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PaccesiHue peHTreHOBCKUX Jlyuemn
3J1IEKTPOHOM

DOTOHbI NIEKTPOMArHUTHOIO N3J1Iy4eHUA obnapatoT
CBOMCTBaMM Kak BOJIHbI, TaK U 4aCTuULbI.

Ynpyroe cTosikHoBeHWe — (hOTOHbI

_~"" Toil xe yacToThl

KaK YacTuupbl
/ T~ Heynpyroe CTONKHOBEHWE —

Hann4dune apdekta KoMnToHa

MDOTOHbI Npun CTOJIKHOBEHUU
C 3apsAXXEeHHbIM YaCTULaMH

N

<aK BOSHA [lpenomMneHne, oTpaxeHue,

andpakuus, paccesiHue, ...

PeHTreHOBCKME JIyYM UCNbITbIBAIOT 2 TMNa paccesaHunsa:. BOJIHOBOE U
KOMIMNTOHOBCKOE UJIU KOrepeHTHOE U HEKOIrepeHTHoe



Heynpyroe paccessHue peHTreHOBCKMX
JIYy4en 3J1IeKTPOHOM

4 g (B8 A\
S 26 1Y
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S n Sy — eANHNYHBIA BEKTOP pacnpoCTpaHEHMSI BOJTHbI A0 M MOC/E paccesHus

V — CKOPOCTb ABMXKEHWUS N1EKTPOHA NOC/E CTOIKHOBEHUSI C (DOTOHOM
v U v'- 4aCTOTa BOJIHbI 1O U MOC/e paccesstHUS
(hv/c)S, — (hv’/c)S =mV ; v—v’ = (2hv?/mc?)-sin?0 ;

v—v’ ~ ALC / A2 ; [2h(c/\)2/mc?)-sin20 — 2h/mj? -sin0 ;

Al ~ (2h/mc)-sin20 ~ 0.048 sin20 — max uzmeHenue JIuHbI BonHbI 0.048 A



Heynpyroe paccessHue peHTreHOBCKMX
JIYy4en 3J1IeKTPOHOM
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S n Sy — eANHNYHBIA BEKTOP pacnpoCTpaHEHMSI BOJTHbI A0 M MOC/E paccesHus

V — CKOPOCTb ABMXKEHWUS N1EKTPOHA NOC/E CTOIKHOBEHUSI C (DOTOHOM
v U v'- 4aCTOTa BOJIHbI 1O U MOC/e paccesstHUS
[ANvHa oTpa>keHHOM BOJIHbI NpU paccesHnu ¢ 3chcdheKkToM

KoMnToHa 3aBUCHUT OT YrJia pacCesiHUA U He 3aBUCUT OT
AJ/IUHDbI BOJIHbI NEPBUYHOIO NMy4Ka



Heynpyroe paccessHue peHTreHOBCKMX
JIYy4en 3J1IeKTPOHOM
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S n Sy — eANHNYHBIA BEKTOP pacnpoCTpaHEHMSI BOJTHbI A0 M MOC/E paccesHus

V — CKOPOCTb ABMXKEHWUS IIEKTPOHA NMOCSIE CTOSIKHOBEHUS C (DOTOHOM

v U v'- 4aCTOTa BOJIHbI 1O U MOC/e paccesstHUS

JHeprum (poTOHa HEAOCTAaTOYHO AN U3MEHEeHUSN
nono)xxeHusa atoma. lNpu coynapeHnn c aToOMOM BO3HUKaeT
ynpyroe paccesiHue, aaowee audddysHoe paccesHue



ynpyroe paccesiHue peHTreHOBCKUX

JTy4en 3J1IeKTPOHOM

PeHTreHoBCKMe NIY4N - 3TO INEKTPOMAIrHATHbIE BOJIHbI C
4aCTOTON KonebaHUM INEKTPUYECKNX U MArHUTHbIX
BekTopoB ~1018 repu

