
0 ti b e A M H e H H bl M 
MHCTMTYT 
RAe PHbl X 

MCCnHAOBaHMM 

n- Y l( 1 

3JIEKTPOMAfHHTHO E H3JIY'JEHHE 

HEKAHAJIHPYIOUlHX 

YJibTPAPEJIHTHBHCTCKHX 'JACTHU, 

~BH)I(YlUJ1XCH no~ MAJIYMJ1 Yr JIAMH 

AYtiHa 

s tt-.!f9 

P2 - 12478 

K KPHCTAJIJIOrPAc)H'JECKl1M ruiOCKOCTHM 

1979 



M . H.no.z:~ropei.urnit 

3JIEKTPOMArHl1THOE H3JIYlJEHl1E 

HEKAHAJIHPY101Ul1X 

YJibTPAPEJIHTHBHCTCKHX lJACTl1U, 

,ll,BH)I(YUU1XCH DO,ll, MAJILIMH Yr JIAMl1 

P2 - 12478 

K KPHCTAJIJIOrPA()HlJECKHM DJIOCKOCTHM 

HanpaeAeHo e Rill 



noArope~KH~ M.H. P2 - 12478 
3neKTpOMarHHTHOe H3ny4eHHe HeKaHanHpy~~HX 
ynbTpapenRTHBHCTCKHX 4aCTH~, ABH*Y~HXCR nOA ManWMH 
yrnaMH K KpHCTannorpa$H4eCKHM nnOCKOCTRM 

AHanH3HPY~TCR ycnOBHR, npH KOTOPWX 3apR*eHHWe ynbTpa
penRTHBHCTCKHe 4aCTH~bl, nponeTa~~He 4epe3 KpHCTann BHe 
yrna nHHXapAa, reHepHpy~T 3neKTpOMarHHTHOe H3ny4eHHe, o6na
Aa~~ee PRAOM cne~H$H4eCKHX CBO~CTB, OTnH4a~~HX era OT H3ny-
4eHHR KaHanHpy~~HX 4aCTH~. B 4aCTHOCTH, era HHTeHCHBHOCTb 
He 3aBHCHT OT 3HaKa 3apRAa H OT yrna HaKnOHa TpaeKTOpHH 
K KpHCTannorpa$H4eCKHM nnOCKOCTRM /noKa yron MeHbWe HeKo
TOpO~ npeAenbHO~ aenH4HHW/, B TO apeMR KaK cneKTpanbH~~ 
COCTaB OnpeAenReTCR HMeHHO 3THM yrnOM H 3HeprHe~ 4aCTH~~. 
B PRAe cny4aea yKa3aHHOe H3ny4eHHe MO*eT 6btTb Hcnonb30BaHo 
a Tex *e ~enRx, 4TO H H3ny4eHHe npH KaHanHpoaaHHH; era 
HanH4He cneAyeT TaK*e Y4HTWBaTb npH aHanH3e 3KCnepHMeHTOB 
c~-Me30HaMH B~COKHX 3HeprH~ B KOCMH4eCKHX ny4aX. 

Pa6oTa BblnOnHeHa B na6opaTOPHH BbiCOKHX 3HeprH~ OHfiH 

npenpHHT 061>81lHH9HHOrO HHCTHTyTa SUl9pHbiX HCCnell088HHA, 1ly6Ha 1979 

Podgoretsky M.l. P2 
Electromagnetic Radiation of Nonchanneling 
Ultrarelativistic Particles Moving at Small 
Angles to Crystallographic Planes 

12478 

Conditions under which charged ultrarelativistic par
ticles,flying through a crystal outside the Linkhard angle, 
generate an electromagnetic radiation which has some spe
cific properties as compared to channeling particle radia
tion are analyzed. In particular, its intensity does not 
depend on a charge 'sign - and on slope angle of trajectory 
to crystallographic planes (while this angle is less than 
a certain 1 imit value), whereas it is this angle and par
ticle energy which determine spectral composition. In some 
cases the radiation could be used for the same purposes as 
the radiation at channeling; its presence should be consi
dered also when analyzing experiments with high energy 
mesons in cosmic rays. 

The Investigation has been performed at the 
Laboratory of High Energies, JINR. 

Preprint of the Joint Institute for Nuclear Research. Oubno 1979 

1. B nocneAHee apeMR noRBHnOCb MHoro pa6oT, nocaR~eHH~x 

cne~H$H4eCKOMY H3ny4eHH~, B03HHKa~~eMy npH KaHanHpOBaHHH 
ynbTpapenRTHBHCTCKHX n03HTpOHOB B KpHCTannax /CM., HanpHMep, 
ccblnKH a 111, a TaK*e pa6oTbl /2,3,4/ I. B 4aCTHOCTH, npH nnoc
KOCTHOM KaHanHpOBaHHH pe4b HAeT 0 ABH*eHHH n03HTpOHa Me*AY 
ABYMR KpHCTannorpa$H4eCKHMH nnOCKOCTRMH nOA HefionbWHM yr
nOM K 3THM nnOCKOCTRM; 3neKTpOCTaTH4eCKOe OTTanKHBaHHe OT 
nnOCKOCTe~ npHBOAHT K nonepe4HbiM KOnefiaHHRM n03HTpOHa H, 
cneAOBaTenbHO, - K H3ny4eHH~. B AanbHe~WeM MW 6yAeM HHTe
pecoaaTbCR TOnbKO ynbTpapenRTHBHCTCKHMH 4aCTH~aMH. TorAa 
npH BWnOnHeHHH HeKOTOPWX AOnOnHHTenbHbiX ycnOBH~ HX ABH*eHHe 
MO*HO OmtCbiBaTb KnaCCH4eCKH H nOnb30BaTbCR npOCTO~ MOAenb~, 
B KOTOPO~ nonO*HTenbHble 3aPRAW RAeP H OTpH~aTenbHWe 3apRAW 
3neKTPOHOB HenpepbiBHO 11 pa3Ma3aHbl 11 BAOnb paCCMaTpHBaeMbiX 
nnocKocTe~. noTepH 3HeprHH Ha H3ny4eHHe 

