTH OT 3HCPTHH E.;,_

i

E.. MsB
BemectrO
40153060 |70 (8090 (100
Bozoyx, cM 25|35 |46 |59 (74|89 (106
Al v 16 | 23 | 30 | 38 | 48 | 58 | 69
bHomorvdeckad TEaHe, MM | 51 | 43 (36 | T2 | 91 | 110 | 130

HPGE'EI' IIPOTOHOE E ATEOMHHEHH E ZaBHCHMOCTH OT HX 3HCPIHH E]:.

E.. MaB 1 3 5 10
IIpoder,em | 1.3-107 | 7.8-107° | 1.8-107 | 6.2-107
TIpoGer, mr/car | 3.45 21 30 170
E,. MsB 20 40 100 1000
TIpoGer, o 27-10t [ 70101 | 36 148
[Ipober, mriea” | 560 | 1.910° | 9810° | 4-10°
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[Monyamnupundeckast gopmyna
(npaBuno bparra-Knumana)
0515 OLUEHKN npobera YacTuubl
B BELLLECTBE, ECITN U3BECTEH €€
npober B Apyrom BeLLecTBe

Ry _ pof4,
Ry prfAO

R 1s the range.
p the density

A the atomic weight

10-1

Range (g/cm?)

[y

10-3

104

0.01

Energy (MeV)
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MHorokpaTHOe paccesiHue t

d

3apshkeHHasi YacTuua, ABUXKYLLAsCA B BeLleCcTBe, UCMbITbIBAET o
OONbLIOE YMUCNO CTONTIKHOBEHNIW, NPUBOAALLUX K UBMEHEHUIO
HanpaBneHusa e€ ABMKEHNA. DTOT NPOLIECC Ha3bIBAETCS ]
MHO20KPamHbIM KyJIOHOBCKUM paccessHUem. <
Yron paccesiHusi B €eGUHUYHOM aKTe paccesiHus

L]
1

£ pv b

OTctloaa Ans cpeaHero KBaapara yria MHOrOKpaTHOro paccesiHus e
Ha NyTU X B BELLIECTBE C NMNOTHOCTLIO Aaep N

)
=
2 0
th"’H&p=EZEE l e _/\/‘
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g

2 2.4 b
{Bg}=8nﬁ z7e nx Puasc Ze

(pv) : bI-.-IHH . " U

Ecnu Bbl6paTb AnAa OUeHKN B Ka4eCTBe PO, U Py PA3IMEPDLI aTOMa U d4pa, 10
Z(Z+T zxm g ZM3 g%y
~1n|1.1310 -

(pv) AP

roe A — aToMHasi Macca Beulectsa B a.e.M., pv — B MaB, X — B cm

L84y =0.157

<@’ ~ Kf(pﬁ-’)z.

[Ana TSXXENONn HepenATUBMUCTCKOW 3apsiKeHHOW YacTuubl p = MV 1, BBUAY 60MbLLION BENMNYUHDI
e€ Maccbl m 1 manocTu npobera X, cpegHUN yrosn paccesHUs HEBENMUK U TPaeKTopUs

NpaKkTUYeCKN NPSMOSIMHENHa 16
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3. BsanmopencTBMe 3NEeKTPOHOB C BELLEeCTBOM

[MpoxoxaeHne anekTPOHOB Yepes3 BELEeCTBO OTNNYAETCHA OT NPOXOXKAEHUS TSHKENbIX
3apshkeHHbIX YacTuy,. [maBHasa NpuynHa - Manas Macca 3feKkTpoHa.

OTHocUTENBbHO 60bLLIOE UBMEHEHME UMMYNbCA AMEKTPOHA NPU KaXQOM CTONKHOBEHNN
C YacTuuamu cpenbl Bbl3blBaeT 3aMETHOE N3MEHEHME HanpaBnNeHUs: ABMKEHUS ANIEKTPOHA
(NpuaaéT yckopeHue!) | > 9NEeKTPOMarHUTHoE («TOPMO3HOEY) U3NydeHune.

