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CROSS SECTION AND STOPPING POWER IN DENSE PLASMAS:
THE EFFECT OF DIFFRACTION AND DYNAMIC SCREENING

M.K. Issanova', S.K. Kodanova', T.S. Ramazanov', N.Kh. Bastykova',
M.T. Gabdullin?, Zh.A. Moldabekov'

'IETP, Al-Farabi Kazakh National University, Almaty, Kazakhstan;
INNLOT, Al-Farabi Kazakh National University, Almaty, Kazakhstan
isanova_moldir@mail.ru
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Abstract. Classical electron-ion scattering, Coulomb logarithm, and stopping power were studied taking into
account the quantum mechanical diffraction effect and the dynamic screening effect separately and together.
Inclusion of the quantum diffraction effect is realized at the same level as the well-known first order gradient
correction in the extended Thomas-Fermi theory. In order to include the effect of dynamic screening the model
suggested by Grabowski et al. [Phys. Rev. Lett. 111, 215002 (2013)] is used. Scattering as well as stopping power of
the external electron (ion) beam on plasma ions (electrons) and scattering of plasma own electrons (ions) on plasma
ions (electrons) were considered differently. In the first case, it was found that in the limit of the non-ideal plasma,

r=é /akBT — 1, the effects of quantum diffraction and dynamic screening partially compensate each other. In the

second case, the dynamic screening enlarges the scattering cross section, Coulomb logarithm and stopping power,
whereas the quantum diffraction reduces their value. Comparisons with the results of the other theoretical methods
and computer simulations indicate that the model used in this work gives good description of the stopping power for
projectile velocities v <1.5v,, .

YK 533.93

CEYEHHUE PACCESIHUA U TOPMO3HAS CIIOCOBHOCTb
B IIVIOTHOM IIVIASME: BJIUAHHUE DPPEKTOB JTHOPAKIIUHN
U JUHAMHUYECKOI'O DKPAHUPOBAHUA

M.K. Hcanosa', C.K. Koganosa', T.C. Pamazanos', H.X. Bacrbixosa’,
M.T. Ta6ayannn’, K.A. Moana6exos'

'"HUUDT®, Kazaxckuii HaLuOHAIbHBIH yHHBepcuTeT uM. Anb-Dapadu, Anmarel, Kasaxcran;
'HHJIOT, Kazaxckuii HaumonanbHbiil yausepenter um. Anb-bapabu, Anmarel, Kasaxcran

KaioueBble cioBa: 1ioTHas Iuia3ma, JMHAMHYECKOE DKPAHMPOBAHHE, CEUCHHE PACCEsHHA, KYJIOHOBCKHIA
sorapudm, TopMo3Has crnocoOHOCTB.

Annorauusi. B ostoli paGore wuccieqoBaHbl IIEKTPOH-MOHHOE paccesiHue, KYJIOHOBCKME sorapudm u
TOPMO3Hasi CNOCOOHOCTh € YYETOM KBaHTOBO-MeXaHWueckoro sddexra audpakumu W JAuHaMH4ecKoro sgupexra
IKpAHUPOBAHUA 10 OTAENbHOCTH W BMecTe. KBaHTOBBIH 3dekT andpakunyd yunThIBaeTCS ¢ NOMOINIBIO XOPOLIO




Hzeecmus Hayuonanvnoti akademuu nayk Pecnybauxu Kazaxcman

M3BECTHOH I'paJIMeHTHOH MOMpPaBKH MepBoro mopsnka B 06obmenHoit Teopun Tomaca-Pepmu. dns yuera sddexta
JIMHAMHYECKOTO JKpaHHPOBAHHA ObITA MCMONB30BaHA MOJENb, NpetoxkenHas I'paborckium u ap. [Phys. Rev. Lett.
111, 215002 (2013)]. B paboTe paccMaTpHBaIHCh paccesHUE, a TAKIKE TIOTEPH YHEPIHH ITy4Ka BHEIIHUX 3IEKTPOHOB
(voHoB) Ha woHax (27EKTpoHax) Iua3Mbl. bBbiio o0OHapy:keHo, 4YTO B Mpejene HeWIealbHOHl TIa3Msl,
= / akpT — 1, >ddexTsl KBAaHTOBOH AU(PAKIMA H JHHAMHYECKOTO YKPAHMPOBAHUS YACTHYHO KOMIICHCHPYIOT
npyr apyra. [TokazaHo, yTo 1HHAMHYECKOE SKPaHHPOBAHHE IIPHBOIUT K YBEIMYECHHIO 3HAYEHHs CEUCHHUS pacCesHHUs,
KYJIOHOBCKOTO Jorapu(Ma M TOPMO3HOH CrOCOOHOCTH, B TO BpeMs Kak y4eT KBaHTOBOIo 3(pexra AuU(pakKiHH
yMeHblIaeT MX 3HaueHue. CpaBHEHHs C pe3ynbTaTaMM ApPYIMX TEOPETHYECKMX METOJ0B M KOMIIBIOTEPHOIO
MOZIETTMPOBaHUA TOKa3bIBAKOT, YTO MOZENb, MCHONB3yeMas B 3Toil paboTe, JaeT Xopollee OMHCAaHHE TOPMO3HOMH
CNOCOOHOCTH JIsi CKOPOCTEH HaleTaloumx yactil U <1.50,, .

Beejenne. B nacTosiniee BpeMs IUIOTHAs MiiasMa sIBISETCS NMPEAMETOM aKTHBHBIX TEOPETHUECKUX
uccneqoBanuil [1-8]. B wacTHOCTH, 3TH HCCIEJOBaHHS aKTyaldbHBI B CBS3M C 3KkcrepuMeHTamu NIF
(National Ignition Facility) [9] u skcnepumenramu Ha Z-nuaue B Cangua [10]. Jdns nomyuenus
TEPMOSAJEPHOH pEakIUH B BBINICYKA3aHHBIX O0BEKTaX, HEOOXOOMMO H3YHHUTh TAKHE IHHAMHUYECKHE
CBOHCTBA, KaK TOPMO3Hasi cIOCOOHOCTH [11-15], TemmompoBOJHOCTE U 3JIEKTPOIPOBOJHOCTh ILIOTHOM
wia3Mel. Bee 3T npoueccs! TpeGyI0T NOHMMAaHHI MHKPOCKOMHYECKUX IPOLIECCOB B IVIOTHOII IIIa3Me.

