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BBEIAEHUE

TopMo3Hasi crtocOOHOCTD BellleCcTBa JIJIsl HarpaB-
JIEHHBIX ITY4KOB MOHOSHEPIeTUYECKUX 3aPsSsKeHHBIX
YacTUIL] MPEACTaBIsIeT COO0M MCKITIOUUTEIbHO BaXK-
HYIO XapaKTepUCTUKY CJIOKHBIX MTPOLIECCOB B3aMO-
JeMCTBUS YacTUI ¢ BeliecTBOM. OHa HeoOXxoauma BO
MHOTIMX 00IacTSIX (PyHIAMEHTAILHOM U ITPUKJTaTHOM
¢usuku [1-3]. Hampumep, s KOJIMYECTBEHHBIX
METOJOB JIOKAJIbHOW JOUArHOCTUKM COBPEMEHHBIX
HaHOMaTepHaJIoB U CTPYKTYP (CKaHUpPYIOILIIei rejive-
BOIT MIOHHOI MUKpOCKoTnu [4, 5]) HEOOXOAUMEI Ha-
JIe>KHbIE 3HAHUSI O TOPMO3HOM CITOCOOHOCTU HCClIe-
JIyeMbIX 00pa310B 10 OTHOLICHUIO K ajibha-4acTH-
am c sHeprueit E, ot 100 3B no 30 k3B. [Ins myuka
MOHOBZHEPTreTUUYECKMX NPOTOHOB 3a1a4a aHaJIMTU4e-
CKOTO OMUCAHUS 3aBUCHMOCTH TOPMO3HOI CIOCO0-
HOCTM BeEllECTBA OT SHEPTUHU B IIMPOKOM Jraria3oHe
IIEPBUYHON SHEPTUM YacTUI1] Oblia pemeHa B [6]. ITo-
JIydeHBbI HOPMYJIbl, YYUTHIBAIOIIME BIUSTHUE 3aBUCH -
MOCTH SHEPreTUYeCKUX IOTePh YaCTULL OT UX CKO-
POCTH B UeThIpeX pa3jIM4YHbIX SHEPreTUYECKUX ara-
nmazoHax. OcCOOEHHOCTb TpaHCHOpTa IIPOTOHOB B
TBEPAOTEILHOM MaTepualie COCTOUT B TOM, UTO 3apsif
VMOHa BOIOPOJa Z; OCTaeTCsl HEM3MEHHBIM U PaBHBIM
eAUHUIIE DJIEKTPUYECKOTO 3apsia BIUIOTb A0 DHEp-
run yactull E, Heckonbko Ka3B. Curyauwms cyuie-
CTBEHHO MHAas IJISI MOHOB C OOJIBIIMM BJIEKTpUYEC-
CKUM 3apsaoM HaunHas ¢ anbda-gactui. OO1enpm-
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HATO [7], 4TO TIpu cKopocTh FV, mnydyka HOHOB

2/3 8
MEHBIIIE, YeM 5Z1/ x2.178 x10 %, Heo0XoauMo
C
yKe YYUTHIBATh 3aBUCUMOCTb 3apSIAOBOTO COCTOSTHUS

Z, s IOHOB OT MX CKOpocTH. [lepBoHaYambHas OIleH-
Ka CpedHEero 3apsia MOHa, IBUTAIOIIEToCs CO CKOPO-
cThlo V;, 6bl1a cienana bopom [8], KoTopslit onpene-
JIVUT CPpemHM 3apsin MoHa /¢ KaK:

Ziw = 20 V),
rae Vp = 2.18x10° CM/C, alg <V, < Z2/3VB.

A B HacTosIIIIee BpeMsi HanboJiee YacTo UCTTOIb3yeTCs
BbIpaxeHue st 2, [9]:

Ziy =2, {1 - CCXD(_ZV Eﬂs
Vs

rne C = 1, Y= 2/3 nas 60JpIMHCTBA MaTepUaJIOB,
U3ydeHHBIX B [9]. JleTanbHbIi 0030p CYIIECTBYIOIIUX
aHAJIUTUYECKUX BbIPAXXEHUM, WCIOIb3yeMbIX IS
OMMCaHUS 3apsITOBOTO COCTOSIHUSI HU3KORHEPIeTH-
YyeCKNX MOHOB, IIPOBeleH B [7].