[IPOTOHbI CMLLKOM MacCuBHbI — cabo pearnpytoT Ha
6bICTpble KONEBAHUSA INEKTPUYECKOrO MOSS
DEHTIEHOBCKUX STyYen

DNEKTPOHbI, MOTyT KonebaTbCs € YaCcTOTOM NaaatoLLmnX
Ha HUX X-JTy4en, UCnyckast Npu 3TOM PeHTreHOBCKOE
N3Ny4YeHNE C TOU XKe YacTOTOM

PaccesiHne peHTreHOBCKMNX BOJIH MPoucxognT Ha
3/IEKTPOHax



PaccesiHue nonsspu3oBaHHbIX
PEHTreHOBCKUX JIy4eW 3J1IeKTPOHOM

NHpOopMaLKMsa O CTPYKTYpe CBsi3aHa C aHa/In30M
MHTEHCUBHOCTEN pednekcoB. IHTEHCMBHOCTU 3aBUCAT
OT pacnosoXeHns aTOMOB U yrna Andpakunu.

[1ns Ha4yana HeobxoaMMO NPoaHaIM3npoBaTb CBA3b
MHTEHCMBHOCTU PACCESHHOIO 3/1EKTPOHOM
DEHTIEHOBCKOr0 /lyda C yr/ioM andpakumm

MIHTEHCMBHOCTb — MOTOK 3HEPruM Ha eauHuLy noLLaam
B €MHULYY BPEMEHM

| = (Cc/ 8m) €2 — MHTEHCUBHOCTEL PACCESHHOM BOJIHBI 3aBUCHUT
OT HANPSKCHHOCTH OIS



PaccesiHue nonsspu3oBaHHbIX
PEHTreHOBCKUX JIy4eW 3J1IeKTPOHOM
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d — YCKOpPEHNE HYaCTuLbl B AaHHOM MoJie

>

€, — BEKTOP HAMNPS»KEHHOCTU 3. NONA 3/1.-Mar. BOJIHbI
e — 3apsaa Yactvupbl (4eM Bbllle, TeM flerye Konebatb)

m — Macca 4Yactuubl (4em 6osblie, TeM CnoXHee CABUHYTDL)



‘ PaccesiHue nonsapmu3oBaHHbIX
PEHTreHOBCKUX JIy4eW 3J1IeKTPOHOM

—

£, M

e, =(e/c?)ar(1/r)

a L r aL =a cos20
-
. “ 2_@ . ar=(e/m)gycos20
A 0 e = (e2/ mc?) (£,c0820 / 1)

dL — TaHlreHumasibHagd CoCTtaB/idoLwas

£,,, — BEKTOP HANPSsHXKEHHOCTU 3/1. MOJISA 3/1.-Mar. BOJIHbI, U3/TyYaeMOil
3N1EKTPOHOM




PaccesiHue nonsspu3oBaHHbIX
PEHTreHOBCKUX JIy4eW 3J1IeKTPOHOM

—

E
0 M s
/ d
é L r g, = (e / mc?) (g,c0520 /1)
-
_ T BP0 e lanie= (o),
A 0 =1, (r,2/r?) cos’20

[louTn obLias dpopmyna

YaCcTHOCTb B TOM, UTO €, IEXUT B NIOCKOCTU paccesiHuS, a
MOXXET 6bITb HanpaBneH B NHOO6OM HaMpaBIEHUM



PaccesiHue HenoNapu3oBaHHbIX
PEHTreHOBCKUX Jly4eH 3/IEKTPOHOM

E
£ =g tg
M r Bpewms namepenus
26 MHTCHCUBHOCTHU >> MIeproaa
E Ko1eO0aHUM BOJIHBI —

2 =2 4 o2
€%, = €5 T €5

€, JIGKUT B INIOCKOCTH NaJafolIero u pacCesiHHOro JyveH, a
€, IEPIECHAUKYIAPHA €l — KOMIIOHEHTA a1 CBI3aHHAA C €,
OyzdeT el mapajeibHa