B oatoit pabGoTe MBI pacCMOTPUM KJIACCHUYECKOE 3JICKTPOH-MOHHOE paccesHHe, KyJIOHOBCKHIl
norapudM ¥ TOPMO3HYIO CMOCOOHOCTE AJIS YACTHIL TIa3Mbl M YACTHI[ BHEUIHETO HANETAIOLIETO MydKa.
Jns omucaHus CHIIBI JIEKTPOH-MOHHOTO B3aUMOJIEHCTBHS TIPH CTOJKHOBEHMH, ObUI HCIOJb30BaH
napaMeTp CBf3HM, PaBHBIH OTHONIGHWIO XapaKTepHOH OHHEPTHMH NapHOTO R3aMMOJICHCTBUSA MEXAY

kv ar 2 2
YacTHIIAMH K KMHETHYeCKOH JHeprum Hanetaromeil uactuusl, f =27, e / (/?_Dm U'), rae A, - AnuHa

2
SKpaHupoBaHus, Z - HHUCJO 3apsja HOHa, MUy~ OIHUCHIBAET HavyaJbHYH0 KHHETHYECKYH) DHEPIHIO

won

HaJleTAlOEeH YacTHLBl PAacIOIOKEHHOH Janexko or MumeHd. [lpm HH3KMX CKOpOCTAX IIyuKa,
KMHETHYECKas SHEPIUs CBOAMTCSA K TEILUIOBOH HEPIUHU HIEKTPOHOB CO CKOPOCTBIO U, = +/k,T /m, . Tak

KaK paccMaTpHBacTC: ciiabocBsizaHHast Ijiasma, paccesaHUEe DJIEKTPOHOB  IJlasMbl Ha  HMOHE
XapaKTEPU3YETCA MallbIM IapaMEeTpPOM CBA3H ﬁ<l, B TO BpEMs KakK pacCeiHHE DIECKTPOHa (HOHH)

BHEIITHETO MyYKa Ha HOHE (3MEeKTPOHE) TIa3Mbl HE HMEET TAKOTO OTPAHHYIEHHS.

Kganrosbiii adhdext qudpakiuu yIuThIBaeTCA MPH TOMOIIN KBa3HKIACCCHYIECKOTo rmoTeHuana [16-
17], B To BpeMs Kak AMHaMHYeckWi 3((eKT sKpaHMpoBaHHA - TIPOCTOH MEPEHOPMHPOBKOH AITHHBI
skpaHuposanus [9]. Biusuue stux s¢dexror uccneayercs N0 OTAEILHOCTH, 4 3aT€M PACCMATPUBAETCS
BO3/ieiicTBHE 000oMX 3P PekToB, 0THOBPEMEHHO.

Bo Bropom pasznmene paccmarpuBaercss  A({QEKTHBHBIH  MOTEHUMAN  AIEKTPOH-HOHHOTO
B3aMMO/ICHCTBHS C Y4eTOM KBaHTOBOTO 3(exra audpakiumu, a TakKe KPAHUPOBAHHS OKpYIKAroMIen
ra3Mel. B TpeTkem pasjene wWccrneloBaHBI TPOIECCH paccesHWss B TIOTHOH Topsdei mmasme. B
YETBEPTOM Pa3lelie U3ydaloTcs KyJIOHOBCKHUH JorapudM 1 TopMO3HAs cl10COOHOCTD.

JKpaHHPOBAHHBIH MOTEHIIHAJI B3aHUMOJEeHCTBHA. KBa3zukiiaccuueckui IMOTEHIIHAIT
B3aMMOJICHCTBHS YacTHIl Oe3 ydera SKpaHMpPOBaHHS MMeeT cieayromuid Bua [17]:
ee
el Y. -
by == (1 expl=r/k,,)), (1)

(- h/ \27om ,k,T - Tennosas anuHa BOMHBL, M, = m,m, [ (ma + mb), T - temmeparypa, a u b

0003HaYa0T 3MEKTPOH HITH HOH.

TmarenpHoe HccneOBaHHE IPOLECCOB PACCesHMs B IulasMe TpeOyeT NPHHATHUS BO BHUMAHHUE
SKpaHHUpOBaHHs 3apanoB [22]. Jlas Toro 4ToOBI MOTYYHTH SKpPaHUPOBAHHBIH 3()(EKTHBHBIH MOTEHIHAIT
UCIIOJIb3YETCS XOPOIIO M3BecTHas (popmynia it 3(p(EKTHBHOIO NOTEHIMaNa B IpocTpaHcTee Dypbe:

- ), (k
@, (k)= —‘i(f{ )), @
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rIe ¢Lb(k) - Mypse mnpeobpazoBanme mnorteHnmana (1), &(k) - craTudeckas aUINEKTpHUUECKas

I[IpPOHHUIIAEMOCTD I1JIA3MBbI B HpHGHH}KeHHH JIMHEHHOI'0 OTKJIHKA:

e 5., (k)+ 5, (k). 3)

e(k)=1+
k,T kT

Hnst yuera kBaHToBOrO 3hdexra qudpakumu, B ypaBHeHHH (3) UCHOIB3YyeM KBAHTOBBIH MOTEHIIHAT
Hoitua (1) 1 DACKTPOH-INEKTPOHHOTO  B3auMozeicTBus,  CraTuyeckas  AMDIEKTpHYCCKas
MTPOHHUIIAEMOCTH JIa3MEI B TPHOMMKEHUH THHEHHOTO OTKIIMKA UMeeT BHA [16]:

k2 i
e(k)=1+ e o 4
(k) W +1) K ®

2
31eCh HOHBl  pPACCMATPHUBAIOTCA KAK  TOYEYHBIE  YaCTHLbI A.=0 =u kj=\/47me;/kBT,

k, =+/4me} [k,T .

N3 ypauenus (1)-(4), Beimonuas oOpatHoe Dypee mnpeodpazoBaHue, TOMYYEH CIETYIONTHHA
3¢ eKTUBHBIN TOTEHLHAT 1 YIIEKTPOH-HOHHOTO B3auMoaeHcTeusA[16]:
2
ez
@61(?‘) [ - mon - x
K12k /R AF

l/fiie = BZ _ _ lf'ffxie = A2 . ezzian A
(LRt cple ) L= eplerd) |+ Lo eplrp, ).