I1pu TakoMm nmoaxonae, eCTeCTBEHHO, oOpalliaeT Ha
ce0s1 BHUMaHMe OfHa CTPAHHOCTh, 8 UMEHHO MOJIHOE
WTHOPUPOBAHUE BJIUSIHUSL HA BEJIUYUHY Z|.; 3aps-
JKEHHBIX YaCTULL HEMMOCPEACTBEHHO DJIEKTPOHOB 00-
pa3lia U OTCYTCTBUE KaKMX-JIMOO ITOIBITOK YCTaHO-
BUTb B3aIMOCBSI3b 3aPSIIOBOTO COCTOSIHUSA Z ¢ C Pe-
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aJIbHOM 3JIEKTPOHHOI CTPYKTYPOiIl aTOMOB BellleCTBA
MUILIEHU.

Lenp HacTosei paboThl 3aKa04Yagach B pa3pa-
0OTKEe HOBOI METOOMKM pacyeTa 3apsiiOBOr0O COCTOSI-
HUS Z | s Ty4YKa ajbda-4acTULl B TOHKUX CJIOSX Belle-
CTBa Ha OCHOBE U3YYEHUS 3aBUCUMOCTU Z| ; OT COOT-
HOIIIEHUSI CKOPOCTEH V), yacTull Tydyka U CpeaHei
CKOpOCTH V|; caMbIX MEIJIEHHBIX JIEKTPOHOB Bellle-
cTBa obpasia.

METOIMNKA PACYETA Z,;
JJIA AJIBDOA-HACTULL

baszosas gopmyna ona Z,,

Kax nokaszano B [6, 10], m1g mydka 3apsisKeHHBIX
yacTul, Maccoil M c aHeprueil MeHblue [y
= (M/m,)J?/8¢€,; B TOHKMX IUIEHKaX HanboJiee Bepo-
STHasl MOTEPS] PHEPTrUM €;; COOTBETCTBYET IHEPTUU
CBSI3M CaMbIX MEIJIEHHBIX DBJIEKTPOHOB o0OOpaslia,
CpeIHsIsI CKOPOCTh KOTOpbIX V); (J — ycpenHeHHoe
3HAYCHME MOTCHINAIHLHON 9HEPTUU 3JICKTPOHOB MI-
meHu). [ToaTomMy B cTaTUCTUYECKO MOAEIN MHOTO-
KPaTHOTO PAaCCEsTHUS 3TOT HMapaMeTp SIBISIETCS KITIO-
YeBBIM IIPU ONMCAHUM SHEPreTMYEeCKUX IOTeph Ya-
CTUII C DHepTUeil MeHblile Ey,.

Panee B [11] yueT yMeHbIIIEHUS BEPOSITHOCTHU He-
VIIPYTUX MTOTEPh ITy4YKa 3apsKeHHBIX YACTHUIL HA DJICK-
TPpOHaX MUIIIEHU, KOTAA CKOPOCTh ITy4Ka CTAHOBUTCS
COIOCTaBMMOM CO CPENHEN CKOPOCThIO V7, 351eKTPO-
HOB 00JIaCTM SKpaHUPOBAHUS, OBLI OCYIIECCTBJICH

ITyTeM BBeIeHUS PyHKIUM F, ,(lv :

) 1/2
FY —2.143|1-expi—0.1714| 7P | L]

€z/2

TIE €/, — DHEPIUs DJIEKTPOHOB aTOMa, COOTBETCTBY~
IOIIYX TPaHUYHOI 00JIaCTU 3KpaHUPOBAHUS 3apsiaa
saapa B moaeiau Tomaca—Pepmu [12]. OHa ycrneumHo
KCIIOJIb3YETCsI B MPUKIIAAHbIX 3amadax [13—16], cBg-
3aHHBIX C OIIMCAaHUEM DHEPreTUYCCKUX MOTePh ITyd-
KOB 3JIEKTPOHOB M MNPOTOHOB CPEOIHUX M HU3KUX

. N
sHepruii B BemectBe. DyHKIMIO F),, MOXHO TIpel-
CTaBUTH B BUJIC:

—0.2424 %0

z/2

Fp) =2.314|1-exp

ITo cymecTBy, 3Ta opmyna oTpaxkaeT 3aBUCUMOCTh
BEPOSITHOCTU HEYIPYTOro paccesiHus My4yka 4acTull
Ha 3JIEKTPOHAX, PACTIOJIOXKEHHBIX BHE 00JIaCTH 9Kpa-
HuUpoBaHus, Korna Vy/V;, < 4.7. 1 mosromy BIOJIHE
pa3yMHO, WCIOJb3YSl METON aHAJIOTUii, Mpearnoyio-
KWTh, YTO YMEHBITIEHUE 3apsifa aibda-gacTuil ¢ Z; = 2
110 3apsifa Z.; MOXET ObITb OOYCIOBJIEHO ABYMS BO3-
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MOXHbIMU (hakTOopaMu. Bo-nepBbiX, yMEeHbIIIEHUEM
BEPOATHOCTH O[LHOKpaTHOﬁ NMOHU3allUN aTOMOB BE€-
LIECTBA, BbI3BAHHBIM CHUKEHUEM oTHolueHus Vy/ V), —
OHO CTaHOBUTCSI MEHbIIIE HEKOTOPOH BEIUYUHBI
4.7—5.0. 1, Bo-BTOpPBIX, U3BMEHEHUEM 3apsiga HEKO-
TOpoil yacTu anbha-yacTul] ITydykKa Iocjie 3axBaTa
MMM cJ1a00 CBSI3aHHBIX aTOMHBIX 3JIEKTPOHOB MUILIE-
Hu. [ToaToMy WSt Z|; BO3MOXHO 3anucaTb 6a30BYyI1O
dbopMyTy B BUIE:

Ly =Z)|1—exp _B& > (1)
1i

rie B — Hekoropasi dbyHKIMsT nepeMenHou Vy/Vy;,
OIOCPEIOBAHO CBSI3aHHASI C BEPOSITHOCTBIO MPUCO-
eMMHEHUS JIeKTPOHA BelllecTBa K MOHY TeIus B 3a-
BHCUMOCTU OT COOTHOUIEHUSI CKOpOCTell noHa Vj u
cJ1a00 CBSI3aHHOTO 3JIEKTPOHA V.

Onpedenenue gynkyuu [ orsa arvpa-uacmuy

JList u3ydeHust 3aBUCUMOCTH (DYHKIIUY 3 OT OTHO-
mwenus Vy/V,; B mmupokoM auamnazone ot 1.5 mo 30
ObLIIM TIPOBEICHBI pacueThl TOPMO3HO CITOCOOHOCTHU
aJIIOMUHMS KaK MOJEIbHOIo MaTepuaa J1Jjs ajibda-
yacTull ¢ Z; = 2 u aHeprueii £, B anamnazone ot 10 kaB
1o 10 MaB. PacueThsl mpoBOauIn B paMKaxX KOHIIEM -
LIMU TUCKPETHOTO Mpoliecca TOPMOXKEHUS 3apsiKEeH-
HBIX 9acTUII [6], MCITOIB3ysT 3HAYEeHUs ITapaMeTpOB
aTOrO Marepuana €, = 6 3B u £;, = 80 3B, HanexHo
oIpeAeseHHbIE MO pe3yJbTaTaM TOPMOXKEHMUS IMydyKa
MMPOTOHOB B AIIOMUHMU. Jlajiee MmojiydeHHbIe Pe3yib-
TaTbl CPAaBHUBAJIU C DKCMNEPUMEHTAILHBIMU 3Haue-
HUSIMA TOPMO3HOI CIIOCOOHOCTHU S, TIpeacTaBJieH-
HeiMu B [17, 18]. Ilo pe3yabraTaM NpOBEIEHHOTO
aHanu3a OblIa TipeajoxeHa opMyia, ycTaHaBJIMBa-
1o1ast GyHKIIMOHAIBbHYIO 3aBUCMMOCTD BEJTUYMHBI 3
OT mepeMmeHHoOit V,/V|, mjss MOHOHEpPreTUYECKUX
MYyYKOB ajb(da-4yacTUll B ATIOMUHUU:

2
4.25 —I@j
=0.805+0.25exp| -~ 12
p P 1.2211 (2)

npu 1.5 <V, [V, < 4.25,

B =1.055 pu ¥, /V;; > 4.25. 3)

IMonyyenHbie popmyisl (1)—(3) onpemensior moBe-
JIEHUE 3apsiIOBOTO COCTOSIHUS Z s TyUKa anbdha-ya-
CcTUll ¢ dHepruei E,, COOTBETCTBYIOLIECH MHTEPBATY
ckopocrteii yactny Vy; 1.5—-5.0. I1pn V,, < 1.5V); 3apsin
Z\ s TTydKa ajbtha-4yacTUll JOCTUTAET CBOEro paBHO-
BECHOTIO 3HaueHusa 2V2/2 = V2.
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Puc. 1. 3aBUCHMOCTbh TOPMO3HOU CITOCOOHOCTH S ato-
MUHMUS IS TIydKa ajbda-4yacTull ¢ d3Heprueil ot 10 k3B
o 100 MsB (He++ — 13Al): a — pacuer ¢ Z; = 2 o ¢op-
Mynam [6] (nmyHKTHp) M Zjor 1o dopmyram (1)—(3)
(crutouHas KpuBas); 0 — pacyeT ¢ Zjgr o dopmyam
(1)—(3) (cmuioliHass KpuBasi) M SKCIIEpUMMEHTAJIbHbIC
naHHsble [17] (cuMBOIIBI).