~--- 2e4 E 2 y 2 

dz - a(mc2)2 
/1/ 

rAe e H m- 3aPRA H Macca no3HTpoHa,y -era nopeH~-$aKTop, 
z - npoAOnbHaR KOOPAHHaTa, E - HanpR*eHHOCTb 3neKTPH4ecKo
ro nonR, 3aBHCR~aR OT nonepe4HO~ KOOPAHHaTbl X; aenH4HHY E 2 

cneAyeT ycpeAHHTb no TpaeKTOPHH 4aCTH~W B COOTBeTCTBHH C 
xapaKTepoM nonepe4HbiX Kone6aHH~. 

npH KaHanHpoaaHHH BAOnb nnOCKOCTH /110/ KpeMHHR noTeH
~Han 6nH30K K rapMOHH4eCKOMY ~/ , T.e. 

eE=- kx. k = 4·10 17 3B/cM 2
• /2/ 

3AeCbX OTC4HTblaaeTCR OT nnOCKOCTH, paBHOOTCTOR~e~ OT TeX 
ABYX nnoCKOCTe~, Me*AY KOTOpbiMH npOHCXOAHT KaHanHpOBaHHe. 
C y4eTOM /2/ AnR 4aCTH~, naAa~~HX Ha KpHCTann napannenbHO 
nnOCKOCTRM /110/, ~OpMyna /1/ nepeXOAHT B 

~=- k2e2/ct2 /3/ 
dz :E(mc2) 2 
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-s 
rAe d~ , 2·10 CM- paCCTOHH~e MemAy COCeAH~M~ Kp~CTannorpa-
~~4eCK~M~ nnocKOCTHM~ /110/ KpeMH~H. XoTH T04H~~ B~A aae~
C~MOCT~ nonH E OT nonepe4HO~ KOOPA~HaT~ X He 04eHb eameH, 
AanbHe~wee o6cymAeH~e ~ 4~cneHH~e 04eHK~ M~ 6yAeM npoeo
A~Tb, ~CXOAH ~3 /2/. B 4aCTHOCT~, AnH KpeMH~H ~opMyna /3/ 
AaeT dd dz-=- ,10-6 y 2 MaB/cM. 

npoxomAeH~e no3~TPOHa 4epe3 aMOp~HY~ cpeAY /~n~ 4epe3 
Kp~cTann, HO noA 04eHb 6onbw~M yrnoM K Kp~cTannorpa~~4eCK~M 
OCHM ~ nnOCKOCTHM/ COnpOBOmAaeTCH 06~4H~M TOpM03H~M ~3ny4e
H~eM. CooTBeTCTBY~lll~e YAenbHble noTep~ (d£/dz) T nponop4~o-

dc 
HanbH~ nepeo~ CTeneH~ nopeH4-~aKTopa; AnH KpeMH~H (~)T = 
- -2 
_, 5. l 0 y MaB/cM. np~ 3Hepr~~ ( :: , 1 raB TOPM03Hble noTep~ ee-
n~K~ no cpaeHeH~~ c noTepHM~ /3/; OAHaKo np~ c ~ , 25 raB 
o6a MexaH~3Ma noTepb cpaeH~ea~TcH, a np~ e111e 6onbw~x 
3Hepr~Hx o6cymAaeMoe cne4~~~4ecKoe ~any4eH~e 3Ha4~TenbHO 
ppeB~WaeT no CBOe~ ~HTeHC~BHOCT~ TOPM03HOe. 

C pOGTOM 3Hepr~~ KaHan~py~~~~~X 4aCT~4 6~CTpO paCTeT He 
TOnbKO ~HTeHC~BHOCTb cne4~~~4eCKOro ~3ny4eH~H, HO TaKme 
~ ero meCTKOCTb. 3TO 06CTOHTenbCTBO npeAnaranOCb ~CnOnb30-
BaTb AnH PHAa np~KnaAHbiX 4ene~, B 4aCTHOCT~ AnH C03AaH~H 

MOUIHbiX ~CT04H~KOB y -~any4eH~H I CM., Hanp~Mep, 16·9 1 I. 
Ar!H o6cymAaeMbiX 3AeCb HBneH~~ eamHy~ ponb ~rpaeT napa-

, me 2 A 6 w 

MeTp y =--:r; rAe - MaKC~ManbHaH aMnn~TYAa Kone aH~~. 
kA 

e111e COBMeCT~MaH C 3~~eKTOM KaHan~pOBaH~H; np~ nnOCKOCTHOM 
KaHan~poeaH~~ A== ,d/2, T.e. 

4rnc 2 
y':: , __ *. /4/ 

kd 2 

KaHan~poBaH~e B03MOmHO TOnbKO TOrAa, KOrAa 4aCT~4bl BXOAHT 
B Kp~CTann noA He6onbW~M yrnoM 0 K Kp~CTannorpa~~4eCKO~ 
nnocKOCT~, He npee~wa~lii~M HeKoToporo KP~T~4ecKoro yrna 

ek -:. ,(yy') - % • /51 

np~ e > ek 4aCT~4a -He MomeT YAepmaTbCH BHYTP~ KaHana ~ 3~
~eKT KaHan~poeaH~H He ~MeeT MecTa. 

2. 06~4HO npeAnonara~T, 4TO c ~c4e3HOBeH~eM KaHan~poea
H~H ~c4eaaeT ~ cne4~~~4ecKoe ~any4eH~e /1/. MomHo, OAHaKo, 

---·-no_c_BOeMy--cMbicn_y_ y' cosnaAaeT c een~4~HO~ Y• ~cnomao
BaHHO~ B §5 pa60Tbl n~OTn~4aHCb OT nocneAHe~ TOnbKO 4~cneH
H~M MHOm~TeneM; AnH KpeMH~H y' ::: 1 , 4 · 10 4 . 

