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raapHneHKO r.M., ~e~RHHH B.K. P17 - 12599 
TepMonH3a4HR ny4KOB B~COK03HepreTH4eCKHX 
3apRmeHH~X 4aCTH4 npH KaHanMpOBaHHM 4epe3 
KPMCTann~ 

noKa3aHO, 4TO npM KaHanMpOBaHMM npOTOHOB M TRmen~X 
MOHOB Ha6n~~aeTCR 3~~eKT TepMOnM3a4MM ny4KOB 4aCTM4, 
COCTOR~eA B TOM, 4TO Ha onpe~eneHH~X rny6MHaX npOHMKHO
BeHMR B KpMCTann ycTaHaBnMBaeTCR COCTORHMe CTaTMCTM4eCKOrO 
paBHOBeCHR B nnOCKOCTM ~a30B~X nepeMeHH~X, TpaHCBepcanbHOA 
~BMmeHM~ 4aCTM4. Bcne~CTBHe 3Toro, Ha4MHaR c HeKOTop~x 
rny6MH npOHMKHOBeHMR, npOMCXO~MT ~OKyCMpOBKa M npOTOHOB, 
M MOHOB. H3-3a pa3HM4~ B03~eACTBHR KPMCTannM4eCKOrO nonA 
Ha HMX XapaKTep $OKyCMpOBKM pa3nM4aeTCR: ~nR npOTOHOB 
HanM40 o~Hopo~Hoe pacnpe~eneHHe a TpaHcaepcanbHOA 
nnOCKOCTM, ~nR MOHOB - pe3KOe cymeHMe ny4Ka. 

Pa6oTa B~nonHeHa B na6opaTOPMM TeopeT M4eCKOA 
$M3MKM OHRH. 

npenpHKT 06beUHKe KHOrO HKCTHTYT8 HaepKbiX HCCn eaOB8KHA. n y6Ha 1979 

Gavril e nko G.M., Fe dyanin V.K. Pl7 - 12599 
Thermo ! ization of High Energy Charged 
Part i cle Beams i n Channeling through Crysta l s 

It i s shown tha t in cha nneling of protons and hea vy 
ions th e effec t of t herma l i zation of particle be ams i s 
observe d , i.e., at certain depths of penetration in crystal 
there sets in the state o f stationary eq u ilibrium in the 
plane o f phase variables . As a result, at certain pene
tration depths the focusing of protons and ions takes 
place. 

Th e investigation has been performed at the Laboratory 
of Theo ret i cal Physics , JINR. 