(3)

roe y* = l/ A, +kD Lk, = (kf“ +k} )1/2 =1/A,, obparnas anmuHa SKpaHUPOBaHYS,

B=(\/1—\/1—(2%/?(,(,,.;/)2 J/}/ A=(\/1+\/1—(2kD/7L(,,.y)2 ]/y 6)

Ecmu npeneOpeur 3¢gdexrom kpanToBoil nudpakiuu, ypaBHeHue (5) npeBpallaeTcs B XOpPOILO
u3BecTHbI norennuan Jledas (FOkagsi):

2

z.
D (r)= —%exp(— #lds ) (7)

Ecnm BknazioM MoHOB (TpeTHii uneH) B ypaBHeHHH (4) M0kHO mpeHeOpeuk, TO 00paTHOE 3HAYEHHE
IUDIIEKTPHHUECKOil YHKIIUH 3aIIMCHIBACTCS B BHJIE:

g(k)_l — fz(l-'_xze(’kz)
K+ k3, + K2k

rae k;, = 47 e’ / k,T, - napamMeTp SKpaHHPOBAHMSA 33 CUET FIEKTPOHOB.

(8)

HenaBHo OBLIO MONMYyHYEHO TOYHOE PA3JIOKEHHE OOPATHOH BETHYHMHBI IHAIEKTPHYECKOH (YHKIHH
Jlunaxapaoa 1718 DJIEKTPOHOB B JUIMHHOBOJHOBOM mnpesene [18]. Pesynbrar BTOpOro mopsiaka 3TOro

Pa3IOKECHHA UMEET CJ'IC,E[y}OH.[l/Iﬁ BHU:
kz(l +& sz
] a
& (k)" = . (9)

rae aa @, /d,
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i, 1)
2= 10
dy 129]{127131/2 (77) o

37ieCh kF:(3:rzn)”'3, I, - wunterpan ®epmu nopsmka V, 7= u/k,T - xumuueckuii moTeniman
JMeKTpoHOB, K, :kﬁpﬁl""zl_uz(q)/Z - JUIMHA JKPaHHPOBAHHMA, HHTepHoisaiua Mmexnay JebGaem u

aznoxkenneM Tomaca-Pe MH, B:k T/E, - napame BEIPOJKICHHSA, KOTOPBIH OIpPEIEIIsIeT, ABISIETCS
B F ’

M TITa3Ma BRIPOKIEHHOH MITH KITaCCHIECKOH.

C Touku 3peHHs TeopHH (PYHKUMOHANA IUIOTHOCTH, AM3aekTpudeckas (yHkuus (9) yuuTbiBaeT
TPA/IHEHTHYI0 TIONPABKY TIEPBOTO TMOPAJAKA K KHHETHUYECKOH OSHEPTrHM HEB3aUMOJICHCTBYFOIIHX
31eKTpoHOoB [18-19]. 3T0 cBA3aHO ¢ KBaHTOBBIM d(dexToM audpakuun unn cornacHo ¢ Jaus u bpoiinec
[20] xBanTOBLIM 3(Q{eKTOM TYHHEIHMpPOBAHUS, YTO MO3BOJIIET YacTHLIAM JIOCTHraTth olJacrei,
HEJOCTYITHBIX JUIA KIACCHYECKHX YacTHII.

PezyneTaT BTOpOTO MOpsAAKA AHIIEKTpHUECKOi (QyHKIMK paznoxeHus JInnaxapaa (9) umeer TOT ke
BHJI, YTO W ypaBHeHue (8), pa3HHLA JUIIL B HOCTOSHHBIX KO3()(dHUIMEHTaX. DTO MO3BOIACT CHEIATh
BBIBOJI O TOM, YTO BKJIIOYUEHHE KBAaHTOBOTO 3(pexra mudpakini ocyIecTBIIEeTCS Ha TOM K€ YPOBHE, UTO
U XOPOLIO W3BECTHAS I'PaJHMEeHTHAas MOINpPaBKa IepBOro nopsuka B obobmenHol Teopuu Tomaca-Depmu.
Kpome Toro, 310 mo3BonsAeT 0000muTh A GEKTHBHBIH MOTEHIHAN MapHOTO B3aMMojeHcTBHS (5), B

cllyuae TITasMBI C BBIPOKICHHBIMH SNEKTpoHamMM 3ameHoil A, u k,, w®a .ja,/a, w ky,

COOTBETCTBEHHO.

B mpemene @ >>1, kospduuuent ./@,/d, pasen h/ J12mk,T, , xoropslit omiMuaercs ot

TEIUIOBOI BOJHBI M HCIIONB3YETCS B KBAHTOBOM IOTEHLHANE MapHOTo B3auMmoneicteus (1) B paGorax
Hoitwa [17], Manma [20], m Kenbra [21]. 3nece HeoOXoaUMO HWMeTE B BHAY TOT (DAaKT, HTO
nuaniekTpuueckas GpyHkuus JIMHaXapaa He YYUTHIBAeT HEHAeaTbHOCTE IUIA3MEl, B TO BpeMs KaK TerlioBast
JUIMHA BOJHBI B 2()(EKTUBHOM INOTCHLHAJE [AapHOro B3aUMOZEHCTBHMsA IMOJYYEH B pe3ylbraTe
KBa3MKJIACCHYECKOI0 pacCcMOTpeHus cnaboHenaeanbsHol miasmel. B qacTHocTH, HegaBHO ObLIIO OKAa3aHO,
YTO KBAHTOBBIH MMOTEHIHAJ MAPHOTO B3aMMOJCHCTBHA B BHAC ypaBHEeHH (1) MpaBMIEHO BOCIIPOM3BOIUT

Bkiaj MouTpomn-Bopsia juis ypaBHEHHs cOCTOSIHMS TUiasMbl B mipenene Ak, <<1. B aroii pabore

ee
ucnonb3yercss A(dexTuBHbIil moTeHUMan (5) 478 M3yYeHHs @polecca paccesHMs W TOPMO3HOH
CMOCOOHOCTH, TIOCKOJIBKY MBI pacCMaTpHBaeM ClabOCBA3aHHYIO KBA3HKIACCHUECKYIO TIa3My,

Ha pucynke 1 mnokazan 53¢ ¢QexkTuBHBLI 3KpaHMPOBaHHBIA NOTeHUMAl B3auMmoneicTBus (5).
O¢dexruBnslii noteHuuan (5) yuutbiBaeT PQeKT dKpaHHUpoBaHUS HA OONLUIMX PACCTOSHHAX U
KBaHTOBBIH 3 ekt nndpakinm - 5{& MaJTbIX.

ad . ; -—-1
/ / / —= 2(d=0.2)
1 ! | ——2(d=0.4)
4 —L . : 1.0 : 15 : 20
0.0 0.2 0.4 06 0.8 1.0
/o

Pucynok 1 — 3¢ pexTuBHbIi noTeHHal B3aUMO/IEHCTBHS B €JHHUIIAX TEIIOBOH YHEPI Ul k BT:

1 — norenunan KOxaea (7), 2 — sddexruBnslii norenunan (5) npu pasHbIX 3HAUEHUAX HapaMerpa d= 7L(,I./AD ;
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Jist Toro, 4yToObI NPUHATL BO BHUMaHHE d()(EKT JHHAMHYECKOrO YKPAaHUPOBAHUS Mbl UCIIOJIb3YEM
Croco0, TMpeIoKEHHBIH Ha OCHOBE MAHHBIX MOJCIMPOBAaHHS METOJOM MOJCKYJISAPHOH JUHAMHKH [5].
CornacHo 3T0ii paboTe MIMHA YKPAHHPOBAHHA 3aIMCHIBAETCS B BHIE!