PaccesiHue HenoNapu3oBaHHbIX
PEHTreHOBCKUX Jly4eH 3/IEKTPOHOM

£

Mo r |, ~ €2, ~€%[2 ~ 1,/2
208
I x

0o

— 1 2 . =1 ¢2 2 2
L, =1lgreg/2r= 1, = 1,15 cos<20 / 2r
CyMMapHasi "HTEHCUBHOCTb:

|, =1y (r%, /r?) (1 + cos?20) / 2

MHTEHCMBHOCTM racHYT 06paTHO NpoNopLMOHaJZIbHO KBaapaTty
pPacCcTosiHuA



PaccesiHue HenoNapu3oBaHHbIX
PEHTreHOBCKUX Jly4eH 3/IEKTPOHOM

Ey NHTEHCUBHOCTH pacCessHUsA
3aBUCHUT OT a1, IIO3TOMY B
M r pPACCESTHHOM BOJIHE BCETA
26 OyneT HaOJIroAaThCs
E MOJIApU3alusd, JaXe €CIN
IO IIEPBUYHOE M3JIyUYCHUE
HEIIOJIAPHU30BAHO

CyMMapHasi "HTEHCUBHOCTb:

I =1, (12 12) = P — mosspu3anmuOHHbIA
)| 0 e
dbakTop



PaccesiHue HenoNapu3oBaHHbIX
PEHTreHOBCKUX JIy4eW 3J1IeKTPOHOM

1+Cos® 20
,é < » Bkunan |,

> Brman Iy

26=0° 26:90° 20-180°

P=(1+ cos?20) /2




PaccesiHue peHTreHOBCKUX Jlyuemn
aTOMOM

/ JNEeKTPOH — OCHOBHa4
pacceuBaoLlas eanHULa

“|&2%

|
\
\ p;dV, — KonMuyecTBO ANEKTPOHOB
Yem 0osb1E 20, TEM Blilllle B 06BEME dVi , TIE P
Pa3HOCTDb X044 JYICH
AJIEKTPOHHAS MJIOTHOCTh
E, — aMmuTyna paccesiHusl aroMOM
Z — 4MCII0 BIIEKTPOHOB B aTOME

DTO OBLIO ObI MPABUILHO €CJIH OBl AJIEKTPOHBI ObLIN
CKOHIICHTPUPOBAaHbI B TOUKE



PaccesiHue peHTreHOBCKUX Jlyuemn
aTOMOM
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> Sin G/A

E,=fE

rae f— dynakmus (Sinb/L),
MOHOTOHHO HUCITIAIAKOIIas
(yHKIHS

f — aromubIi pakTOp paccesHus

IIpu sinB/A = 0, f = Z, T.e. paccessHHBIC BOJIHBI COBIIAAOT 110 (hase,

a OOJIBIIIYIO POJIb UTPAIOT BaJICHTHBIC AIEKTPOoHbI. C yBenuueHuem 0
BeauunHa f ObICTPO yOBIBACT M OCHOBHYIO POJIb UTPAFOT 3JICKTPOHBI
BHYTPEHHUX 000JI0YEK



‘ PaccesiHne peHTreHOBCKUX JIy4Yeun

dTOMOM
P X Taxum o6paszom f MoxHO
\\ MIPEICTABUTh KaK CYMMAapHOE
20 k¥ paccessHue DIEKTPOHOB!
N il s BAJICHTHBIX U OJIM3KHUX K TPy
10 =0 b .
TR f=f, +f
{ = BaJl t BHYT
002 04 06 °>"x ¢ e

MaremaTidecKu I J-TO aToMa:

fj =[x a exp(-bj (sin6/A)?)] + ¢, roe a, b 1 ¢ — KOHCTAHTHL.




