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AKonoB H.3., OcocKoB r.-A. Pll-8.410 
PacqeT saepreT11qecKoro cneKTpa TOpMo3Horo 
113nyqeann aa TOHKOM MOIIOKpncTanne anMa3a no MeTony 

Mo11Te-Kapno 

B pa6oTe on11ca11a cxeMa Bb1q11cnemrn no MeTony MoHTe- Kapno cneKTpa 
TOpM03110ro H3nyqeHIIH OT MOIIOKPIICTanna anMa3a C yqeTOM KOnnuMaunn 113-
nyqeHHblX y -KBaHTOB H yrnOBOll paCXOLlllMOCTII sneKTpOHHoro nyqKa, TTp11Be­
L1eHbl xoporno cornacy1011mecn MelKLIY co6oli pacqeTHan Kp11Ban II sKcnepuMeH­
Ta111>Hb1e TOqKII. 

Coo6meHHe O6bewmeHHoro KHCTHTyTa JI.QepHblX HCCJie.!l0BaHHA 

,icy6Ha, 197 4 

Pll-8410 
Akopov N.Z., Ososkov G.A. 

Calculation of the Bremsstrahlung Energy 
Spectrum from the Thin Diamond Single 
Crystal by the Monte-Carlo Method 

The mode of calculation of the bremsstrahlung spect­
rum from the diamond single crystal is described. The cal­
culation is performed by the Monte-Carlo method allowing 
for the radiated y -quanta collimation and the angular di 
vergences of the electron beam. The presented calculation 
curve and the experimental points are in good agreement. 

Communications of the Joint Institute for Nuclear Research, 
Dubna, 1974 

O;!lHHM H3 cnocodOB IIOJIY'l6Hl!fl IIOJlflPH30BaHHOro ny'IKa 1' -KBaHTOB. 

flBJlfl6TCfl KOrepeHTHOe TOpM03HOe 113Jiy'leHl!e Ha TOHKOM MOHOKp11CT8JI­

Jie/1-3/. llpl! ST.OM H60dXO,llll(M0 11116TI, BH;!l 3HepreTH.'leCKOro CII6KTpa, IIO­

B6;!l6Hl!6 KOTOporo l1 onpe;ziem1eT IIOJ1Hp11aarzy110. Ha1101.1a1411 BKpaTue TeopH10 

3TOro flBJ16Hl1fl. 

KHHeMaTH'l6CKl1 pa3pemeHH8fl 06JiaCTI, HMIIyJII>COB OT;!la'll! fl;!lpy 38KJIJO­

'leHa B npe;zieJiax TOHKoro ,ztlilCKa, nepneH;ziHKymipnoro K ilanpaBJieHHJO 

;!lBHXeHIIIH nepBOHa'laJII>HOro 3Jl6KTpOHa 11 pacnOJIO~eHHOro Ha paCCTOflHHH 

6 OT Ha'laJia B3al1MO;!l6llCTBlilfl, r;zie i - Y>iHHMaJII,Hbl» 111,myJII,C OT;!l8'111 

HJ!PY ( S-a }E· · ~X ) ; E0 - ~;'laJII>H. aH a.HeprHH a~e1,Tp0Ha; X=-EK 
~ 0 ;ii.-.X- ' . 0 

r;zie K - 3HeprHfl 113JIY'l6H!!Oro r -KB8HTa·. T0Jll!ll1Ha ;!ll!CKa Tamite 11M6eT 

IlOPflJ!OK & • 
B CJiy'lae I Kor;zia npo;ziOJII,Hble paauepbl 06JiaCTH. B38l1MO;!lelicTBHfl 

- -,- - - ~-

3Jl6KTPOHOB c.MOHOKpl1CT8JIJIOM cpaBHHM~ C rrep11oioM npOCTP8HCTB6HHOM 
4 

pelll6TK11, B03Hl1K8JOT YCJIOBl!fl ;!lJlfl 3ql!p6KT~BHOit l!HTeptlJepeHWJl! HJ,myJII,COB 

OT;!l8.'ll1 B Ilp01.\6CC6 TOpM03HOrO 113JIY'l6Hl!fl. MaTeMaTl1'1eCKH 3TH yCJIOBHfl 

BblpaxaroTcfl aaKoHou naya-Eperra: 

_, -3 = 'l-- ? .... ... ' 
r;zie 'i, - HMITYJII,C OT;!la'IH, ~ - B6KTOP o6paTHO!t pemeTKl!. 