MoLuHOCTb n3nydenuns W 3apsga, UCMNbITbIBAOLLLETO YCKOPEHME a

YckopeHune 4YacTuubl C 3apsiaoM Zze U Maccon m, NMposieTaroLen Ha paccTostHUM b OT aTOMHOIO
a4pa c 3apaaom Ze, MOXHO OLEHUTb Kak

2
1 Zre
a®——
tm b
yﬂ,eﬂbele I'IOTepl/I 3Hepr|/||/| SJ'IeKTpOHOB ABJTAKOTCA CyMMOVI MOHNU3AUNOHHbIX U paD,I/IaLI,I/IOHHbIX
norepb
dE ' dE ' dE
E_(E) (£
dx @X le N8R
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dopmyna beTte ans sHepreTMyeckux NoTepb SNEKTPOHOB C KNHETUYECKOW SHepruen T.

HNoHu3ayuoHHbIE nomepu
(dE\ 0> T(T + mc?)°B?
, X ,)C a de

2] P
21°mc”

"2 TNy Zp
mcBA

+(1-8%)

In

/

~pu—ﬁzl+ﬁﬂmz+yy—mﬁﬂﬂ

/

PaduauyuoHHble nomepu
(w) - g
dx |, | 4me 0

PagnauyuoHHble noTepu ans anekTpoHoB rnpeHebpexmnmo mansl npu T < 1 MaB;

2ZENO(T + mc?)p 2T + me*) 4
/L4 411—1 o s
13TmAc°A

npu T > 100 MaB pagnaunoHHbIe NOTEPU B XKefese U CBUHLE NpeBbILLakoT
NOHU3aLUMNOHHbIE NOTEPU, COOTBETCTBEHHO, B 3 1 10 pa3
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KpMTM‘-IeCKaﬂ dHeprusa

Kputuyeckas aHeprusa — a1o aHeprus, npu kotopon (dE/dX) s = (AE/AX) ,0y,-

Egpur = 610/(Z + 1.24) ( TBepIOBIe Tena)
Expur = 710/(Z + 0.92 ) ( raze)

Ecnv  (dE/dX) .0 >> (AE/AX) 0, TO E = Egexp(-X/L,)) |dE/dX]| .6 = E/L,,
raoe L, - pagnaunoHHasa gnvHa .
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Kputndeckne aHeprm anekTpoHos E,,,. u

paanaunoHHblE OJTNHbI Lr On4a pas3rinyHbiX BeWECTB

PagmpamnonHan
Bemecrso | KPITICCKoreprn| L
r/ear’ cM
H (:XHIKOCTE) 278.02 63.04 890.4
Bozayx 87.92 36.62 | 3.04-10%
Ar (;KHIKOCTB) 32.84 19.55 14.00
C (rpadur) 81.74 42.70 19.32
Al 42.7 24.01 8.897
Fe 21.68 13.84 1.757
Cu 19.42 12.86 1.436
Pb 7.43 6.37 0.5612

700
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¥YoensHele nortepwu, MaB/fcm

3']'] --....E“”il__i__i_ililliE_i.“““E”"i P e
200 Pl

0 fh 5

T T LB L] 1 LI B A | T T rTrrTt
Bl v BRI " ' o v E e v ®oE o= o1 opauw

' b4 B @ oRdb H H To# o B ouER ¥ B8 & & B4
[ BodosoEomE s i ] [ BoE & b 04
ssasssdssamanaaidsnbe

| 1| | e Y@NbHbIE HOHM3ALMOHHBIE NOTEPH || | f
{1 | sessess YOenbHbie pagMalHoNHbie NOTepH || ) |

.....

=5 ]
10 100
JHepruMa sneKTpoHa, Msb

YpnenbHble MOHU3aLUUOHHbIE U
paJnaLVoHHbIE NOTEPU SHEPTUN
9MNEeKTPOHOB B Meau
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B3anmopgencraeume nOo3UTPOHOB C BeLlEeCTBOM : N 5 ‘

E+

[1o3UMpPOH — aHTUYaCTMLA 3NEKTPOHa -- g ""
oTkpbIT K.[l.AHOepcoHom B 1932 1. (H.n. 1936r.), o, oo i &,
NMEET anekTpuyeckun 3apsg +1, cnnd 1/2, W L .