PaccesiHue peHTreHOBCKUX Jlyuemn
aTOMOM

f
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> Sin G/A

f HeliTpaIbHBIX aTOMOB U UX
MOHOB OTJIMYAIOTCS IIPH MaJIbIX
0 1 mo4TH COBHAMAIOT IIPHU
OONBIINX 3HAYCHHUIX

AtomHBIN (hakTOp paccesHus f moka3pIBacT BO CKOJILKO pa3
aMILJINTYAa BOJHBI, PACCESIHHON aTOMOM OOJIbIIIE aMILIUTY/IbI
BOJIHBI PACCESIHHOM 3JIEKTPOHOM B TOM K€ HAIIPABJICHUH U TOM XK€
IJIMHBI BOJTHBI



PaccesiHue peHTreHOBCKUX Jlyuemn
Monekysniou (rpyrnnou atoMmoB)

€ — BCKTOP HAIIPSKCHHOCTH I10JI5 3J1.-Mal. BOJIHbBI

E — amMmnTy1a BOJIHEI
g = X E; cos2n (/T — Ry/A)
t — Bpems, T — mepuon, R; — myTs 10 j-myua (R; = Ry — AR;)

g, =X E . cos2n (/T — R.J/A)
o J — HayajibHas (aza
5= T 05 [20 (T Ry +@ ORM] 1 ayua (5)

&y = Ep €08 [27 (VT — Ry/A) +ouy]



PaccesiHue peHTreHOBCKUX Jlyuemn

Monekysniou (rpyrnnou atoMmoB)

gy = X E; cos [27 (VT — Ry/A) + §]

PGBYJIBT&TOM HAJIOKCHHS CUHYCONIAJIbHBIX BOJIH OﬂHOﬁ
9aCTOThI, HO PA3HbIX AMIIIMTYA U HA4Y4dJIbHbIX (1)213 ABJIACTCA

PE3YJIBLTUPYIONIAA CUHYCOM/IA C TOM K€ 4aCTOTOM

gy = Ep €0s [27 (VT — Ry/A) +ouy]

E, cosa, =X E; C0OSo;
E, sina, =X E; sing;

¥ E; cosd; = E, X f; coso,

/IBa

HEH3BECTHBIX:
E, 10,



PaccesiHue peHTreHOBCKUX Jlyuemn
Monekysniou (rpyrnnou atoMmoB)

l, =1, [(Z 1 cos§)? + ( f;sing;)?] = 1, F2
F2=1_/ 1, — cTpykTypHBIi (hakTop

CTpyKTypHBIN (PAKTOP MOKA3BIBAET BO CKOJIBKO Pa3
MHTEHCUBHOCTH BOJIHBI, PACCESTHHON MOJICKYJIOM OOJBIIIE
BOJIHBI, PACCEAHHOMW 3JIEKTPOHOM B TOM K€ HAIIPABJICHUUN

B kayecTBe MONEKYbl MOXXHO MPUHSATb 3/IEMEHTAPHYIO
SYENKY, HO NOKa HE NEPUOANYHYIO



PaccesiHue peHTreHOBCKUX Jlyuemn
naeasibHbIM KPpUCTaJIJIOM

E.x wp.= Eon M IFI, m1e M — 9mnciio sneMeHTapHbIX siYeeK
2 F2

L sp. = by M2 F

II/II[ Kp. I M F hkl

F20a = [Z f; cos2m (hx; +ky, +12)]2 + [£ . sin2m (hx, +ky; +1z,)]2

B BEKTOpHOM BUJE:

Feha = [Z f; cos2n (H, R)J* + [Z f; sin2xm (H, R))]*, tne H -
BEKTOD B o6paTH0M IIPOCTPAHCTBE



PaccesiHue peHTreHOBCKUX Jlyuemn
naeasibHbIM KPpUCTaJIJIOM

F21 — CTPYKTYPHBIH (pakTop

F (hk) — BOTTHOBAsI WJTH CTPYKTypHas QYHKIHs (KOMILICKCHAsT
BEJIMYHMHA)