4 

noKa3aTb, 4TO nocneAHee YTBepmAeH~e HYmAaeTCH B CY!IIeCTBeH
H~X yT04HeH~HX, aHan~3 KOTOP~X ~ COCTaBnHeT 4enb HaCTOH!IIe~ 

pa6oT~. PaccMOTP~M 4acT~4Y /noa~TPOH ~n~ aneKTPOH, AnH 
AanbHe~wero 3TO 6eapaan~4Ho/, nepeceKa~!IIY~ Kp~cTannorpa~~-

4eCK~e nnOCKOCT~ nOA TaK~M yrnoM0, AnH KOTOporo B~nonHeH~ 
HepaeeHcTea 

ek « e « 1. !61 

nocKOnbKY np~ AOCTaT04HO 6onbWO~ 3Hepr~~ Kp~T~4eCK~~ yron0k 
o4eHb Man, ycnos~H /6/ enonHe pean~ayeM~. TaK~e 4aCT~4bl 
He MOryT KaHan~pOBaTb, ~X TpaeKTOp~~ 6n~3K~ K npHMOn~He~
H~M; c APYrO~ CTOPOH~' np~ e << 1 MOAenb "pa3Ma3aHHoro aapHAa" 
ocTaeTCH enonHe cnpaseAn~so~. CneAoBaTenbHO, ocTaeTcH ~ cne-
4~~~4ecKoe ~any4eH~e, on~c~eaeMoe ~opMyno~ /1/. EA~HCTBeH
HOe OTn~4~e COCTO~T B TOM, 4TO een~4~HY E2 HaAO Tenepb 
ycpeAHHTb no npaKT~4eCK~ npHMOn~He~HOMY AB~meH~~, a He no 
C~HYCO~AanbHOMy AB~meH~~, CBO~CTBeHHOMY KaHan~poBaH~~*· 
TorAa /1/ nepexoA~T a 

de k2e2d2y 2 
-ii = - --is-<-;~2)2- · 171 

T.e. noTep~ 3Hepr~~ YABa~ea~TCH no cpasHeH~~ c /3/. noA-
4epKHeM e111e pa3, 4TO ~OpMyna /7/ OTHOC~TCH B paBHO~ Mepe 
KaK K n03~TpOHaM, TaK ~ K 3neKTPOHaM ~ 4TO paCCMaTp~BaeM~e 
noTep~ He aas~cHT oT een~4~H~ yrna e. 06a nocneAH~x yTeepm
AeH~H OCTa~TCH sepHbiM~ H npH OTn~4~~ nonH OT npOCTe~we~ 
~PM~ /2/, XOTH KOHKpeTHbl~ ~ /7 I MomeT c~nbHO ~3MeH~TbCH 
aa c4eT 113MeHeHHH een~4HHbl E . 

On~caHHble npocTble peaynbTaTbl nony4eHbl a paMKax Knacc~-
4ecKoro nOAXOAa, ~ TOnbKO B 3T~X paMKaX MOmHO rapaHT~posaTb 

~o~x cnpaBeAni1BOCTb. CneAOBaTenbHO, eoaHHKaeT sonpoc o6 yc
noBI1HX, np11 KOTop~x AB~meHHe 4aCTI14bl ~ ee ~any4eH~e MOmHo 
paccMaTpl1eaTb Knacc~4eCKH. 8blnonHeH~e 3THx ycnos~~ np~so
AHT, KaK Mbl ce~4aC YB~A~M, K ycTaHOBneH~~ BepxHe~ rpaHH4bl 
Ha AOnycT~Mble 3Ha4eHHH yrna e. 0 AB~meH~~ ynbTpapenHTI1B~CT
CKO~ 4aCT~4bl no KnaCCH4eCKO~ TpaeKTOPI-111 MOmHO rosopi1Tb, 
ecn11 An11Ha BOnHbl Ae 6po~nH, COOTBeTCTBY~UiaH 113MeHeHH~ no
nepe4HOrO HMnynbca q, Mana no cpae~eHH~ c nonepe4HbiMH paa
MepaM~ TeX o6nacTe~, BHYTPI1 KOTOpbiX CY!IIeCTBeHHO 113MeHHeTCH 
eHewHee none. B 11HTepecy~!lleM Hac cny4ae 3TO npi1BOA11T K Tpe-

* AHanori14HOe YTBepmAeHI1e OTHOCHTCH, KOHe4HO, 11 K AB11-
meHI1~ 4aCTH4bl nOA He60nbWHM yrnOM K KpHCTannorpa~l14eCKO~ 
OCH np11 B~nOnHeHHI1 ycnOBI1H, CXOAHOtO C /6/. 
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6oeaHHIO 

L\q . j _ > _!!_ 
2 2 /8/ 

4eM MeHbWe 8, TeM 6onbWH~ nyTb npOXOAHT 4aCTH~a MemAY ABYMR 
CMemH~MI-1 nnOCKOCTRMI-1 1-1 TeM, cneAOBaTeDbHO, 6onbWe eeni-141-1Ha 
L\q. C noMO~biO /2/ nerKo nony4HTb BbJpameHHe L\q = kd 2 / 88c, 
nocne 4ero HepaeeHcTeo /8/ nepexOAHT a ycnoe1-1e 

8 < II = d/ 2y'A ' 191 
0 

t 
e KOTopoM A = -- - KOMnTOHOBCKaR An~<~Ha 3neKTpoHa. Ecn1-1 

o me 

pe4b HAeT 0 nnOCKOCTRX /110/ KpeMHHR, TO 8 npaeo.:i 4aCTH 
/9/ CTOHT AOBODbHO 60nbWaR BenH41-1Ha, 6nH3KaR K 2,3 ·10-2 • 

TeM CaM~M B HHTepecyiO~eH Hac o6naCTH 04eHb B~COKHX 3Hepri-1A 
ABO.:iHOe HepaBeHCTBO /6/ OKa3~eaeTCR B~nOnHeHH~M C 60nbWHM 
aanacoM. ~eAcTBHTenbHO, yme npH r = 1 r3B nony4aeM 8k = 
=1·10-4