PE3YJILTATbI TIPUMEHEHUSI METOIMKU
PACUETA Z,

PesynbTaThl MpUMEeHEHUs TTOJIYYeHHOU (hyHKIIM-
OHAJIbHOM 3aBUCUMOCTH [UTSI 3 TpH pacyere TOPMO3-
HOM CITOCOOHOCTH .S alTIOMUHUS JJIs1 aiba-4acTUll C
rcrosb3oBaHueM ¢dopmyibl (1) mpeacTaBiieHbl Ha
puc. 1. Kak BugHO u3 puc. la, yuer 2|, N03BOJISIET
cAeaTh ClAeAyIolIUe BBIBOABI: ISl ajb(da-4acTUll C
sHeprueii K, 6onee 1.0 MaB 3apsn e Z,; = 2 B ato-
MUHUM OCTAeTCs HEU3MEHHBIM; B UHTEpBaJie 3Haye-
Huit sHeprum E; 1.0—0.1 M3B Z, ;B antoMUHUU TLIaB-
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Puc. 2. 3aBUCMMOCTb TOPMO3HOI CITIOCOOHOCTH S yrie-
pona s my4yka anbda-4acTull ¢ Heprueit ot 6 kaB mo
50 M»B (HeJrJr — ¢C): MyHKTHUpHAs JIMHASA — pacyeT C
Z; =2 no dhopmynam [6]; crutolHasi KpuBasi — pacyer ¢
Z s 110 popmynam (1)—(3).

HO YMEHBIIAETCSA IO PAaBHOBECHOIO 3HAYeHUS V2;
Ha rpaduKe 3aBUCUMOCTH TOPMO3HOM CITOCOOHO-
ctu S ot sHepruu E; ctabunuzauust Z,.c (10CTUXe-
HHE PaBHOBECHOTO 3HAYCHUSI) COIIPOBOXIAETCS I10-
SIBJICHUEM XapaKTEPHOIO IIepernoa.

PesynbraThl cpaBHEHUSI paCCUMTAHHBIX TTO METO-
JIUKe 3HAUYCHUI S ¢ pe3ylbTaTaMu 3KCIIEpUMEHTAIb-
HBIX 3MepeHuit [17, 18] mpencraBiieHBI Ha puc. 10
CBUIETEJILCTBYIOT O XOPOIIIEM COOTBETCTBUU pacue-
TOB M 9KCIIEPUMEHTAJIBHBIX JAHHBIX IJIS aJITIOMUHUS
BO BCEM ITPUBEICHHOM SHEPreTUIeCKOM mrana3oHe £.

PesynbTaTthl MCIOJB30BAaHUS HOBOW METOAWKU
y4yeTa 3apsiIOBOTO COCTOSIHMSI MIOHOB TeJiusl py pac-
yeTe TOPMO3HOI cMocOOHOCTH S yrieposa, cepedpa
M 30J10Ta IS TTyYKa ajibha-4acTULL C UCTIOJIb30BaHU-
eM dopmynnsl (1) npeacrasiaeHbl Ha puc. 2—4. Cka-
3aHHOE BbIIlIE O pe3ybTarax, MpeaCcTaBIeHHBIX Ha
puc. 1, B MOJTHOI Mepe OTHOCUTCS U K pe3yJibTaTaM,
MpUBEICHHBIM Ha puC. 2—4, KOTOpbIe TOATBEPXKIAIOT
3HAYMMOCTb U BO3BMOXHOCTHU HOBOI METOAMKM y4eTa
3apsiIOBOTO COCTOSIHUST ajiba-vyacTUll Iisi oOpas-
1I0B, OTHOCSIIIMXCSI K IIMPOKOMY JIMArna3oHy 3Haue-
HUI cpemHero aTOMHOTO HoOMepa Z maTepuajia MU-
IIEHU.