( I) 

TaKHM o6paaoM, ce'leHHe l!HTepqiepeHI{ZOHHOro B38l!MO;!l6!iCTBl1fl OT-•,, 

Jll!qHo OT HYJIH, 6CJIH TOJII,KO Bb100JIHH6TCH ycJIOBHe (I). 
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3upaxeHl1H ~Jlfl 11HT8HCV.BHOCTl1 11 IlOJIRp11aa~1111 KorepeHTHOro TOp­

M03Horo H3JiyqeHV.H nonyqeHhl B nepBOM 6opHOBCKOM np11dJil1lit6Hllll B pa6o­

Tax /I-
3
/_ CeqeHlle B3allMOA6WCTBHfl 3JI6KTPOHOB C MOHOKpl1CTaJIJIOM MO­

xeT 6hITb npe~cTaBJieHo B CJie~y10~eM Bl1Ae: 

I(6,.J.,x) = f-~H+(l-~1·(1t•t.1-f<1-Jt){1:+1ijJ · (2) 
Q. ct. 

·'J', 11 '1i - @YHK~v.11, YtrnThIBa10~lle naa11MoAelicTBlle c aMop@Holi M11-

llleHb10, OHR CJiae5o 3aBl1CflT OT X 11 C xopo!lleli ToqHOCTblO paBHhl COOT­

B8TCTB6HHO I8,2 111 17 ,4 Ha BCeM 111HT8pBaJie(0<.X <1), 
I( IC 

't1 . 111 ti - CQYHK~lrn, Oil1IIChIBa10~e KorepeHTHylO 'laCTb Baa111.10-

~eli~TBl1fl ! (1,,r-)'- .J!.. ~ F 'Up [-A(~~Gf +N:G:)J 
~ = a. n~ . ( ~ L.- . 'N."G-.' + N"G-.'•r•l)-. •1( 

4 "" i\i=t, N1wm1 \' i .t. J 5 

X 
a .1. a 6 a. 

N1. G-a. + Ni s 
(3) 

(~Ga CO$I. + N,G; sin'-)'" 9t ' 

" ( 'i.<J:")' . fa ~ ex (--A (A'tiG: + N; G; ~ 
1'.t. = 3. ~ · s'L L. f N .. G.a.+N.'G;"+a·I. t N 

a; N~:t, N,1•11\ 1 l I I J 

,c (N4iGt+N:Gf)[(N4G-,.cosJ.+ N,G-,situc.) 8-S] 
(N,_G.t. cos.C. -t N,c;J Sin..t) It. 9 '-

(4) 

AHaJI11T11qecKaH wopMyJia AJIH no~cqeTa (j)aKTopa F , npnBeAeHHaa 

B / 4 /' 3HaqllT6JlbHO ycJIMHfleT aJirOp111TIJ BhlqllCJieHl1fl 4JYHKU111li "'•" 
IC 

ll f, . IIoaToMy, HCXO~fl ll8 KOHKpeTHllX YCJIOBl1!1 3KCnep11M,eHTa, cpaKTop 

F 6hIJI s~aH B cne~y~~eu BHAe: 

4 

F 
{ 

J, ecm1 fi'2 11 f/3 paaHoiil qeTHOCTl1 , 

32, ecm,1 N 2 ll If 3 oe5a neqeTHhl , 

= 64, ecn111 N"2 ll f,./3 qeTHhl 11 Ni KpaTHO 4' 

o, OCJ1111 N°z 11 "3 qeTHl:J, HO r/2 He KpaTHO 4. 

TaKoe npe~cTaBJieH111e F ooycJIOBJicHo TeM, qTo B cJiyqae aJIMaaa 

OCHOBHOii BKJI~ B r."' 111 .,,... AalOT TOqK11 cN,;=O, J/i=2 111 N'r,4, ~=O. 

9To noaBOJIHeT aKOHOMHO Bb16paTb 1rnAOKChl cyMMI1ponaH11a l, , fa , m1 , 

m .... B Hameii,pa60Te 3T111 llHA8KChI paDHhl COOTBeTCTBeHHO: .t,=-7, 
la, =7, nt, =-IO, Ina. =IO. 