, 4TO Ha ABa nopRAKa MeHbWe, 4eM /9/. 
PaccMOTPHM Tenepb Tpe6oeaH~<~e Knacci-14HOCTH ~<~any4eHHR, 

KOTOpOe MOmHO C$OpMyn!-1poeaTb B BI<!Ae HepaeeHCTBa 

hU < c, /10/ 

rAe {l - 4aCTOTa H3ny4eHHR /nOCKOnbKy H3ny4eHHe He RBDReTCR 
MOHOXpOMaTH4eCKHM, pe4b HAeT He 0 KaKo.:i-TO KOHKpeTHO~ 4aC
TOTe, a TOnbKO 06 o6naCTH 4aCTOT, xapaKTepH~X AnR OCHOBHO.:i 
Mace~ $OTOHOB/. CneKTpanbH~A COCTaB onpeAenReTCR, KaK H3-
BeCTHO, COOTHOWeHHeM MemAY yrnOM OTKnOHeHHR 4aCTH~bl npH 
npoxomAeHHI-1 e10 o6nacTH, aaHRToA noneM /a HaweA aaAa4e pe4b 
HAeT o6 yrne a = ,£\q/mcy I, 1-1 yrnoM nopRAKa 1/y, BHYTPI-1 Ko
Toporo HAeT OCHOBHaR Macca l-13ny4eHHR /eM., HanpHMep,nO~ 
§ 77 I. KaK nerKo BHAeTb, OTHOWeHHe a / (.1..) ::: ,_..1,_

8 
: nocKon bKY 

d y 2 y 
Hac HHTepecyiOT yrm1 8 :: ,_;---; OKOH4aTenbHO nony4aeM a / (1..) ::, 

A 2y Ao y 
:: , -dfl ,« 1. 8 COOTBeTCTBHH C §77 B KHHre /10/ B 3THX ycnOBHRX 

cneKTpanbHbiA cocTae H3ny4eHHR onpeAenReTcR paaMepaMH o6na
CTH, 3aHRTO.:i noneM. · B na6opaTOpHO.:i CHCTeMe 4aCTH~a nepece
KaeT npOCTpaHCTBO MemAY ABYMR CMemHbiMI-1 nnOCKOCTRMH 3a epeMR 
T = d/(Jc, B CHCTeMe CaMO.:i 4aCTH~bl COOTBeTCTBYIOtqee BpeMR 

r* = d/8cy, T. e. xapaKTepHaR 4aCTOTa n * ::= , -L,= Oct_ ,; nocne-
r* d 

6 

AYIOtqi-1.:1 8 na6opaTOPHYIO CHCTeMy AaeT 

n::, 

nepexoA 

(Jcy2 * 
d 

/11 I 

B ceR3H c $opMynaMH /11/ 1-1 /12/ HanOMH~<~M, 4TO AnR H3ny4e
H~<~R, 803HHKa~ero npH KaHanHpOBaHHH, 4aCTOTa 3a8HCHT TOnbKO 
OT eenH4HH~ » HanpHMep, AnR nnOCKOCTHOrO KaHanHpOBaHHR np~-1 

y <<y ' · HMeeM 

n :: ,~i:- , (--1...) 'h • 1121 
d y' 

$opMynbl /11 I H /12/, HanpoTHB, KpoMe Y• coAepmaT e~e yron 
8, 4TO n03BOnReT perynHpOBaTb 4aCTOTY {l npH $HKCHPOBaHHOM 
3Ha4eHHH y 1-1 He~<~aMeHHOH o6~qe.:i HHTeHCHBHOCTH. ConocTaeneHHe 
/11/ C ycnOBHeM KnaCCH4HOCTH /10/ nOKa3~BaeT, 4TO npH y <<y' 
o6nacTb AOnycTHM~x yrnoe 8 onpeAenReTcR HepaeeHCTBOM 

8 < d/A0 y. 

6onee cna6~M, 4eM /9/; no3TOMY peanbHOe orpaHH4eHHe 
nycTHMble yrnbl 8 no-npemHeMy aaAaeTcR ycnoeHeM /9/. 
noKaaaTb, 4To ycnoe~<~e /13/ cnpaeeAn~<~eo"' np~-1 y > y: 
MY B o6naCTH y > y' M~ npHXOAHM K orpaHH4eHHIO 

d 
8 < 11 ::: , -- ~ 

Ao Y 

/13/ 

Ha AO
MomHO 

Oo3To-

/14/ 

3Ha4HTenbHO 6onee c~<~nbHOMy, 4eM /9/. CneAoeaTenbHO, npH 
y<<y' eoaMOmH~e yrnbl 8 orpaHH4eH~ ycnoe~<~eM /9/, np~<~ y >> y' 
- ycnOBHeM /14/. 

XOTR npaeaR 4aCTb /14/ yMeHbWaeTCR C pOCTOM y 3Ha4HTenbHO 
6biCTpe~, 4eM (Jk, B YCDOBHRX npHMeHHMOCTI-1 KnaCCH4eCKOrO nOA
XOAa OHa BcerAa OCTaeTCR 6onbWe KPHTI-14eCKOrO yrna. ~e.::iCTBI-1-

, 'h d 
TeDbHO, OTHOWeHHe ABYX paccMaTpHBaeMbiX yrnoe paBHO (L-) --

y Ao 
C APYrOA CTOpOH~, npH 04eHb 6onbWHX y 4aCTH~a Ha4HHaeT + _ , 
reHep~<~poeaTb eo BHewHeM none e e -nap~, ~<~ TOrAa Knacc~<~-