Preprint of the Joint Institute for Nuclear Research. Dubna 1979 

TipH KaHanHpOBaHHH CKB03b KpHCTannhi BbiCOK0 3 Hepr.eTH'IeCKHX 

Japll)l(eHHbiX 'laCTHU: I 1,2 / OHH HCnbiTbiBaiOT "HeperynllpHOe ,II.HHa

MH'IeCKOe " B03,11.eBCTBHe CO CTOpOHbl HOHOB KpHCTanna, KOTOpoe 

o6yc noBnHBa eT npou;ecChi BJaHMHOii nepe,ll.a'IH 3Hepruu Me)l(,ll.y nyq

KOM KaHa nHpy eMbiX 'laCTHU: H KpHCTannOM H OKa 3 biBaeT Ha HHX 

4JopMHPYIOlllee BnHHHHe . Tipu H 3y'leHHH nocne,II.Hero Tpe6yeTCJI y'leT 

BJ a HMHor o snHJIHHJI u H J M eHeH HJI coCTOJIHHB CHCT e M S I S - ny'IOK 

qacTHU:I H I I I - xpuc T annl . 3To oco6eHHO cyllle CTBeHHO rrpu 

H3 y 'le HHH COOTBe TC T BYIOlliHX J!BneHHB , B03HHKa10111HX Ha 6onbiiiHX 

r ny6HHaX IIpOHHKHOBeHHJI 'laCTHU: B KpHCTann KaK B 34>4JeKTaX 

KaHanHpOBaHHJI, TaK H ,ll.eKaHanHpOBaHHJI / 3 / • 06bi'IHO IIpH IIOCTpoe

HHH CTaTH CTH'I e CK H X TeOpHB p a CCMaTpHBaeMOrO Kpyra J!BneHHB 
/ 4-6 / 

B 3aHMHbiM H3M e HeHHeM IIO,II.CHCTeM IIOnHOCTbiO rrpeHe6peraiOT , 

'ITO IlpHBO,II.HT K noKanbHbiM IIO BpeMeHH ypaBHeHHJIM ,ll.nJI O,II.HO'IaC

TH'IHOB 4>YHKU:HH pacrrpe,ll.eneHHJI KaHanupyeMOB 'laCTHU:bl 4JoKKep

rrnaHKOBCKO r O THna, H H3MeHeHHe COCTOJIHHll 'laCTHU:bl B ,ll.aHHbiB 

MOMeHT BpeMeHH IIOnHOCTbiO onpe,ll.enlleTCJI COCTOJIHHeM ee B TOT 

)l(e MOMeHT . Y'leT HeKoTopbiX 34>4JexTOB rraMliTH cucTeMhi I cy111ecT

BOBaHHe IIOnllpH3aU:HH H T .,11. .1 TOnbKO C nOMOlllbiO K034>4JHU:HeHTOB 

3THX ypaBHeHHB npe,II.CTaBnlleTCll He BIIOnHe nocne,II.OBaTenbHbiM. 

8 CBli3H C 3THM He06XO,II.HMO paCCMOTpeTb npo6neMy Ha OCHOBe 

rronHoro raMHnbTOHHaHa cucTeMhl H s +HI + Hin t . CyllleCTBOBaHHe 

B rrpo6neMe xaHanuposaHHJI Manoro 34>4JexTHBHoro napaMeTpa c 

KaKHM liBnlleTCJI OTHOIIIeHHe cpe,II.HeB BenH'IHHbl TpaHCBepcanbHOB 

COCTaBnliiOllleB CKOpOCTH xaHanupyeMOH 'laCTHU:bl K ee rrpO,II.OnbHOB 

KOMIIOHeHTe c = V .J.. / V z , noJBOnlleT pa3BHBaTb no HeMy TeOpHIO 

B03MYllleHHH ,ll.nll pe,II.}'UHpOBaHHOB 4JyHKU:HB pacnpe,ll.eneHHll S - CHC

TeMhl f ( z S l ) . rrocne,ll.oBaTenbHO H3y'la.ll noliBnliiOlliBeC.II 34>4leKThl 

B Ka)I(,II.OM rrop.II,II.Ke pa3nO)I(eHHR no ( • s .l :(V.l ,R..l.) , v.l, R .l - TpaHC

BepcanbHble cocTaBnliiOlliHe cxopocTH H nono)l(eHHll xaHanupyeMOH 
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qaCTH~~. B3aHMHOO~H03HaqHOe COOTBeTCTBHe Me~~y nono~eHHeM 

qacTH~~ Z B~Ollb KaHana ~BH~eHHJI H BpeMeHeM ee ~BH~eHHJI no-

3BOllJieT HCnOllb30BaTb Z B KaqecTBe 3BOlliO~HOHHOrO napaMe Tpa, 

npH 3TOM ypaBHeHHJI $OpMynHpyJOTCJI B Y~06HOM ~llJI pa3no~eHHJI 

no f BH~e. lfcnOllb3YJI $opMallH3M npoeK~HOHHbiX onepaTOpOB
1 7

·
8 1 

H cne~yJI pa6oTe
1 9

; MO~HO nonyqHTb ~llJI pe~y~HpOBaHHOH $yHK~HH 
pacnpe~eneHHJI !( Z ,8 .J..) 38MKHYTOe, $opMallbHO TO'{HOe ypaBHe

HHe l l~ l OnHCbJBaiO~ee Z ·"JBOlliO~HIO" CHCTeMbl 8 npH KaHa

llHpOBaHHH. O( f ) -npH6llH~eHHe COOTBeTCTByeT a~Ha6aTH'{eCKOMY 

npH6n~eHHIO H n03BODJieT nOJTOMY OnHCaTb TOllbKO 3HepreTH'IeCKHe 

xapaKTepucTHKH JaxBaTa qacTH~ B KaHanbi ~BH~eHu/ 11 • 1 2 1 . Ponb 

KpHCTanna npH 3TOM CBO~HTCJI llHillb K $OpMHpOBaHHIO 3$$eKTHBHbiX 

CTeHOK noTeH~HallbHOH 3HeprHH , onpe~enJIIO~HX B03MO~Hhle Ha

npaBneHHJI KaHanHpoBaHHJI, 'ITO nonHOCTbiO cornacyeTCJI c onuca-

HHeM, ~aBaeMbiM " c ontinuum potential" Mo~e.nbiO 1IHH~xap~a 1 11 

3<JKl>eKTbl, CBJI3aHHble C y'leTOM B3aHMHOrO BllHJIHHJI 3 H ~ CHCTeM, 

nOJIBll.IIIOTC.II B O( f 2) -npu6nu~eHHH. YpaBHeHHe ~n.ll ! (z . s..L) HMeeT 

B 3TOM cnyqae BH~ : 