1/4

AD—>/1D\/1+(:)/U,,,)Z(1+F3) , (1)

snech U, =k, T/m, ,ul = ez/ ak,T - napameTp HEeNEATBLHOCTH ITA3MBL.
Takas mnpomenypa TepeHOPMHPOBKH ObUta  BIEpBbIE NpEUIOKeHa  3BUKHarenem  [23]

(£D1,'1+iv/urh)), dopmyna (11) pacumpsier MX TOAXOJA VIS Clly4as CHIIBHO CBS3aHHOM IUIa3Mbl.

Henasno B pabore /[lxymarynoBoil u ap. [24] Obuia HcHonb3oBaHa OpoLeypa NEpPEeHOPMHPOBKH
3BUKHArENs U1 pacueTa CedeHus paccesHus B nepBoM npubimkenun bopHa.

Hanee »d¢exkTHBHBIH MOTEHIHAI ¢ MEePeHOPMHPOBAHHON JIHHOH 9JKpaHUpOBaHUA Oymer
YIOMHHATBLCA KaK JHHAMHYCCKUH DKPaHMPOBAHHBIH [TOTCHIHAIL

IIpouece 31eKTPOH-MOHHOIO paccenHus. Kiaccuuyeckul yron paccesHust JUis JBYX 4acTul C
Maccamu M, M1, W ¢ NOTeHUHANoM B3aumozeiicrsust U('r) st 3a1aHHOTO NPHLIEILHOrO apamMerpa o
PABEH CIIEAYIOILIEMY BBIPAKEHHUIO:

x(p)=|r—20(p). (12)
e
® dr
olp)=pr| — , (13)
Toin \/1 — U{{_ﬁ. (r,p)
E=mv’ / 2, U(ﬁ. - (wpeKTHBHBEIH [OTEHUMAT B3aUMOJCHCTBHS B €IMHHUIAX KHHETHYECKON
BHGPI‘I/IP{ HaHETaIOH.[eﬁ HaCTHLBI HMCET cneny}omﬂﬁ BU:
p* . 2U(r)
Uylr.p)=5+=—3, (14)
r muo

O¢¢exTuBHbI noTeHiMan (14) yuntelBaeT UneHTpoOexkHyw cumry. B dopmyne (13)

min

COOTBETCTBYET MHMHHMAJIBLHOMY PpAacCTOSHHIO 0pPH 33JaHHOM 0 M [OJIydeHa W3 YpPaBHEHHs

Uy (r“m ; p) =1. Ucnonp3ys ;((p), CeUCHME PacCesHus O'(ﬁ) Obl1a NoJIyyeHa U3 U3BeCTHOH GopMyIIbL:

T

o =2z [ (1=cos z(p))pdp. (15)

B kauectBe morenrmana U (r) MBI B3SUIH IKPAaHUPOBAHHBIH TOTEHIMAN 3IEKTPOH-HOHHOTO
B3anmojeiicTeus (5). TIpoliecc paccessHMs OIMCHIBACTCA TMapaMeTpoM cBsA3H W mapameTpom
d=A_ //1 , T.c. OTHONICHHWEM TCIUIOBOW BOJHBI HAa pammyc [ebas. Yronm paccesHusa W cedcHue

paccesHHus TONy4eHbl Ha ocHoBe J(dexTuBHOro mnoreHmuana (5) ¢ y4eTOM JUHAMHYECKOTO
JKPAaHUPOBAHUA M 0€3 ydeTa MpeaCTaBIeHbl HIDKE. [IpHBeneHbl CPaBHEHHS YIJIa PACCESHUS H CEUEHHE
paccesiHusA, TOTYUYEHHOT0 Ha ocHoBe nmoTeHInana Okassr (7).
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Pucynok 2 — a) yruisl pacceanns npu ff = 0.8 nonyuenusie: | - Ha ocnose norenuuana Kxasbr;
2 -Ha ocHOBE >(h(PEeKTHBHOTO MOTEHIHANA B3aUMOaeHeTBHA (5) (2).
©6) ceuenus paccesuus npu [ = 0.8, nonyuennsie: 1 - Ha ocnose notenuuana KOkasel;
2 - Ha ocHOBE 3(EKTHBHOrO MOTCHIMAJIA B3aUMOACHCTBHSA (5)

a.: Brusnue keanmoeozo sghghexma dughpaxyun.

[pexkae Bcero, Ha pUCyHKe 2 TOKA3aHBI YrOJI PAcCesiHHS M CedeHHe pPacCessHus IS MOTeHIHama
HOkaBbl ¥ 3 pekTuBHOro noreHupana (5) 0e3 JHHAMHYECKOr0 3KpaHUpoBaHus. BuaHo, 4ro M yroi
paccesHHsl M CCUCHHME PACCEAHMS YMEHBIIACTCS ¢ yBeaudeHuem napamerpa d mis fF<5. Vron
paccesHust 630K K Hymo npu 2 —> 0, Bo3MokHas mudpakiys HaleTaromiell 4acTHIlbl Ha YacTHIBI
MHLICHH [IPH MAJIbIX [PULEIbHBIX MAaPaMETPOB CBA3aHO ¢ KOHEYHBIMH 3HA4YeHHsIMU 3(dexTuBHOrO
MOTEHITHAJIA B3aMMOJICHCTBHS HA MAJIBIX MEKYACTHYHBIX PACCTOSIHUIX. PaHee MbI OJTYUHITH 5TOT S dheKT
B pabore [3], rme paccMaTpuBaercs BIUsSHUE KBaHTOBOro s(exrta AUppaKiMH HA TPAHCHOPTHBIE
coicTBa pu fF < 1. 31ech Mbl IPOJOJKMM HALIM PACYEThl B MPEAEIC CHIBHOM cBsizu. Hanporus, npu

[ >5 ceuenme paccesiHus BO3pacTaeT ¢ yBenuueHHeM mapamerpa d . Takoe MOBEIEHHE MOKHO

OOBSCHUTE TEM, YTO TIPH CHIBHOH CBA3W MPOHMCXOJUT paccesHWe Ha OONBIIOM pPACCTOSIHHH OT
IOKaBOBCKOTO THMA XBocTa adrekTuBHOr0 notennuana (5) [29, 30]. KanToBrii 3¢ deKT HENMOKaIEHOCTH
JienaeT SKpaHHPOBaHHWE Ha OONBIINX PACCTOSHHMAX crnabee, IO CPABHEHMIO ¢ KITACCHYECKHM citydaeMm (7)
(cm. Puc.l), B pesyinbrare 4ero, B MNpejelie CHILHOW CBA3M [3 >5 cedeHHe paccesHUs pacTeT C

YBEJIIMUEHHUEM BIIHAHHUA KBAHTOBOI'O BCIJ(IJGKTE[ ):m(bpalcuun.