* Op~-1 B~BOAe /11/ o6naCTb MemAY ABYMR CMemHWMI-1 nnocKo
CTRMH paCCMaTpl<!eanacb CaMa no ce6e, He3aBHCHMO OT APYrHX 
TaKHX o6nacTe~. nerKO BHAeTb, 4TO HanH4He 6onbWOrO 4HCna 
napannenbH~X nnocKocTeA, nocneAOBaTenbHO nepeceKaeM~x 
TpaeKTOpH A 4aCTH~~, He MeHReT nony4eHHOrO peaynbTaTa. 
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4ecKoe paccMOTpeH~e TepReT CM~cn. 4To6~ 3Toro He 6~no, 
AOn>KHO fibiTb, KaK ~3BeCTHO /CM. 110{ §75/, BblnOnHeHO ycnoB~e 

m2 c3 
yE << -~t-- , KOTOpOe B paCCMaTp~BaeMOM HaM~ cny4ae np~H~MaeT 

B~A 

y « y'd/>.0. /15/ 

0TC~Aa cneAyeT, 4TO np~ n~6~x y, MeHbW~X npeAenbHO AOnycT~
Moro 3Ha4eH~R /15/, npaBaR 4aCTb /14/ OCTaeTCR fiOnbWe Kp~
T~4eCKOro yrna KaHan~pOBaH~R 8k. nocneAHee ofiCTORTeJ.IbCTBO 
MO>KeT OKa3aTbCR cy~eCTBeHHbiM B 4~CTO npaKT~4eCKOM nnaHe, 
nOCKOnbKY OHO np~BOA~T K pe3KOMY ocna6neH~~ Tpe6osaH~~. 
npeAbRBnReMbiX K T04HOCT~ Op~eHTa~~~ Kp~CTanna ~ K yrnOBO~ 
paCXOA~MOCT~ ny4Ka. Hanp~Mep, np~ ( =, 100 r3B KP~T~4eCK~~ 
yron y>Ke 04eHb Man I 8 k :::: , 2 · 10 _ ,5 I, B TO speMR KaK yron, 
onpeAenReM~~ <)JopMyno~ /14/, e~e AOBonbHO sen~K <71 "" ,10-3 ). 

Ecn~ yron 8 npesocxoA~T rpaH~~bl, onpeAenReMble <)JopMynaM~ 
/9/ ~ /14/, TOOT Knacc~4eCKoro noAXOAa cneAyeT nepe~T~ 
K KBaHTOBOMY,KOTOp~~ Tpe6yeT cne~~aJ.IbHOrO aHan~3a, HaM~ 

He npoBeAeHHOro. RcHo, KOHe4HO, 4TO cne4~<1>~4ecKoe ~3ny4eH~e 

np~ 3TOM nonHOCTb~ He ~C4e3aeT; C APYrO~ CTOPOHbl, MO>KHO 
s~cKa3aTb He 04eHb onpeAeneHH~e Ka4eCTBeH~e coo6pa>KeH~R, 
~3 KOTOp~X, BepORTHO, cneAyeT 3aMeTHOe yMeHbWeH~e ero ~H
TeHC~BHOCT~ no cpaBHeH~~ C /7/. no3TOMY B AanbHe~WeM M~ fiy
AeM npeAnonaraTb, 4TO rpaH~~~ Knacc~4ecKoro on~caH~R /9/ 
~ /14/ npaKT~4eCK~ cosnaAa~T c rpaH~~aM~ caMoro cy~eCTBOBa
H~R OfiCY>KAaeMoro ~HTeHC~BHOrO ~3Jly4eH~R, C03HaBaR BMeCTe 
C TeM, 4TO nocneAOBaTenbH~~ KBaHTOB~~ pac4eT MO>KeT He nOA
TBepA~Tb 3Toro npeAnono>KeH~R. 

KaHan~py~~~e no3~TPOHbl He MoryT 6n~3KO nOAO~T~ K RAPaM, 
~3-3a 4ero pe3KO naAaeT XaOT~4eCKOe MHOrOKpaTHOe KynOHOBCKOe 
pacceRH~e. B npoT~BononO>KHOCTb 3TOMY np~ 8 >> 8 k 4aCT~4bl 

nepeceKa~T Kp~cTannorpa<)J~4eCK~e nnocKocT~ ~ MHoroKpaTHOe 
pacceRH~e CTaHOB~TCR TaK~M >Ke, KaK AnR aMop<)JHOrO Tena. 
B pe3ynbTaTe nocne npoxO>KAeH~R AOCTaT04HO 6onbworo nyT~ ~Kp 
B03MO>KHbl 11XaOT~3a~I-1R 11 AB~>KeH~R, HapyWeH~e nepBOHa4anb HO 
B~nonHeHH~x ycnos~~ /9/ ~ /14/ ~. KaK cneACTB~e, - ~c4e3-
HOBeH~e cne~~<l>~4ecKoro ~3ny4eH~R. AnR 04eHK~ nopRAKa sen~-
4~H~ ~ Kp HaAO np~ y < Y' np~paBHRTb cpeAHeKBaApaT~4H~~ 
yron MHoroKpaTHoro pacceRH~R K npaso~ 4acT~ /9/,_~_np~ 
y > y' - K npaBO~ 4aCT~ /14/. B cny4ae KpeMH~R 8 2 =80f/y 2 , 
ecn~ ~ ~3MepRTb B caHT~MeTpax. 0TC~Aa np~ Y < Y' cneAyeT 

1 dy 2 -6 2 
~ :::: --- (------) :::: 7·10 y CM, 

Kp 80 2.\ ,. oY 
8 

T.e. y>Ke np~ y :: 10 3 

y > y ' 
nony4aeM ~Kp = 7 eM. AHanor~4HO np~ 

:::: _L ...r.~ (-~) 
2 

~Kp 80 y >.
0 

3AeCb ~Kp naAaeT C pOCTOM y, OAHaKO Aa>Ke np~ MaKC~ManbHO 
AOnycT~MbiX 3Ha4eH~Rx y, onpeAenReMbiX <)JopMyno~ /15/, sen~4~Ha 
~Kp OCTaeTCR e~e 04eHb fionbWO~, a ~MeHHO, 

~ = -~- . -~- = 10 
Kp 80 >. 0 

B np~H4~ne B~XOA 3a npeAen~ AOnycT~M~X yrnos MO>KeT npo~3o~
T~ He TOJ.IbKO ~3-3a nOCTeneHHOro HaKonneH~R MaJ.IbiX OTKJ.IOHeH~~ 

B np04ecce MHOrOKpaTHOro pacceRH~R, HO TaK>Ke 3a C4eT OAHOrO 
aKTa 11 KaTacTpo<)J~4eCKoro" KynoHOBCKoro pacceRH~R Ha AOCTa
T04HO 6onbWO~ yron /o 11 KaTacTpo<)J~4eCK~x" pacce.RH~Rx eM. 111 I. 
CooTBeTCTBY~~~e npocT~e o~eHK~ noKa3~Ba~T, 4TO ~ np~ TaKoM 
MeXaH~3Me pe4b ~AeT 0 Ben~4~HaX ~Kp• ~3MepReM~X MHOr~M~ 
CaHT~MeTpaM~ * . 