a v l -> 1 
-!(zS ) ~ [--. v ~ - -a z l v o RJ Vo 

N --- 1 
"i. V U ( R - r' ) . - ~· i!(z ,S 

j d RJ .I M V;., 

+-
1 / d r 2. v (k 1 ) v (k ; ) exp [ i ( k 

1 
t k; ) · R li k . ~ 

M V 2 ..-. 2 0 k k ' ... ... ... l l Vo o>< .J. • .1. ~ 

1 ~ -· 
x (<I>kk'(T)Miki. v\ + j_ ..!L<t> , (T))f(rz). 

8 aT kk 
/1/ 

2E0 
3~ecb v o= v z % v r;r- , M - Macca KaHanupyeM~~ qacTH~~. n -
o6beM KpHcTanna, N- qucno yJnoB peweTKH, U(R) - noTeH~Han 

B3aHMo~eii:cTBH.II qacTH~bi c HOHOM pellleTKH, 8 - A
13
T o , k

8
- no

CTO.IIHHa.ll lionb~MaHa, T 0
- a6comoTHa.ll TeMnepaTypa, v(k) - $ypbe-

--> 

o6pa3 $yHK~HH U(R), v (k-+.) =v( k )! k = O 
z 

T = ~-=-'- CK06KH , Vo 

< ... > "J.. 03HaqaiOT ycpe~HeHHe no pacnpe~eneHHJO rH66ca ~ll.ll 

KpHCTanna, 

4 

<1\ k ,(T ) 
N , , l N _, • .1. 
2. exp ( - i k 1 • r ) exp ( T Jl ( 2.)) . _ 2. exp ( - i k

1
' .r . ) -~ 

j - · 1 ... J p l J ~ 

N ' 'f ) 2. exp (- ik l . r j ~ 
j - 1 

. I ( 2: ) •c ! H ( 2. ) .. .. !. 

N . -k• ' rl )-2. exp ( - 1 1 · i 2. 
j ·c 1 

H ( ~ ) - raMHnbTOHHaH KpHcTanna, i .. ... . l - Knaccu'leCKHe CK06KH 

IlyaccoHa . l.J.epTa cBepxy Ha~ $yHK~Heii: oJHaqaeT onepa~HIO ocpe~

HeHHJI ee no z ' t a · 

--- ---
N _, l T N , , 
2: U ( R - r· ) , - lim -- f dz < 2. U (R-rj ) ~ :o ljl (R) 

.1 c 1 .I ~ T , "" T 0 j= I .<. 

Ocpe~HeHue ypaBHeHHJI no z npoBe~eHo 3a TeM, qTo6bi He yqHTbi

BaTb B ~aHHOM npu6nH~eHHH HeKOnneKTHBH3HpOBaHHOrO BllHJIHHJI 

HOHOB KpHCTanna Ha CHCTeMy 8 . 

)l;nR 6onblliHX z ypaBHeHHe /1/ MO~HO npHBeCTH K BH~y 

. v l -· 
iJ ! ( 8 • ) ~ [ - -. V R · -- z , .J. v .. a z o 

1 - , 
1. - J( d"i.)P (S"i.) JI .... ]r(z ,S 1 h Q(f(rS1 )). 

v
0 

o Int 

1 z ' . _, • 1 -· 
Q (! ( r s ' ) ) c -- r d Tv • ,_ F ; F (T) . • ( -M- v 

_,_ y 2 M 6 v l 
V l )!( r S l. ), 
8 

r~e 

Jl l 
in t 

0 

~ ,. • . 1 ~ ,. 