0.: Bausnue OUHAMUYecko20 IKPAHUPOBAHUA.

31ech, Mbl YUHTHIBAEM Kak KBAHTOBBIH s(Qext audpakuuu, Tak U AuHAMAYeCKUd dddexT
SKpaHHpOBaHWA. PaccMOTpUM cHauana paccesHHe BHENIHETO IMydYKa >JeKTPOHOB (MOHOB) Ha HOHAx
(nmextponax) mumasmel. Takum oOpazom, nBa mapamerpa [T u [ SBASIOTCS HE3aBUCHMBIMH APYT OT

Apyra. led ﬂ<1 06HapyHceH0, 4HTO KOrga 3HA4YEHHME IapaMeTpa I' cranoButcs PpaBHbBI €OHHHIIE,

KBaHTOBBIH d(pdext nudpakuun U quHaMHYeCKHil d(PheKT IKpaHHPOBAHUS KOMIIEHCHPYIOT APYT Apyra H
BMECTe AT 104t Hynepod adgdexr. Takum oOpaszom, apQexkTuBHbId noreHunan (5) ¢
MepeHOPMHPOBAHHEIM TAPaMETPOM JKPAaHHPOBAHHS [aeT NPHMEPHO TaKOe K€ CEUeHHEe pACCESHUS
(mynktupuas muaus Ha puc. 3(0)), 9yro u norennuan FOkasswl (7) (cimomnas nuaus Ha puc. 3(0)). Kak

.
BH/IHO Ha PUCYHKe 3, rie A, sBIsercs [HepeHOPMUPOBAHHBIM napamerpoM skpanuposanms u [ =0.8,
d =04 s f>>1 sdpexr AMHAMUYECKOTO IKPAHUPOBAHKA MOKHO HE YUHTHIBAT.

[Mpu manbix 3uadeHusx [ JAMHAMMYECKOE DKPAaHMPOBAHHE W KBAaHTOBbIA dddexr nudpakuuu He
MOTYT KOMIIEHCHPOBATH JIPYT JIpyra, KaK 3TO MOKAa3aHO HAa PUCYHKE 4, IJie pacueThl NPOBOIMINCE JUIs
['=0.2 u I'=0.4. TunamMmuueckoe dKpaHMPOBAHHE UMEET TEHJCHIMIO K YBEJIMYEHHIO MOMNEPEYHOTO
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CedYeHHUs, B TO BpeMs KaK KBAHTOBBIH d>(QQeKT Au(pakuuy OPUBOAMT K YMEHBIICHHMIO I1OIIEPEHHOrO
CeveHusl.

6.: Bausnue ounamuyeckozo skpanuposanus Ha paccesnue 4acmuly naamol.
PaccMOTpHUM 3IIEKTPOH-HOHHOE paccessHie B mnasme, rae S <1, a paccesnne o0ycnoBneHo

23 -1/3
TEIUIOBBIM JIBIJKCHHEM YacTHIL. 31eck nmapametp [ 3aBucut ot S, kak [ = (ﬂ /1Z m”) 67" . Kak BuaHo

W3 pucyHKa 5(a) obmiee MoBeJeHHE OTMEUEHO BBINIE, JHUHAMHYECKHH Ap(eKT 3KpaHWpPOBAHUA JETacT
ceuenue Oomplie, a KBaHTOBasg JU(pPaKkuMA [elaeT CEYEHHE pacCcesHus MeHblne. Takum odpaszom,
KBAHTOBBII APQEKT TU(PaKIHH U AHHAMHYECKOE SKPAaHHPOBAHHE WMEIOT MPOTHBOMOJIOKHOE BIHSHAE Ha
paccesnue npu fF <1.

3'2 " 1 i 1 i 1 i 1 i i P i PR R T R 1 T U e e
1004—1
I= =1 (A>4)
1 o 2

2.8

244

| 1= = 2 (>4,
o 2 i),

1.6

1.2

0.8

0.4 4

4

0.1+
0.0 3

0] 1 2 3 4 5 0.1

PucyHok 3 —a) yrie! paccesHus npu = (0.8 , nony4ennsie: 1 - Ha ocHoBe notenumana l0kagsl; 2 - Ha ocHOBE S(heKTHRHOTO
MOTEHIHAIA B3auMoAcicTBHs (5).

0) ceuenus paccesHus npu ['=0.8, d = 0.4, nonyuennsie: | - Ha ocHoBe notenuuana fOkassl; 2 - Ha ocHOBe () (EKTHBHOTO
MOTEHLIHANA B3auMoaeicTus (5).

B 1 " 1 n 1 n 1 " — B 1 " 1 i 1 " 1 ,-
—a— 1 I'=0.2 7 —lh— o g

| . . 2 | ® I'=04 v /
== (>4 ) iy == 1 (3,24 ) -

7’ .
5| ——2 2 L J— x
s ’

=== 244, ---20,>1) :
] - s / "
¥ 4 -

/'-b e >
/'-/ i £ «’/ ¥
24 5 d ,”’/ﬁ//- 24
E Lo
/ i -7 7'//
/m e
0";-’_:’}:‘;—;:—‘/; + t + } + 0 —— v T T T T T v
0.2 04 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
a) 0)

PucyHok 4 — ceuenns paccessHuA NPH d=04u ) l'=0261=04, nosryuenHsie: | - Ha ocHoBe noreHumana KOkaser;
2 - na ocHoBe 2 (eKTHBHOTO NOTEHIHANA B3aUMoeHcTBHA (5)
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Pucynok 5 —a) Cedenus paccesaus npu [ = Z 6 / ud=04 , noirydeHHsie: 1 - Ha ocHoBe notennuana KOkaper; 2
won

- Ha ocHOBe 3pdexTHBHOTO NoTeHLHana (5).
0) Ceuenus paccesHHs Ha ocHoBe YP(PeKTHBHOrO noTeHuMana (5) (crutoniHas 1uHus), B npubnuxenun bopHa nepeoro nopsjka
(nyHkTHpHas JuHEA) [27] u pesyabraT 3BUKHarens [27] (IWTPHXOYHKTHPHAS JIHHKA ), TI0JIY4YCHHBIC B pAMKaX KJIACCHYECKOro
paccesinus gacTun Ha ocHose motenimana FOxase ipu T = 0.1, d = 0.2 . B o6o3nauennsx 3euknarens [27] ceuenue

s 2 &
paccunThiBaeTcs s napaverpa k = Ze” g1 A, / h™ =1,rne f{,; npusenennas macca.