3. AnR KOJ1~4eCTBeHHbiX O~eHOK Mbl ~CnOJ1b30Ban~ AO C~X nop 
AB~>KeH~e 4aCT~~~ nOA Maf.lbiM yrnOM K nf.IOCKOCTRM /110/ KpeMH~R. 
CxOAH~e RBneH~R 6YAYT, KOHe4HO, ~ B APYr~x Kp~cTannax. HaAO 
TOJ.IbKO ~MeTb B B~AY, 4TO 3aB~C~MOCTb nOJ.IR OT X MO>KeT C~JlbHO 

OTKnOHRTbCR OT /2/. B 4aCTHOCT~, MO>KHO AYMaTb, 4TO np~ 6onb
w~x aTOMHbiX HOMepax Z OCHOBHOe ~3ny4eH~e npo~CXOA~T He np~ 
AB~>KeH~~ 4aCT~~bl Me>KAY nnocKOCTRM~, a np~ nepece4eH~~ caM~x 

nnOCKOCTe~. AnR Ka4eCTBeHHO~ Op~eHT~pOBK~ 3AeCb MO>KHO nonb-
30BaTbCR npeACTaBneH~eM 0 Henpep~BHOM pacnpeAeneH~~ 3JleKTp~-
4eCKOrO 3aPRAa BHYTP~ 11 CJ10eB11

, o6pa30BaHHbiX TennOBbiM~ KO
nefiaH~RM~ RAep, OTHOCR~~XCR K OAHO~ KP~CTannorpa<)J~4eCKO~ 
nnocKOCT~ /6onee nOAP06Ho o "cnoRx" eM. e /1/ I *~ TorAa 
B rpy6oM np~6n~>KeH~~ np~ 6onbw~x Z BHe "cnoR" none oTcyT
CTByeT, a AnR o6naCT~ BHYTP~ 11cnOR 11 CHOBa MO>KHO nonb30BaTbCR 
Bblpa>KeH~eM /2/, B KOTOpOM 

* CneAyeT, npaBAa, ~MeTb B B~AY· 4TO MHoroKpaTHOe pacceRH~e 
MO>KeT 04eHb C~JlbHO Bn~RTb Ha cneKTpaf.lbHbl~ COCTaB OfiCY>KAae
MOrO ~3ny4eH~R. 

** · AHanor~4HOe ~HTeHC~BHoe ~3ny4eH~e np~ nepece4eH~~ "cnoes" 
~MeeT, KOHeYHO, MeCTO ~ AJ.IR KpeMH~R, HO OHO B03H~KaeT TOJ.Ib-
KO np~ yrnax 8, 3Ha4~TenbHO MeHbw~x yrnoe, onpeAenReM~x 
ycnoB~RM~ /9/ ~ /14/. 
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k = -~~-~~-~ 0 

Rd2 /16/ 

3AeCb R - aMniWITYAa TenilOBbiX KOile6aHt-ti1 HAeP, TOil~t-tHa 11CilOH 11 

pasHa 2R. · CneAOBaTeilbHO, nOliTt-t ace npe>KHt-te peayilbTaTbl 

OCTa~TCH cnpaBeAJ1t-tBb1Mt-t, HO e COOTBeTCTBY~~t-IX ¢QpMyJlaX HaAO 
3aMeHHTb d Ha 2R 1-1 yllt-tTbiBaTb, liTO npt-t ABt-t>KeHt-tt-1 Me>KAY 
11 CI10HMt-t 11 t-13IlylleHt-te OTCYTCTByeTo B llaCTHOCTt-t, ¢QpMyilbl /4/, 
/7/ 1-1 /9/ nepeXOAHT B 

y'= mc2 d 2/211Ze 2 R, 

~- =- 16772 Z 2e 6y 2R/9 d 5(mc2 ) 2 
dz ' 

(} < ~ = R/ y '>. 0 o 

/4'/ 

17'1 

/9'/ 

,llnH CBI-IHI..Ia OTC~Aa CileAyeT y'::: 4o10 3 , dE/dz::: ,7,5 o10- 6 y 2 M3B/CM 

t-t ~ ""2o10-~AnH o6blliHbiX TOPM03HbiX noTepb a CBt-tHUe (-~) ,::.y M3B/cM, 
dz T 

cneAoaaTeilbHO, paccMaTpt-taaeMble HaMt-t cneut-t$t-tllecKt-te noTept-t 
npeBbiWa~T TOpM03Hble, Hallt-tHaH C f ::. , 10 r3B; 8 Cilyllae KpeMHI-IH 
aHailOrt-tliHaH 3Heprt-tH COCTaBJlHeT npt-tMepHO 12,5 r3Bo 

~OPMYilY /7'/ MO>KHO nepent-tcaTb B BHAe 

dy 16772 Z 2 e 2 y 2R , , 
--- = - By 2 , 8 = ----- 0 

---------- 17 I 
dz 9 d 5(mc2) 3 0 

CneAOBaTeilbHO, npt-t npoxo>KAeHHH cnoH TOil~HHOi1 z KOHeliHaH 
BeilHliHHa y CBH3aHa C HallailbHOi1 Yo COOTHOWeHHeM 

_L- _.! __ = 8zo · 
Y Yo 

ECilH B 1-!CXOAHOM nyliKe t-tMeeTCH OTHOCHTeilbHbli1 pa36poc 

/17/ 

~Yo 
-----' 