"i. V R U (R - r . ). -- V v, 
i l J M + 

1 N 
P 

0 
(S 2.) = exp [ - - 2. x 

8 j= l 

--- N----
x u c R - r. ) 1 • D 0 c~) 1 < exp [ - ~ 2. u Ui - r' _ ) 1 > 

J e j= l J 

< F;F(T) >= f (d'E) "i.VR U(R-r.i) exp(T JI("i.)) x 
l 

x P0 cs 2.) l "i. V u(R-;. )- J (d"i.)P
0 

(S"i.) 2. v R ucir::.-r . )1. 
j R1 J j l l 

/2/ 
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D 0 ( ~) - I!JyHKUHH pacnpe,l{eneHH.II rH66ca ,l{n.ll KPHCTanna, J (d ~) 

03HaqaeT HHTerpHpOBaHHe no BCCMY 4Ja30BOMY npOCTpaHCTBY co

CTO.IIHHH KpHcTanna. YpasHeHHe 121 ecTL acHMnTOTH'IeCKHH aHa

nor ypasHeHH.II I 11, oTseqarowHH npeHe6pe>KeHHJO B cHcTeMe S + ~ 

npH 6onbWHX Z Koppen.IIUHH THna G 11 : 

G - < n 

m -• Y ~ J. P n l exp (- i k.J. • r i ) exp [ z Jl( l )1 II ~ exp x 
P=1 J · y,= tl 

... p _,.l. m -•Y •.l. P - •P '.l. 
x (-ik.l. -r . ) >~- < II l exp(-ik 1 .r_ )~ < II ~exp(-ik...l.·r )>_ , 

J p = I j J 2. Y= 1 j J ~ 

n =m 1 p, m,p=1,2,3, ..• 

H qneHoB B ypasHeHHH I 11, "nponopuHoHanLHLix" I!JYHKUH.IIM 0 11 f(oS ), 

CO.l{Cp>KalUHX B Ce6e HHiiJOpMaUHJO 0 COCTO.IIHHH S CHCTCMbl npH 

z ~O. PasHosecHoe peweHHe ypasHeHHH 121 Haxo.l{HTC.II npH .l{o

nonHHTenLHLIX ycnoBHHX " z-cTaUHOHapHOCTH" } C( zS , ) H o6-
u z -'-

paweHHH B Hynh "HHTerpana CTOnKHOBCHHH" Q (f( r S J. )) " 0 

C JS J.) 
1 MV2 1 N ---.--
- exp l- __ 1,_ I , exp - - :£ U ( R - i ) _ , 
Z 28 8 j 1 I ~ 

/3/ 

r,l{e Z - HOpMHpOBO'IHaJI KOHCTaHTa. <l>yHKUHH f 0 (8) OnHCbiBaeT 

paBHOBCCHOC COCTO.IIHHC ny'IKa KaHanHpyeMbiX BbiCOKOJHepreTH

'ICCKHX 'laCTHU, K KOTOpOMY CTpCMHTC.II CHCTCMa npH " Z - JBOnJO

UHH". llo "CKOpOCTH 3a6biBaHH.II" CHCTCMOH HaqanbHOrO COCTOHHH.II 

f( OS J. ) MO>KHO rpy6o OUCHHTb nopJI.l{OK BCnH'IHHbl z c, Ha KOTOpOH 

npOHCXO.l{HT " Z -penaKCaUH.II" CHCTCMbl S K COCTO.IIHHIO /31, HnH 

ee "TepMonH3aUHH". ,LI;n.11 npoTOHOB c JHeprHeH ~10 = 0,5 M3B 

H .l{n.ll xpHcTannos c xapaxTepHbiM 3Ha'leHHeM E c - 5 3B, 'ITO 

OTBeqaeT 3HepreTR'ICCKOMy ycnOBHIO 3aXBa Ta npOTOHa B KaHan 
I ll 6° J. 2 

.l{BH>KCHH.II • Zc COcTg.BHT -10 A. ,lJ;nH T.II>KCnhiX HOHOBC Ec10 3B, 
E 0 - 5 M3B, zc-10