Pucynok 5(0) moka3eiBaeT cpaBHEHHE CEUEHHS paccesHHs, MOMyUeHHbIE Ha OCHOBE 3(PHEKTHBHOTO
norennyana (5) (6e3 nepeHOPMUPOBKH AJTHMHBI DKPAHHPOBAHHSA) C CEUEHHEM PACCEsHMS, PACCYUTAHHBIM B
nepsoM npubnamkenun bopHa W ¢ jaHHeiMM  3BMKHarens [27], mnosmydeHHble B NPHONMKEHHN
KJTACCHMYECKOTO PpaccesHHs 4acTHll, B3auMmojeiicTByromux yepe3 norteHuuan FOkaeel. Kak BumHO M3
pucyHka 5(0), agdexTuBHBIH oTeHumMal (5) gaer Xxopoiiee corjiacue ¢ OOPHOBCKHUM NPUOJIHKSHHEM TTPH
HH3KHX 3HAYEHMSIX mapaMeTpa cBsa3d [F. DTo yka3siBaeT HA TO, YTO KBAaHTOBBIH 3thdekt mudpakimu

MPaBUIBEHO OMHCKIBAETCA A(PPEKTHBHBIM MTOTEHITHAIOM (5).
31U 0cOOEHHOCTH CeUeHUS PaCCEesSHHS [103BOJIAIOT MOHATh 3aBHCHMOCTh KYJIOHOBCKOTO JorapudMa u
TOPMO3HOH CIIOCOOHOCTH B KBa3MK/IACCHYECKOMH I1a3Me mpu napamerpax f u d , W Kak KyJOHOBCKHII

.9 '
aorapu(M U TOPMO3Has CHOCOOHOCTB CBA3aHBI C ceueHHeM paccesHus E,. ~ A, ~ Ism ( 2/ 2)5 dQ

(3aecp ) yron paccesHus, ¢ auddepeHIHANBHOE CeMEeHHE PACCETHHA).

KynaonoBckuii morapudgm u Topmo3Has cnocodHocTs. OIHUM U3 HanOoJIce BAKHBIX TapaMeTpOB,
HCTIONB3YEMBIX, U OTTMCAHHS B3aWMOJICHCTBHS HOHOB C BEMIECTBOM SIBISICTCS SHEPTHS HAJICTAFONTHX
yactull. TopMmo3Has crocoOHOCTE — MapaMmeTrp, XapaKTepU3YIOLIHil CKOPOCTh MOTEPH CpelHeH YHEPruu
OBICTPOABMIKYLIMXCS JICKTPOHOB MM HOHOB IUIa3Mbl. ClenoBaTelbHO, TOPMO3HAs CIIOCOOHOCTL B
MpHOIIKEHHH TTAPHOTO CTONKHOReHH: [31-32]:

dE Hei

— =8m
dx m,

1

E.-bl-A,, (16)

1

2
31ECh EC :EIHW-U - DHCPrus LECHTPa MAcC CTAJIKHMBAIOUWIMXCA 4aCTHl, U - OTHOCHTCIBbHAs CKOPOCTb

paccestHHOM npobHoit yacthisl, b, = Z, e’ / (ZE & ) , A, - xynonoBckwuii norapupm (33-34).

el

KynonoBekuii  sorapugpm Ha ocHoBe 3(dexkTuBHOrO mnoreHuuana B3aUMOJCHCTBHS 4acTHL
OTIpeIeNsAeTCs ¢ TTOMOIIBI) YTJIa paccesHUsA MPH NapHOM KYyJIOHOBCKOM CTOTKHOBEHHH. BROJS IEHTp Macc
B IIPOLIECC CTOJIKHOBEHMS, KYJIOHOBCKHUI Jlorapugm 3anuckiBaercs B suje [33, 34]:
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PucyHok 6 —a) KynoHoeckuii norapudm, nmojay4eHHslii: 1 - Ha ocHoBe noreHnuana FOkaesl; 2 - Ha ocHOBE 3()()eKTHBHOIO

TOoTeHIHana B3auMOAeHCcTBHA (5).

6) Topmo3snas crioco6rocTs npu I” = 0.8, nonyyennas: 1 - na ocnose noternnuana IOkagsel; 2 - Ha ocHoBe 3 hekTHBHOTO

MOTEHIHAIA B3auMoIcicTBIs (5).

TOpMOBHaH CIIocoOHOCTh JACTCA B CAMHHIAX kBT ;

Coulomb Logarithm

—1
i A0 )
—o=2

- == 2{h>0)

dE/dx

T T T—r—TrTTrT

—1
== (>
—o=2

-==2,>)

e

Pucynok 7 — a) KynonoBckuii siorapudm, nojiyueHHblii Ha ocHoBe noteHumana FOkasel (JiMHUS 1) M HA OCHOBE NOTEHLMAIA

B3auMozieicTBH (5) (uHus 2).

6) TopMo3Has cMOCOOHOCT, MOMyYEeHHBIE HAa OcHOBE noTenimana lOkassr (muans 1)
M Ha OCHOBE HOTCHIHUAA B3aumoachcTeus (5) (muuus 2)

*
3nech A, ABIAETCA MEPEHOPMUPOBAHHBLIM napameTpoM dkpanuposanus, I =0.8, d =0.4.