F iy = |Friql €%, Te o HavansHas dasa

F (k1) — XapaKTepusyeT COCTOSHHE BOIHEI C aMILTUTYIOH |Fyyl 1
Ha4aJIbHOU (PA30U Oy

CrpykrypHas amruryaa |F, | 3aBUCUT OT CTpOCHUSA KpUCTAILIA U
BBIPAKACTCS OTHOLICHUEM aMILIMTYAbl PACCESIHUS BCEMU
AICKTPOHAMM STYEHKH K aMIUIUTYAEC PACCESIHUS OJHUM DJICKTPOHOM



PaccesiHue peHTreHOBCKUX Jlyuemn
naeasibHbIM KPpUCTaJIJIOM

_ - I[To popmyie
F(hk|) —_ IFhk|| (COS(X + | SII’]OL) 9ﬁﬂ(£p§: M

ela = coso + i Sino

Foa = Z [fj cos2m (hx; +ky; +lz;) + 11 sin2z (hx; +ky; +1z;)]

F iy = Z T; ei2n(H. R




PaccesiHue peHTreHOBCKUX Jlyuemn
naeasibHbIM KPpUCTaJIJIOM

D) fj ai2n(H, Rj)

Ho ¢usndecku 0oee mpaBUILHO pacCMaTpUBATh AJICTPOHHYIO
[JIOTHOCTH B KAXKJIOU TOUKE

F (k) = Ig p(x,y,z) e R dx dy dz

Xyz

F ) = \{ p(x,y,z) e?mH. R dV




PaccesiHue peHTreHOBCKUX Jlyuemn
naeasibHbIM KPpUCTaJIJIOM

B ciaydae neHTpOCHMMETPUYHOIO KprcTaljia (C Ha4aaoM
KOOPJWHAT B LIEHTPE UHBEPCHH )

F ) = ‘{ p(x,y,z) e?mH.Ri) dV

(xyz)
 cos2m (hx; +Ky; +1z)) + i f; sin2z (hx; +ky; +1z;)]

(xyz)

Bcst an1. siuetika Ota vacTh paBHa 0

N/2

Fi :2j§1[fj cos2z (hx; +ky; +1z;)




PaccesiHue peHTreHOBCKUX Jlyuemn
peaJjibHbIM KPUCTaJIJIOM

CrpykTypHas (GyHKIIUSA:
Foa = 2 [ cos2r (hx; +ky; +1z)) + 1 1; sin2z (hx; +ky; +1z;)]

Ho Ha npakTtuke usmepseTcss UHTEHCUBHOCTb:

IKp = |Fl

CTPYKTYpHas (PyHKIHS KOMIUIEKCHAS BEJIMYWHA — KBaApar
(PYHKIIMU — YMHOKEHHAE HA KOMITJIEKCHO COMPSKECHHYIO

Fin =A+iB — [F4 | = A% +B?

Lo = lo (r,2/r?) P N2 F2,

MHTEHCUBHOCTH pacc. 2.

|, =1, (r% /%) (1 + cos?20) / 2



PaccesiHue peHTreHOBCKUX Jlyuemn
peaJjibHbIM KPUCTaJIJIOM

YpaBHEHUE UHTEHCUBHOCTU OTHOCUTCSA K UJICAIBHBIM YCIIOBUSIM:
napauiebHOMY INIOCKOMY ITyUKYy U 0e3/1e(heKTHOMY KPUCTAJLTY

B peaibHOCTH EPBUYHBINU ITYYOK COCTOUT U3 PACXOIAIIMXCS JIYUEH,
a B KPUCTAJJIEC CYLIECTBYIOT TOYCUHBIE, IMHEUHBIE, TUIOCKUE
nedexTol. T.e. KpucTaal MOKHO pacCMaTprBaTh KaKk COBOKYITHOCTD
UIeaIbHEBIX OJIOKOB U CHJIBHO MCKAaKEHHBIX 00JacTen