4 
A.TaKHM o6pa3oM, penaxcaUH.II CHCTeMbl K co

CTO.IIHHJO paBHOBCCH.II npOHCXO.l{HT Ha rny6HHaX npOHHKHOBCHH.II no-
4 6 

PJI~Ka 10 - 10 HOHHbiX cnoeB. B CHny Toro, 'ITO .l{n.ll KaHanHpo-

BaHH.II 1J1 (R0 )/ S >> 1 3HepreTH'ICCKHC ycnOBH.II 3axsa Ta 'laCTHU 

B KaHan .l{BK*CHHH BblfiOnHCHbl .l{nH ny'IKOB 'laCTHU C HaqanbHbiMH 

... 2 28_, q 
.l{HCnepcHOHHhlMH xapaKTepHCTHKaMH, < V.l. > >>M,Ro=(

2
. ~ ).llo3-

6 

TOMY 131 llOKa3biBaeT, 'ITO B pe3ynLTaTe "z •JBOJIIOUHH" npH 

KaHanHpoBaHHH ny'IKOB 'laCTHU CKB03b KpHCTannbl .l{On>KHO Ha6JIJO

,l{aTbC.II 3Ha'IHTCnbHOC yny'IWCHHC HX .l{HCnepCHOHHbiX XapaKTCpH

CTHK. llpH aHaJIH3C npOCTpaHCTBCHHOrO pacnpe,l{eneHHH 'laCTHU . 
B nnOCKOCTH R~ npH TCpMOnH3aUHH nyqxa OTnH'IHC CHTyaUHH 

C HOHaMH H npOTOHaMH o6ycnoBnCHO pa3nH'IHbiM xapaKTCpOM no

BC.l{CHH.II .l{n.ll HHx I!JynKUHH IJI ( R 1 ) B KpHCTanne. ,LI;n.11 T.II>Kenhlx 

HOHOB I!JyHKUHH '1-' ( R J..) xapaxTepH3yeTc.ll 6LICTphiM poe ToM no

TCHUHanhHOH JHeprHH qaCTHUbl rrpH y.l{aneHHH ee OT OCH KaHana 

,l{BH>KCHHJI '
2 ' . llpH 3TOM y>Ke npH HC3Ha'IHTCnhHbiX y.l{apeHH.IIX 

R 1 oT ocH KaHana .l{BH>KCHH.II R J_ , 0 OTHoweHHe IJI ( R .1 )/ 0 » 1 , 

TaK 'ITO, cornaCHO 131, BCpOHTHOCTb 06Hapy>KCHH.II HOHa BHC OCH 

r<anana .l{BH>KeHH.II 6y.l{eT no,l{aBnHrowe Mana, T.e. npH xaHanHposa

HHH TJI>KCJlbiX HOHOB ,l{OJI>KHa Ha6JIJO,l{aTbC.II HX npOCTpaHCTBCHHa.ll 

liJOKYCHpOBKa K OCH KaHana .l{BH>KCHH.II. /Be3,l{C OUCHKH .l{n.ll OCCBOrO 

KaHaJIHpOBaHHH B Ky6H'ICCKOM KpHCTanne/. ,LI;n.11 ITpOTOHOBiiJYHKUH.Il 

ljJ (R_.J HMCCT HpKO Bbipa>KCHHbiH KOpOTKO.l{CHCTBYIOlUHH xapaKTep l 2/ , 

TaK 'ITO , Ha'IHHaJI C HCKOTOpbiX Z, HanHUO I!JopMHpOBaHHC O.l{HOpO.l{

HOrO ITO CC'ICHHIO ITY'!Ka. 

B JaKJIIO'ICHHe OTMCTHM, 'ITO yKa3aHHbiH I!JopMHpyiOlUHH Mexa

HHJM HOCHT B KaKOM-TO CMbiCne TCpMO,l{HHaMH'ICCKHff xapaKTep, 

T. x. o6ycnosneu rrpoueccaMH "Tennoo6Mena" MC>K.l{Y rry'IKOM BLICOKO

JHepreTH'IeCKHX 'laCTHU H KpHCTannaMH. 3TO no3BOnHnO HaM HC 

paCCMaTpHBaTb B Ka'ICCTBC TpCTbCH IIO.l{CHCTCMbl CB060.l{HbiC 3neKT

pOHbl npOBO.l{HMOCTH, TaK KaK li3BCCTHO, 'ITO llpH 06LI'IHbiX TCMne

paTypax xpHcTanna 1 141 oHa B npoueccax Terrnoo6MeHa B KpH

cTannax HeBenHKa. HaM npe.l{cTaBnHeTc.ll npH JTOM, 'lTO y'leT 

J$4JCKTa noTepb 3HeprHH npH I<aHanHpOBaHHH Ha H3ny•ICHHC TOnbKO 

YMCHbWHT rny6HHbl "TepMOnHJaUHH" ,l{nJI KaHanHpyeMLIX 'laCTHU. 

ABTOpbi Bbipa>KaiOT rny6oKyJO 6naro,l{apHOCTb 3.H.QLiraHOBY, 

T.TyHxy, H.-,n;)I(.KHMY 3a none3Hoe o6cy>K.l{CHHe pe3ynLTaToB pa-

6oTLI. 
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