Topmo3Has cnocoOHOCTB aeTcs B eIMHUIAX K BT .
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Paccmompum enusaHue keanmogozo ghghexma ougppariyuu Ha KVAOHOBCKULL 102APUPM 1 IMOPMOZHYIO
CROCOOHOCMB, 8 CAYYAE RAAZMEHHO-NYYK06020 paccesanus wacmuy. Kak BuaHo, n3 pucynka 6, npu ff <5,
BKJIIOYSHHE KBAHTOBOro 3(pexra HU(PpakiMh YMEHbIIACT 3HAYSHHE KYJIOHOBCKOIO Jiorapudgma H
TOPMO3HOH CMOCOOHOCTH. DTO MPOHMCXOIUT U3-32 HU3KHX 3HAYEHHWH CEUeHHs PACCEsHHs M0 CPaBHEHHIO
CO cilydaeM, Koria KBaHToBbii 3(dexr mudpakuum we yuurbBaercs. [Ipu [ > 5, kak Ky/l1OHOBCKHIi
norapu(M, TaK ¥ TOPMO3HAsE CIOCOOHOCTH PACTET ¢ YBEJIHUEHHEM mapamerpa d . DTOT pe3yibTaT MOKeT
OBITE TakXke 00BACHEH OONbIIMM cedenueM, uTo B cnydae A =0 (morenuman KOkagsbr).

Tenepp paccMOTpUM gausiHUEe OUHAMUHECKO20 IKPAHUPOSaNUA Ha paccesnue nyyka niasmoti. W3
PUCYHKaA 7 BHJIHO, 4TO yHeT KaK JMHAMHYECKOr0 YKPAaHUPOBAHUA, TAK U KBAHTOROTO 3(derTta audpakiuu
IPHBOJIMT K YaCTHYHOH KOMIICHCALMM BIMAHHA STHX IBYX d(dexroB mpu f<5. Tlpu Gombummx
3Ha4eHusax mapamerpa [ >>1, addexToM TMHAMHYECKOrO SKpPaHHPOBAHHS MOXKHO NpeHeOpeub, B TO

BpeMs KaK KBaHTOBBIA d((eKT Judpakuuy OCTacTcsl BaKHbIM, KaK 5TO ObLIO ONMCAHO B MPEIbLIYLIEM
paszele.

HakoHel1, pacCMOTPHM usiHUe OUHAMUYECKO20 IKPAHUPOBANUS HA pacceanue yacmuy 6 niasme. B
3TOM Cily4ae, BO3AeHCTBHE JMHAMHYECKOIO SKPAHHPOBAHHS IIOBBIILACTCS, TAK KAK BEJIMYMHA Iapamerpa

2(3 ~-1/3
ﬁ CTaHOBUTCH GOJibIlle, B CBS3HM C YBEIHYEHHEM mapamerpa cBszu [ = /Z. 6 /7, B oTIHuHe OT

won
CITyJasi HaJIeTalONIMX YaCTHII,
CpaBHeHMs] BBIYUCIEHHBIX 3HAYEHUH TOPMO3HOH CcHOCOOHOCTH ¢ HOMOLIBI0 3((PEeKTHBHOIO
norexiMania (5) ¢ pesyabraraMu KOMOMHHPOBAHHOM Moxend, 1 matrix , npubmmkenuem bopha nepsoro

nopsaka, quHamudeckuM RPA u pesynpraramum mopenupoBaHus meronoMm uactuusl B sueiike (PIC)
noka3aHsl Ha pucyHkax 9, 10. M3 pucyHkoB BHHO, 9TO O€3 MepeHOPMHUPOBAHHOH AITHMHBI 3KPaHHPOBAHHS

a¢ddexTurHbIll moTeHnman (5) jgaeT Xopolee OMMCAHHE TOPMO3HOH crmocobHOCTH mpH L <V, .
[lepeHOPMHUPOBKA [UTMHBI JKPAHHPOBAHMS PACIIUpsieT ITOT juanaszon go U <1.5v,. Jlas cpaBHeHus
KOMOWHHMpOBaHHAS MOJENb, [ matrix, BKIOYAIOMAsS JAHAMHYECKOEe HSKPaHHPOBAHHE, KOTOpOE
MPHBOUT K XOPOIIEMY COTJIACHIO C JIaHHBIMH MOJETHPOBAHMA MpH CcKopocTsx U <3v,. Hamm

PeE3yiibTaThl IPH OOIIBILIHX CKOpPOCTSX CTAHOBATCA Ommxe K pe3ylbTaTaM 60pHOBCI{0I‘O le/IﬁJIH}I(CHHSI.
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Pucynok 8 —~Kynonosckuii norapudm a) u Topmosnas cnocobnocts 0), nonyuennsie: 1 - na ocnose norenunana Kkaser; 2 - Ha

2/3 -1
OCHOBE 3 eKTHBHOTO MOTeHIHana (5). F = Z ' 6 1w N d = 0.4 . TopMosHas cnocobHOCTh JIA€TCA B €AHHHIIAX k T
ion p B
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Pucynok 9 — TopMo3Has c1iocoOHOCTb, NOTy4eHHAs Ha OCHOBE 3(p(heKTHBHOTO NOTEHLIMANA B3auMo/ielicTBus (5) ¢ yueTom
HepPeHOPMHPOBKH [UTHHBL 3KPAHUPOBaHHUs M 03 ydeTa B CPABHEHMH C Pe3y/IbTaTaMH Pa3/IMYHbIX TEOPETHYECKHX 1101X0/10B [28]

mna) Z=1,6) Z=10.