Yo 

TO, HCXOAH 1-13 /17/, AilH COOTBeTCTBY~~ero pa36poca KOHeliHOrO 
nyliKa nonyllaeM 

~Y ~Yo Y 
-Y-- =-Yo--

0 

-Y~-' /18/ 

Toeo npt-t 3Hallt-tTeilbHbiX noTepHX 3Heprt-tH, KOrAa ~- << 1, HMeeT 
Yo 

MeCTO MOHOXpOMaTH3aUHH nyliKao K CO>KaJleHH~, AOnyCTHMble TOil
~HHbl Z AOBOilbHO Mailbl /t-tHalle 3aMeTHY~ pOilb t-trpaJlt-t 6bl 06bll1Hble 
TOpM03Hble nOTept-t, npHBOAH~t-te K 60ilbWHM ~IlYKTYai..IHHM 3Heprt-tH/o 

CileAOBaTeilbHO, OTHOWeHt-te ~-<< 1 TOilbKO npt-t OlleHb BbiCOKHX 
Yo 

HCXOAHbiX 3Heprt-tHX, a 3TO npeAbHBilHeT npaKTHlleCKH nOliTH He-

10 

BblnOilHHMble Tpe60BaHHH K AOnyCTHMOi1 yrilOBOi1 paCXOAHMOCTt-1 nyli
Kao Apyrt-te B03MO>KHble npt-tMeHeHt-tH cneut-t~HllecKoro H3IlylleHHH 
/B llaCTHOCTH,aHailOrHliHble TeM,KOTOpble o6cy>KAa~TCH 8 IlHTepa
Type B CBH3H C H3IlylleHHeM npt-t KaHailt-tpOBaHHH/ Ka>KyTCH 6onee 
nepcneKTt-IBHbiMH o 

40 Ao ct-tx nop paccMaTpt-taant-~cb HBneHHH npt-~ npoxO>KAeHt-~H 
KOililHMHpOBaHHOrO nyliKa llaCTHI..I llepe3 COOTBeTCTBY~~t-IM o6pa30M 
Opt-~eHTHPOBaHHbli1 MOHOKpt-tCTaililo npeAnOilOlKHM Tenepb, liTO pellb 
HAeT 0 nOilHKpHCTaJlile, COCTOH~eM t-13 OlleHb 60ilbWOro liHCila Men
Kt-IX KpHCTaililHTOBo npoXOAH~aH llepe3 nOilHKpHCTailil llaCTt-tl..la 
6yAeT, KaK npaBHilO, nepeceKaTb KpHCTaililHTbl nOA 60ilbWHMH yr
JlaMH K HX KpHCTai1IlOrpa$t-~lleCKt-IM nJlOCKOCTHM; TOrAa noTept-~ 3Hep
rHH onpeAeilH~TCH o6blliHbiM TOPM03HbiM t-~3nylleHt-~eMo HMeeTcH, 
OAHaKo, XOTH H MaJlaH, HO BnOilHe onpeAeileHHaH BepOHTHOCTb W 
nonaCTb B KpHCTaililHT nOA yrilOM (}, Jle>Ka~HM BHYTPH npeAeilOB 
/9/ 1-!IlH /14/; TOrAa B03HHKaeT paCCMOTpeHHOe BbiWe cneUH$H
lleCKOe t-13IlylleHt-~e, cy~eCTBeHHO npeBOCXOAH~ee npt-t AOCTaTOliHO 
BbiCOKHX 3Heprt-tHX TOPM03HOeo B t-tTore oKa3biBaeTcH, liTO cne
LIH$t-~llecKoe H3IlylleHHe AaeT HeKOTOpbli1 BKilaA 8 noTept-~ 3Heprt-~t-t 
H npH npOXO>KAeHHH llaCTt-11..1 llepe3 nOilHKpHCTailil, 

BepoHTHOCTb Toro, liTO yron (} Me>KAY TpaeKTOpt-~ei1 llaCTMI..Ibl 
H KpHCTai1IlOrpa$t-~lleCKOi1 nilOCKOCTb~ KpHCTaililt-tTa He npeBOCXO
At-IT HeKoToporo 3HalleHHH cf>, pasHa 2cp/ 77o Aanee HaAO ylleCTb, 

liTO 8 KpMCTaililHTe HMeeTCH HeCKOilbKO 3KBMBaileHTHbiX /MilH nOliTH 
3KBHBaJleHTHbiX/ nilOCKOCTei1; AJ1H rpy6oi1 Ol..leHKH MO>KHO nOilOlKMTb 
MX liHCilO N = 5+10o B t-~Tore nonyllaeM 

w:: dN -----
AoY 

,. y«y',! 
w =-~-

y.\0 
I y » y' 0 

119/ 

0TC~Aa CileAyeT, liTO ycpeAHeHHble no Cilyllai1HbiM HanpaaneHHHM • 
KpMcTannMTOB cneut-~$t-tllecKt-~e noTepM 