Cy~eCTBeHHOe BJlllflHlle Ha 111HT6HCllBHOCTb 111 IlOJIHpllsauv.10 KOrepeHTHO­

ro TOpM03HOro 113JiyqeH111fl OT MOHOKpHCTaJIJia OKa3h!DalOT CJ18AYlO~lle 3Kcne-. 

pllMOHTaJibHhle ipaKTOpbI: HaJrnqne yrJIOBOit paCXOAH!!OCT.11 3Jl6KTpOHHOro 

nyqKa (YPII), MHOroKpaTHOro pacceflHllfl 3JI6JtTpOHOB B 1,rnmem1 1 a TaKr.te 

Komrnuaun111 ritaJiyqeHHbIX cpOTOHOB. MaTeMaT11qecKll yqeT 3TJ,IX cJ.)aKTOpOB 

CDOAllTCfl K TpOilHpMY 11HTerpnpoBaH111IO no yrJIOBOli paCXOAllMOCTll, yrlly 

BhIJIOTa qJOTOHa I a Tairn:e IlO a:rn.11yTaJibHOMY yrJiy BJieTa 3Jl6KTPOHa B ltpllC­

TaJIJI BBll,n;y HaJ1111q11a as1myTallbHOIJ CllMMeTpll!,! B paccMaTpllBaeMOM npouec­

ce. TaKllM 06paao14 ,uu IlOJiyqaeu CJIOAYIO~ee BhlpalKett11e ~Jlfl ycpe.ztHOHHOro 

sHepreT11qecKoro cneKTpa: 

., .. · · la' fMc 8•3., ~-iJ' 
I{e,i.>C)= iJ1fc1.1 Jc1.e. eW. l(QEh~,JC)· 

er-el 
e. -yq 

0 i-ll.t i-39f 
rAe 

' (5) 

.t.=l.(1,er,iJ, Q.Es=J,(i.9,-,f). 

3A8Cb er - HallBepOHTHllli yroJI BUJieTa (J)OTOHa B TOpM03HOM U3Jiyqemrn, 
m~ & 

paBHl:lli -.:- Ctn - Mace a :rneKTpoHa), a 8p ecT:& YPII B O.l{HHllttax ms: • 
C'o ~. 
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,)!yHICl.\lUl t1 l'i ~I, YllllT!.UlalOT CB!l3b, IC ICOTopovi np1rno;zi11T 11a1m­

lliW YPil, IC01iJUIMau,rn J.l a311MyTaJibHOii Cl1MIJ8'.l'pl1il I MelE,Zty ll01IHPllhlM l1 a3l1-

l(JTaJll,Hb!Ll yrJJaI~ll bJI~Ta 31ICKTPOHa B Kpl1CT8iIJI l1 BbllUeHa3B8JIIILIIJH 3KCne­

Pl1MOIITDJII,Hb1Ml1 cpa1tTopa1JH. rlb!paJKe!Il1ll ;ll1IH 4JYHIC4l1i! !1 l1 ½a. nam .. B 

ITpll,10litemrn • 

Jn11;ziy Toro, l!TO pacqeT l1HT0HCl1BHOCTll ;llalite 083 yl!eTa a1ccuep11MeH­

TUJJI,-HUX :.J8ICTO)JOB HBJ1H8TCfl ;llOB01ILHO Tpy;zioeMKllM, B ,ll8HHOl1 pa6oTe B ue­

JIHX yc1topemrn CllOTa .lllllll1CJ10Hl10 1rnTerpa11a (5) Ohl1IO BblnOJIH0HO no cxe­

Me :.:oHTe-KapJIO. llom!MO yc1cope111111 Cl!eTa, TaICOM no,11xo;zi n03B01IH0T ,l{O­

BQjil,110 IlpOCTO nony'laTI, pa3JillllHl.le yr110.able pacnpe;zie11eHllfl, B qacTHOCTH 

pac11pe,210Jie111-1e no yrJiy 11s11yl!eHHhlX ;poToH_on. B npe,'(b!AYll!l1X paooTax no 

Db!llllCJICilll!O 11HT011Cll.BHOCTl1, uarrpmJep D paooTe { 4/ ua OCHOBe H0CTpor11x 

~H31ll!CCICUX paccy)r.,llCllllii ]lOJIUIOTCH onpc;zienemme yrrpo1J1ellllll OTHOCUTOJlJ,!10 