Ha pucyuke 6) Topmosnas cniocobHocTh naetcs B equnuuax 3k, 7 / Ay

- dE/dx/ Z°1°

i 1 i 1 i 1 i 1 " 1 i

- --RPA
~~~~~ Born

1.00 - === T-matrix

_ % PIC simulation
P R —— Combined scheme
’ e —em Effective potential

0.75 - o o e Effective potential (i ->%.)

0.50

0.25

0.00

0

Pucynok 10 — Topmo3Has crnocodHOCTb, MOTyYeHHAsAs Ha OCHOBE H(p(PEKTHBHOIO MOTEHIMANIA B3AUMOJIEiCTBHS (5) ¢ yueToM
NEePEHOPMHPOBKH JUTHHEI 3KPAHUPOBaHMs M 0€3 yUeTa B CPABHEHHH C PE3YJIbTaTaMH Pa3jIMUHbIX TEOPETHYECKHX M0/X0/108 [28]

s Z=5.

TopmMo3sHas criocoGHOCTE taetcst B eauuunax 3k,7/ A, .

Hpn BBICOKHX CKOPOCTAX IOTCHIIMAI BOKPYI' HOHA HMCET CHIIBHBIC OTKJIIOHEHHSA OT THIIA FOKABCKOI'O
I[IOTCHIHAJIa H HMECT OTp]r{LIaTGJIbHHﬁ HpO,I[OJ]bHI:Iﬁ MOTEHLHAIBHBIH MHHHMYM I103a1 HOHA, YTO MOKET
TMPHUBECTH K NPHUTKEHHIO MEXKIY OJHOHUMEHHO 3apsKEHHBIMHA HOHaMH [I, 2]

3akaiovenne. BbUTH paccMOTpeHBI 3MEKTPOH-HOHHOE paccessHHe, KYJOHOBCKHH Jorapudm, H
TOPMO3Hasi CMOCOOHOCTE € Y4YETOM KBaHTOBOro 3dpexta audpakumu M auHAMHYecKoro 3ddexta
JKpaHupoBaHHs. BbUI0 mnokazaHo, uto npH [ <5 AMHAMHYECKOE JKPAaHHPOBAHHE MPHBOAMT K
YBEJIHUEHHIO CEeYeHHs pacCesHHs, KYJTOHOBCKOro nmorapudma, # TOpMO3HOH criocoOHOCTH. KBaHTOBHI
dext audpakuun genaeT ITH 3HAUEHHMS MEHbBIIE B CPABHEHHMH C PE3yJIbTaTAMH IOIYYEHHBIMH Ha
ocaore notennuana Jlebas (FOxassl). B ormiame ot 3toro mpu £ > 5 keauTtoBsIit 3¢ dext mudpaknn




Hzeecmus Hayuonansnoit akademuu Hayk Pecnybnuxu Kazaxcman

YBEIIMYMBAET 3HAYCHHSA CEHEHHs pacCesHHs, a Taloke KYyJIOHOBCKOrO JorapudMa M TOPMO3HOMN
CIOCOOHOCTH, B TO BpeMs Kak JMHAMUYECKOE PKPAaHUPOBAHHE CTAHOBHTCS HECYIIIECTBEHHBIM (B Tpejienax
UCIIOJIB3YEMOH MOJIENH ).

Taxxke ObwI0 ycTaHoBieHo, 4ro npu [ <1 B mioTHOM miasme, korza napamerp I Oim3ok K

eMHHULIE, pacCMOTPeHHBIE 3(EKTBI MOTYT YaCTHYHO KOMIIEHCHPOBATH JPYT IPYra.
CpaBHeHHe 3HAYEHUI TOPMO3HOH CIIOCOOHOCTH, PACCYNTAHHOM HA OCHOBE MOJIEITH, TIPE/ICTABIIEHHOM
B JaHHOH paboTe, ¢ pe3ynbraTaMH KOMOHHHMPOBaHHOH Mozenu, I matrix , Ha OCHOBE MPHOIHKEHUSA

BopHa nepeoro nopsaka, guHamuueckuM RPA u pesynpTaTaMu MOAETHPOBAHHUS METOAOM HaCTHLEBI B
syciike (PIC) mokasamo, 4To Hama MOICHbL JacT XOpOIICE OMHCAHHE TOPMO3HOI CHOCOOHOCTH IpH

CKOPOCTAX US]S Um U HWMEET TIPaBHIBHOE TIMOBEJAEHHE TIPH BCEX S3HAYCHHAX pacCMaTpHBAaEMBbIX

CKOPOCTCH.
DTH pe3ynbTaThl JalOT TMONE3HYI HWH(OPMAIMI0O O KBAaHTOBOM 3KPaHMPOBAHHH, KOIIEKTHBHBIX,
KBAaHTOBO-MEeXaHHUYECKHX 3((heKTax B Ipoleccax CTOIKHOBEHUHU B IJIOTHOII IUIa3Me.

Paboma evinoanena npu noodepacke Munucmepemea obpazoeanus u Hayku Pecnyonuxku Kazaxcman
6 pamxax eparnma 3083/1'D4 (2016).
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ThIFbI3 IIVIASMAJAFBI IHAIUBIPAY KUMACHI "KOHE TEXEIIITIK KABLIET: JH®PAKIHUA )KOHE
JUHAMUKAJIBIK 9KPAHJIAJY DOPEKTIJIEPIHIH 9CEPI

ML.K. Hcamma', C.K. Konaﬂona', T.C. PamaaaHOB', H.X. Eacnmona‘, MLT. Faﬁﬂynnuﬂ"’, XK.A. Moanagexos'

Tipexk ce3aep: Trirbi3 nnaszma, JuHamukansik skpangany, Hlammbipay kumacst, Kynon norapudmbl, TeskerimTik kadiner.

Annortauus. Byn sxymeicta qudpakiuus KBaHT-MEXaHHKAIBIK KOHE IHHAMHKAIBIK dKpaHjany sddexTinepin 6ipre xone
Oellek eckepe OTBIPbI, WIEKTPOH-HOHABIK wmambipay, KyiaoH norapudmel xkoHe Teskerimrik KaOiteri 3eprrenal. Judpakius
KBaHT-MeXaHHKabIK addekricin kocy Tomac-DepMu skalnbUIanFal TEOPHACLIHAAFEI Oerii OipiHi peTTi rpaiMeHTT] TY3eTy
JKYBIKTAYBIH/IA XKYy3ere achlpbuiaisl. JIHHAMHKANGIK dKkpanaany s¢gdexricin kocy ymin I'padosckuii xane 1.6. [Phys. Rev. Lett.
111, 215002 (2013)] yceinFan Mozenb KoaaaHesl. [1na3sMa nonapeaia (3NEKTPOHAAPEIHIA) CHIPTKBI AMEKTPOHAAp (MOHAp)
IIOFBIPBIHBIH DHEPrHS JKOFANTYNAPbIMEH KaTap, IUamblpay MOpoueccTepi KapacThipsulnbl. Miean emec mma3zma Imeriuze,

]":ez/akBT—:tl, KBAHTTHIK AHQPAKLUUA KOHE [UHAMMKAIBIK OSKpaHuany d¢dexrinepi xaprbuiail 0ip-0ipiH ereiiTiHi

aHBIKTAIIbl.  JIMHAMMKANIBIK 9Kpaniany dS¢dekrici mambipay KumacelH, Kynon norapudMbiH, TemerimTik KadineTiHn
apTTHIPATHIHABIFEL, Al KBaHTTHIK AW(pakuns >ddekTici onapabiH MIHAEpiH KeMiTeTiHmiri kepcetinai. Backa TeopHAmbIK
OMICTEPMEH JKOHE KOMIBIOTEPJIIK MOJECIBIACY HOTHIKEICPIMECH CalbICTBIPY Oy KYMbICTa KOJJAAHBUIFAH MOJC/bL VIUBIT KEle

JKaTKaH GeMmeKTepaiH KEUIaMABIFL U < 1.5 U, GomraHaa TexKerimTik KabineT ymIiH ;kaKcel cumaTTamMa GepeTiHiH KepeeTTi.

Tocmynuaa 17.06.2016 2.
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