NEeNTOHHLIN 3apsag —1 1 Maccy, paBHyKO Macce : B

anekTpoHa (0,5109989 MaB/c?).
HabntogeHne no3nTpoHa B kamepe BunbcoHa

Kaprnom AHgepcoHom
B3aHMoeHCTBHE IO3HTPOHOB B BElISCTBE OMHCHIBARTCA TeMH K€ COOTHOIISHHAMH, UTO H 1714

371eKTpoHOB. Heo0XoaHMO Takke JOMOIHHTEIBHO VIecTh 3 eKThl AHHATHIIAIHE HATeTAI0Iero
MIO3HTPOHA C 3TeKTPOHOM BellleCTBa H HCKIIYHTE H3 pacu&ToB addekT o6MeHa. CedeHHe AHHHTHIAIHH
00paTHO MPOIOPITHOHATEHO CKOPOCTH MTO3HTPOHOB: G appyyr ~ 1/V, IO3TOMY IIO3HTPOHEI AHHHTHIHPYIOT,
PaKTHYECKH [IOTEPAB BCHO CBOX 3HEPTHIO.

180 ;j:e.grccs

21
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O Proton
@ Neutron

>hoton

‘gamma ray)
511 keV

180°

e Electron

118

NMo3ntpoHHasa ammuccmoHHas tomorpadua (MIAT)

e': Positron

llc

Photon
(gamma ray)
511 keV

B* decay % :
_ A

PET image

PET detector

Table 2. Radio-isotopes used in PET

Isotope Half life | Decay | Proton energy
Utilization
range [MeV]
. 20.4 Indicator of cellular
C ) B+ 6-25
min activity
s . Indicator of tumour
0] 2.1 min | B+ 5-21 )
necrosis
18 . Metabolism  of  the
F 109 min | B+ 3-20
glucose
81 46 . .
Rb p+ >20 Myocardium and brain
hours

N3T/KT
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[TpH 1BYX(hOTOHHOH aHHHTHIAIHH 00pazyeTcd ABa Y-KBaHTA C SHePTHAMH

E
1/2 ’
p.E EY -
I'ﬂ E
Fﬂ D cosH
+

~SRNSRRRAY ol |
e kf‘i - EIII - n_ MeC”,

p.E.
rae E,] — IIOTHAA YHEPTHA MO3HTPOHA (KHHeTHYECKAd + m.C ) a B — yroa Me:XIy HallpaBlIeHHeM

HCITYCKAHHA IIEPBOIQ @DT'DHE H HallpaBISHHEM IBHAKCHHA IIO3HTIPOHA.
E";r"l: M=BE

20
3aBMCMMOCTb QHEPIMnN aHHUTUITALUNOHHBIX Y-KBAHTOB OT YrT1a 6

MeXay HanpasneHnemM ncrnyckaHus ooTtoHa 1 HanpasneHnem
OBWXEHNSA NO3UTPOHA A5 No3UTPOHOB ¢ 3Heprmen 20 MaB
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YoenbHble aHepreTn4eckmne rnoTepun 3JIEKTPOHOB 1 NMO3UNTPOHOB B CBUHLIE

from

PDG 2010

()-

K4 an_t ron_g
annihilation

I I‘lIII||I|
\

Moller (¢7)

Ve

Bhabha (¢™)

Lead (Z=82)

Bremsstrahlung

lonization

T TTTT]
—0.20

—0.05

10

100
E (MeV)

1000
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4. Bzanmopgencrteme MIOOHOB C BeLeCTBOM