B pesynbrare orpaxkeHHe 0T aTOMHBIX Itockocteit hkl moxxer
IIPOXOANUTH HE MPHU OMIPEAEICHHOM yIiie 0, a mpu auamna3one yrios A0,
3aBHCSAIIEM OT Pa30pHUCHTAIIMN OJJOKOB —> HEOOXOAUMO H3MEPSTh
MHTCHCUBHOCTH B 3TOM JIHANa30HE yIJIOB, T.C. IPOMHTESIPUPOBATH
MHTCHCHUBHOCTh OTPAXEHHH I10 Auamna3ony Ao



PaccesiHue peHTreHOBCKUX Jlyuemn
peaJjibHbIM KPUCTaJIJIOM

N3mepsieMast TakuM 00pa30M HHTEHCUBHOCTh, Ha3bIBACTCS
UHTErPAJIbHON MHTEHCUBHOCTHIO

L = 1o Qng V , e Qp — yAenbHas oTpaxaromas
crnocoOHOCTh Tockoit ceTku (hkl)

b 29
| = 1o Qng V I’ 1 |”” — myTH IEepBHYHOTO U
/ ne(parupoBaHHOTO ITy4YKa

A — dakTop npomnyckaHus (IMOMIOIICHHUS)

[Ipul=0: A=V 1/V=1 — BemecTBa HET, LI OHO HE MOTJIOIIACT
IIpul=00: A=1/0=0 — HHYEro HE MPOUAET CKBO3b BEIIECTBO



PaccesiHue peHTreHOBCKUX Jlyuemn
peaJjibHbIM KPUCTaJIJIOM

[Ipornecc ctaHOBUTCS 00JI€€ MOHATHBIM ITPU pACCMOTPEHUH
00paTHOIro MPOCTPAHCTBA: IPH CKAHWUPOBAHUU MHTEpPBAJIa
PETUCTPUPYIOTCS OTPAKEHUS OT OMHOM U TOH K€ CUCTEMBI
mockocter (hkl) — BeawunHa cooTBeTCTBYIOMIETO BeKkTOpa H
00OpaTHOM PEIICTKH OCTAETCS OAHOM U TOH XKe

Ecau paccmarpuBath cepy DBajiblia ¢ SAMHUYHBIM PAIAyCOM, TO
y3eJ1 00paTHOM peleTKH OyaeT 3aHuMarh 00beM A3V — 11
MIOJTHOTO CKAHUPOBAHUS HEOOXOAMMO, UYTOOBI BCE TOYKH 00bEeMa
y3JIa TOOBIBAIM HA TOBEPXHOCTHU CPepbl — yroi ckaHupoBaHus A
OyZIeT 3aBHCETh OT JJIMHBI BeKTOpa H 1 0T MecTa ero nepecedeHus
co chepon



PaccesiHue peHTreHOBCKUX Jlyuemn
peaJjibHbIM KPUCTaJIJIOM

Taxnum oOpasom |, .. 3aBHCUT HE TOJIBKO OT OTPAXKAKOIIEN
CIIOCOOHOCTH CE€TKM M BEJIUYMHBI CTPYKTYPHOIO (haKTOpa, HO U OT
MeCTa mepeceyeHus y3ia co chepoit DBalibaa

BennuuHa, yauTsiBaroias 3ToT (pakT HazeiBaeTcs pakrop JlopeHma
L =1/sin20

['eoMeTpHUUECKUE BEIUUYMHBI CBI3aHHBIC JIUIIb C YIJIIOM 0 0OBIYHO
OOBEAUHSIOT B OJIHY (DOPMYITY:

L-P= (1+ cos?20) /2 sin20

[TongapuzanuonHbiid pakTop u dakrop JlopeHna

Qu=CF4,1mPL...