DJ!HHHl1ll ICOJIJUll,lal~IHI 11a Bll,:( cne11:Tpa, B Ha1:1el1 paCiOTe cxeMa pactieTa 

110 MCTO,'(y :.ImJ'i'c-![apJIO U03BOJJfleT OOOBTHCI, (5e3 npe;iBap!-IT0JIJ,Hb!X ynpo-,­

l!l0Hll,i l-1 llpO,'(!IOJIO,KCHllri, T_aK Kalt Ha OCHOBe. xopOil!O H3yllOHIIOro IJCX8Hl13-

Ma TOPU03HOro 113JIJ'l0Jlllll 1m, B CY!l1HOCTH, 1.1onem1pyel.l llllTcpecy101J11'l;;i Hae 

upouccc 11a 11cex aTanax ero pa3DllT1rn. 

llpe,111iap11TeJJI,l!O 6una l!UilllCaHa uporpaMA:!l, 110 J;QTOpoll Bbllll!C.iIRJICR 

attepreTlll!cc1rni1 crre1tTp ue3 ylleTa ::mcnepllMe11TaJI1>ttux (j_JaKTopon (2). 
• • 

3·.ra uporpaM1iia11 CROSS cocTnBv.m1 HAPO_ OY;l!Yii\e~i no11uoil rrporpar.im.,L.INA . 

11JIH \l)lllWUpoBa!IHUX 3H,11l01!ll,i 9 1 i. ' .,. ' r,'(e i - IlcJJIHJJHLill 

yro;r llJWTa 3JICl{'l'PO!la B 1tp,lCTam1, r/.. - U3lli.,yTaJII,Hb!:l yro11 11 

no;zinporpa!JI.;8 a, CRoss • ;;u,rnc11HeT BUJlll'!llJIY lll!T8HCllBI!OC'.rll I 
X). Bone~ IIO,'..lf)OdJioe 'omicuHlrn '3TO:l uporpai.i!JLI U:JJJ,OT ,.'13.I-10 .il 

I01J1eil ny611ll1tau1rn. 

k xar., 
c i. l , 
CJIC,'(y-

Cxei.ia DLll!l1C1Ieilllll crre!CTpa C YllCTOL: J Pll II j{O]l;!lll.lcJl.\lll-J BblrJHI,'(llT 

c11e;ziy10Il(l!1A o6paaoM. 
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I. Paa1,1rp1maeTc.a nom1ptt1,1l1 yro11 OTK1IOHeHltR OT ocu rryl!Ka QE , 
ooyc110B1IOHHbli1 YPIT. Han6011ee eCT0CTBCHHO npe'An01IOlU1TI,, llTO YP!l llMeeT 

qiopMy Hop11a111,aoro pacnpe,lle11ea1ta.c ,lll!cnepcnell Ci£~ Br . Tollttoe atta­

qeane Il01Il!llHHbl YP!l IIOEHO OU8Hl!TI, cpaBHeHHeM C aKcnepltMeHTOM, l!TO 

UBTOpb! rrpe,J1;Jiara10T C,lleJJUTI, Ha c11e,llyKJII(CM :narre paCOTU. 

IlopH.l{OK 'AHcnepc1111 G'~ paBeH Be11111U1He yr11a, na6upaeMoro aneKT­

pottou IIpH MHOrOKpaTHblX ynpyrHX CT01IKHOB0HHflX B Mlllll0HI!. 9TOT yro11 

o6osHalleH B nporpauMe c11MB011011 61 H 1,1oxeT 6hlTI> aalt,lleH no rrp1161111-

xeHHOl1 ~opMy11e, ,ll8Dil(ell ;llJIR TOHKOtt MH!llCHH I! BhlCOKOH aHeprllll H8118Ta­

Dil(HX 8Jl8KTPOHOB Y'AOB1IeTBOpHT8Jll>HYJO TO'lHOC.TI,t 

il. .ru-' 
<it= Eo( MaB) '[ ·t'l,, ' 

r,l{e T -T01IIl(l!Ha 1tpncTa1111a, 'A8HHaR B pa.l{l!al.\ltOHHb!X )11Il!Hax. 