dE 
< --- > 

dz 

= Nd d 
----- 0 __ f 
>-oy' d~-· Y « y', 

J d( 
<--->

dz 

Nd 

>.
0

y 

/20/ 
d( 
d".Z • y» y', 

d( I I ' rAe BeJli.11.#1Ha --- 6epeTCH 8 COOTBeTCTBHH C 7 • npt-t y « y 
dz 

ycpeAHeHHble noTept-t <.!(_> - y 2 , a npt-t y >>y' OHH nponoput-to
dz 
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HanbH~ y ; n03TOMy ~X OTHOWeH~e K o6~4H~M TOpM03H~M noTe
PAM cHa4ana pacTeT nponop~~oHanbHO y, a np~ y >>y' cTaHOB~T-
cR nocTORHH~M. MaKc~ManbHoro 3Ha4eH~R 3TO OTHoweH~e 
AOCT~raeT B o6nacT~ y =, y'; np~4eM AnA KpeMH~R pe4b ~AeT 
o een~4~He nopRAKa /5710/%, a AnA ce~H~a aHanor~4H~e o~eHK~ 
Aa~T /375/%. TaK~M o6pa3oM, BKnaA cne~~~~4ecKoro ~3ny4eH~R 
e o6~~e noTep~ 3Hepr~~ np~ npoxo~AeH~~ 3neKTPOHOB ~n~ no-
3~TPOHOB 4epe3 non~Kp~CTann~ Heeen~K, XOTR AnA HeKOTOp~X 
Be~eCTB OH, eepO.RTHO, Ha6n~AaeM. 8MeCTe C TeM cne~~~~4eCKOe 
~3ny4eH~e MO~eT OKa3aTb 3aMeTHOe Bn~RH~e Ha ~nyKTya~~~ 
noTepb 3Hepr~~. nocKonbKY 11YAa4HOe nonaAaH~e" e Kp~cTann~T 
conpOBO~AaeTC.R np~ A0CTaT04HO BWCOK~X 3Hepr~.RX 04eHb ~H
TeHC~BH~M ~3ny4eH~eM, 6onee ~HTeHC~BH~M, 4eM TOpM03HOe, ~ 

o6naAa~~~M APYr~M cneKTpanbH~M cocTaeoM. 
COOTHOWeH~e Me~AY cne4~~~4eCK~M ~3ny4eH~eM ~ o6~4H~M 

TOpM03H~M pe3KO H3MeH.ReTC.R, ecnH 4epe3 non~KpHCTann npoxo
AAT He 3neKTpOH~ HnH n03HTpOH~, a /l -Me30H~ B~COKOH 3HeprHH. 
npH TaKOH 3aMeHe HHTeHCHBHOCTH o60HX THnOB H3ny4eHHR OAHHa
KOBO yMeHbWa~TC.R B (M/m) 2 pa3, rAe M - Macca ll-Me30Ha; 3TOT 
~aKTOp HHKaK, KOHe4HO, He BnH.ReT Ha HX OTHOWeHHe. npaBa.R 
4aCTb /9/, KaK nerKO BHAeTb, He 3aBHCHT OT Mace~ 4aCTH~~. 
TaK KaK y '_ M, a A

0
- 1/M; no3TOMY npH y < y' eepo.RTHOCTb W 

TaK~e OCTaeTC.R npe~HeH. Pewa~~HM .RBn.ReTC.R TO o6CTO.RTenbCTBO, 
4TO caMa eenH4HHa y' B03pacTaeT eM/m = 200 pa3. CneAOBaTenb
HO, nepa~e H3 ~pMyn /19/ H /20/ cnpaeeAnHB~ Tenepb ennoTb 
AO y=y~·::: 200y~· , H npH TaKHX 3Ha4eHH.RX Y OTHOWeHHe cne~H
$H4eCKHX nOTepb K Ofiw4H~M TOpM03H~M TaK~e B03pacTaeT npH
MePHO B 200 pa3. 3TO 3Ha4HT, 4TO AnA KpeMHHA cne~H~H4eCKHe 
nOTepH MOryT npeB~WaTb TOPM03H~e B 10 7 20 pa3, a AnA CBHH4a-
8 5 7 10 pa3, T. e. B 060HX cny4aRX OHH CTaHOBATCA OCHOBHbiM 
HCT04HHKOM noTepb 3HeprHH. npH 3TOM pe4b HAeT 06 3HeprHAX 
E : , 3 • 10 14 38 B Cny4ae KpeMHHA H £ : 6 • 10 13 38 B cny4ae CBHH4a; 

AnA TaKHX 3HeprHH 06CY~AaeMOe .RBneHHe Bblpa~eHO C HaH60nbWeH 
CHnOH, OAHaKO OHO CTaHOBHTCR cy~eCTBeHH~M H npH 3Ha4HTenbHO 
MeHbWHX 3HeprHRx*. HaM Ka~eTcA, 4TO H3no~eHH~e Ka4eCTBeHH~e 
C006P,a~eHHR MOryT 6~Tb none3H~MH npH HCCneAOBaHHH 3HepreTH-
4eCKOrO cneKTpa /l -Me30HOB KOCMH4eCKHX ny4eH KaK no HX 
norno~eHH~ ~ 3eMne, TaK H c noMO~b~ pa3nH4Horo POAa KanopH
MeTpoe /eM., HanpHMep, 111/ j, npH 3TOM cneAyeT HMeTb B BHAY 

* HanH4He HeKnaccH4ecKoro H3ny4eHH.R eHe npeAenbHOro yrna 
/9/ MO~eT npHBeCTH K AanbHeHWeMy YCHneHH~ penH paCCMaTpHBae
M~X 3~eKTOB. 
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He TOnbKO H3MeHeHHe a6con~THOH eenH4HHbl H 3HepreTH4eCKOH 
3aBHCHMOCTH cpeAHHX noTepb, HO TaK~e H APYrOH xapaKTep 
~nyKTYa4HH . 

8 3aKn~4eHHe nOA4ePKHeM e~e pa3 npeAeapHTenbHWH xapaKTep 
ecex H3no~eHH~X BbiWe coo6pa~eHHH; pe4b 3AeCb HAeT TOnbKO 
o nocTaHOBKe eonpoca H Ka4eCTBeHHWX o~eHKax. KonH4eCTBeHHOe 
paCCMOTpeHHe AOn~HO 6WTb OCHOBaHO Ha 6onee aAeKBaTH~X MOAe
nRX H AOn~HO BKn~4aTb KBaHTOBOMeXaHH4eCKHH aHanH3 RBneHHH. 

8wpa~a~ 6naroAaPHOCTb 8 . r . 6apwweecKoMy , A. A. 8opo6beey , 
A.r.6oH4-0cMonoecKoMy, H.M.rpaMeHH~KoMy, 8.n.n~6owH4Y. 

3.A.nepenbWTeHHY H r.6.XpHCTHaHCeHy 3a ea~HWe 3aMe4aHHR H 
nOMO~b B pa6oTe. 
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