OTMeTHUM, YTO MPUCYTCTBUE XapaKTEPHOTO Iepe-
ruba Ha pacCUUTaHHBIX KPUBBIX S = S(E,)) He sABIsIeTCs
CIIy4aliHBIM PE3yJIbTaTOM IIPOBEICHHBIX BBIYMCIIC-
HU, a TOTBKO ITOATBEPKIACT U OOBSICHSIET OCOOCH-
HOCTb 3KCIE€PUMEHTAJbHbIX UBMEPEHUI TOPMO3HOM
CITOCOOHOCTH. DTa 0COOEHHOCTh, OTHAKO, CJTAa00 BHI-

Nel 2023
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Puc. 3. 3aBUCUMOCTb TOPMO3HOM CIIOCOOHOCTH S cepeb-
pa st mydyka ajibda-yacTull ¢ 3Heprueil ot 2 k3B no
100 M>B (HeJrJr — 47Ag): IyHKTUPHAs JIMHUA — PacyeT C
Z; = 2 o ¢opmynam [6]; criiomiHasi KpuBasi — pacyer ¢
Z, s 110 popmynam (1)—(3).
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Puc. 4. 3aBUcUMOCTb TOPMO3HOI cTOCOOHOCTH .S 30710Ta
IUIsT TIydka anbpa-yactui, ¢ sHeprueit or 10 xaB mo
100 M>B (He++ — 79Au): yHKTUPHAs IMHUS — PACYET C
Z; = 2 no ¢opmynam [6]; criiomiHasi KpuBasi — pacyer ¢
Z, s 110 popmynam (1)—(3).

SIBTISIETCS] M3-3a 3HAUMTENIFHOTO pa3dpoca aKCIepu-
MEHTAJIbHO U3MEPEHHBIX BEJIMYUH S B OTOM Jauana-
30He 3HaYeHU SHepruu £,.

SAKJIIOYEHHME

Paspaborana HOBast METOIMKA ydeTa 3apsiIOBOTO
cocTtosiHusl Z anbda-dyactull. IIpenyoxensr (op-

MOBEPXHOCTb. PEHTTEHOBCKUE, CUHXPOTPOHHBIE U HEUTPOHHBIE UCCITEAOBAHUSA  Ne 1

MyJIBl [UISI pacdeTa, ycTaHaBiIWBalolue (QyHKIIMO-
HaJIbHY10 3aBUCUMOCTb Z; ¢ OT OTHOLLIeHUs Vy/ V.

IMpencraBiaeHbI pe3yabTaThl MIPUMEHEHUS METO-
IUKU IIPU pacdeTe TOPMO3HOI ClTOCOOHOCTH YTIIepO-
Ila, aTIOMUHUSA, cepedpa U 30J10Ta.

YcTaHOBIEHO XOpollee COOTBETCTBHE BBITTOTHEH-
HBIX PACYETOB TOPMO3HOI CIIOCOOHOCTH S 3KCTEPU-
MEHTAJIBHBIM JAaHHBIM BO BCEM HCCIEIOBaHHOM
sHepreTuyeckoM nuanazoHe E,. [lokasano, 4To mo
MATUKPATHOTO TpeBbIlIeHUs V, Han V), BenudnHa
Zis = Z, = 2. Ilpy yMeHbllIeHUUN oTHOUIeHUs Vy/V);
no 1.5 mpoucxomuT IUIaBHOE W3MEHEHHWE 3apsiia
MOHOB reJiust Z,; 10 PABHOBECHOTO 3Ha4YeHUs V2.

BJIATOOJAPHOCTHU

PabGorta BbIlmONHEHa NpU noaiaepxkke MUHUCTEpCTBA
HayKM 1 BeIciIero oopasosanust Poccuiickoit ®enepanuu.
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Stopping Power of Matter for a Beam of Monoenergetic Alpha Particles

N. N. Mikheev" *, 1. Zh. Bezbakh!
IShubnikov Institute of Crystallography of FSRC “Crystallography and Photonics” RAS, Moscow, 19333 Russia
*e-mail: kmikran@spark-mail.ru

The results of using the statistics of multiple scattering to describe the dependence of the stopping power .S of
matter on the energy £, of an alpha particle beam are presented. It is shown that the application of a new tech-
nique based on taking into account the dependence of the charge state of the beam ions on the ratio of the ion
velocity to the minimum velocity of the substance electrons makes it possible to calculate .S adequately to the
experimental results in a wide range of particle energies E;.

Keywords: monoenergetic beam of alpha particles, multiple inelastic scattering, stopping power of matter,
charge state of an ion.
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