MooH — oTpuuaTenbHO 3apAKeHHbIN NenTOH, UMEeoWMA Macey myc2 = 106 M3aB u BpeMs XN3HU
1,=2.2:10° cek. MiooH (u) 6b1n1 oTkpbIT B 1936 1. K. AHaepcoHom n C.Heagepmenepom B coctase
KOCMWUYECKUX Nny4yen C NOMOLLbI0 KaMepbl BUnbCoHa B pesynbrate aHanmaa XXecTKomn
KOMMOHEHTbl KOCMUYECKNX Jydeun, NpoHuKaroLwen Yepes bonbLlumne Tonwm CBMHLA

[Mockonbky Mmacca mMooHa 6onee yem B 200 pa3 npeBbIlaAEeT Maccy aneKkTpoHa, paanaumoHHas
9Heprus, nsnydaemasi Npyu TOPMOXEHUM MIOOHA, MEHbLLE SHEPTNN, N3ITydaeMon INEKTPOHOM B
TOM >Xe none, npumepHo B 4.3-10% pasa. MIOOH 3HauYMTENBLHO crnabee TOPMO3NTCH
BELLECTBOM

B BelLlecTBe BO3MOXEH 3axBaT OTpULATENbHO 3apsiKeHHOro MIDOHa aTOMOM BELLECTBa C
obpasoBaHuem Mesoatoma. Pagunycbl MIOOHHbIX opouT B m,/m, = 200 pa3 MeHbLLEe 3MEKTPOHHBIX.
Me3oaTom CyLLeCcTBYeT 40 TeX Nop, Noka MIOOH pacnageTcs,

L —e + Vot vy

nn6o ByaeT 3axBadeH NpoTtoHom sigpa M TP 0T vy

A + —
L —e Tvet vy

BeposiTHoCTb 3axBaTta B 30 pa3 6onblue BEPOATHOCTM pacnaga gaxe ans cBMHUA, T.e.
B3aMMOOENCTBNE MIOOHOB C gapaMin Ypes3BbidanHo criaboe. B cBnHUE MOOH B TeveHne 7-108 ¢
Haxo4UTCA BHYTPU aTOMHOIO sigpa v He norroLwaeTca uMm.

[Mpobern MOHOB BbICOKMX 3HEPIUI B BELLECTBE OYEHb BESMUKN: Hanpumep, npu aHeprimn 500 3B
MIOOH NPOXOAUT B BOAE paccTosiHne, npeBblwatowiee 1 KM. 3TO NO3BONSET A4OBOSIbHO TOYHO
onpenensiTb HanpasfeHne Ha NCTOYHUK, OHAKO 3aTPY4AHSET onpeneneHne aHeprum MoHa. 25



Carl Anderson and Seth Neddermeyer with magnet cloud chamber.

This piece of equipment was used by Anderson to discover the positron--the first empirical evidence for the
existence of antimatter--in 1932. Four years later they announced the discovery of muons. Housed in the

Guggenheim Aeronautical Lab, the apparatus was in service for seventeen years. 26
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B COBPEMEHHDbIX YCKOPUTESIbHbIX 3KCNMEPUMEHTax NPMMEHAKTCAH MHOrOC/TIOMHbIE OETEKTOPbI
YyacTtuny,; on4da AoeTekKtnpoBsaHmnA MIOOHOB 0b6bI4HO NCMNOJIb3YHOTCA CaMbl€ BHELLHUNE YyHaCTKU
OEeTEeKTOopa (MI-OOHHbIe KaMepr), On4a 3NeKTpoHOB U NAMMa-KBaAaHTOB — 3JIEKTPOMAarHNTHbIE
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JHdemeKkmopbl MIOOHO8 8bICOKUX dHepauli

MIOOH, ABVMXXYLLMINCA B CPeae CO CKOPOCTLIO, MPeBbILLaloLLE CKOPOCTL CBETa B 3TOW cpeae,
MCMycKaeT YepeHKOBCKOEe M3rydyeHne nos yrrom, 3aBUCALLIMM OT SHEPTUN MIOOHA U
nokasartesns npenoMrneHns cpeasbi.
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5. Acnonb3oBaHMe NyYKOB 3apsAXKeHHbIX YacTUL, B MeguLuHe
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