PoJirphlll!..i1poHCXO,lll!T_IIO HOpll8JIJ,HOMY pacnpe;zie11eHll!O C ,l{llCnepcHell, 

paBHOll 6',1• fi' . 
fl, !'aaLirphlB80TCH 83llMYT81II,Hb!ll yro11 " B n1IOCKOCTI!, nepll0H,lll!Ky-

- . 
1IRPHO!'i OCI! rryqKa (Cit. llp1rnoaeHl!e), no paBIIOM0pHOMY pacnpe,l{eJieHll!O B 

llHTepBa11e f O ' .trr]. . 
!lo WOPMY118M 1 ,l{8HHblM B !lp1!1IOXeHlll! 1 BLI'll!Cr.HIOTCH ll011RpHb1ll ll 831!­

MYT81Il>Hb!ll yr11bl BneTa 3110KTpOHa B 1tpllCT81IJI, OHi! 0003H8l!Cllbl COOTBOT­

CTB0HHO QE1 ll oC. • 

ill. Paa1,1rp1,1BaeTCR yro11 r -BuneTa WOTOl!a no HOpM81Il>HOMY pac­

npe'Ae1IeHliD C ;zincnepclleit, ~aBHOl1 H81!BepORTHOMY yr11y 11cnycKaHHll B Top-
~ Mc . 

uoaHou 11311y1IeH1111 \J)= ro- . UeHTPOM aToro pacrrpMe1IeHHR RB1IHeTcll 

ttanpaB11ett11e B1IeTa a11eKTpo11a B 1tpllcTa11n llJIH · yro11 ~EJ. . 

7 



IY. HponepHeTOfl yoJIOBl1e nona,namrn !j_lOTOHa B .KOJIJlllMaTop, KOTOPbll-1 

BuopaH B B11,ne 0rnepor11R, paonono~eHHoro no 0011 nyqKa ,e_1:10.I. 

Och KpHcTan11a 

- r~~! 
llanlllille YPIT l1 TOT qiaKT 1 qTQ Mlll!IeHI, lll,!eeT KOHe,mue pa3Mepu, np11-

BO,(~T K He06XOl(l1MOOTl1 BBe,neHllfl napaMe<rpa 3qxpCKTHBHOll KOJIJil1Mau;1m.3ra 

He06XO,l\11MOCTI, Bb13BaHa Heonpe,neneHHOOTI,ID TOqKll B3al1MO,nei10TBl1fl B Mllme­

ml. J OBOIV oqepe,nI>, 3TO npl1BO,l\11T K TOMy 1 _ qTo KOJIJil1Mau;110HHOe OTBepOTl18 

"nmrneT" OTHCOllTeJII,HO 0011 uytIBa, T .e. pa,n11yo OKOmKa KOJIJil1Mau;1111 He OOB­

na.11aeT c remwTp11qemrnM11 pas1JepaM11 sToro lite OKOllIKa B peanI>HOM sKone­

pm,WHTe. TaK'1M oopasoM IlOHBnlleTOH el!le O,llllH napm,eTp' KOTOpbl.M TaK xe' 

Kalt 11 YPII, MOl!CHO ou;eHllTI, nyTeM opaBHeHllfl C aKoneplU.!eHTaJII,HblMll ,naHH!JMll. 
< ' -.. 

B oJiyqae nonaJ{aHllll Bbl3b!BaeToH nol{nporpa1.11.1a "CROSS , KoTopall 

Bblq110JIHeT oneKTp no X OT O ,or J{O O ,,., ,nnH pas11rpaamu: yrnoB Q[1 Jj,J. • 

Eo;m nona,namrn HeT, B03Bpal!laeMoH K nymtTy I. 

CxeMa p03blrpwua noBTOpHeTOH N _ paa, 11 npo110Xol{HT ttenpepb!BHOe 

OJIOl!CeH11e cne1,TpOB co CT6TBeca1rn, paBH!ilMl1 BepO/lTHOCT/lM IlO/lBileHllll KOL!-

611Hau;11li yrnoB Qft 11 ti... 
Cy1nmpHblli Cll8KTP upe,ncTaBnHeT coeloi,i BeJlllqllHY llHTerpana (5) B 

ycnoBHblX e,nllHllu;ax, T.e. cneKTp TOPM03HOro 113nyqeHl1H C yqeTOM aKcne­

pilMeHTaJ!bHblX (fiaKTOPOB. 

B oooTBeTCTBllll o np11HHTOll B !JeTo,ne l!OHTe-Kap;o / 5/ ou;eHKOlt 

ToqHoCTll np11 Pl :,:IJO Mbl 6y,neM 11MeT1, ou1116Ky Ka;;.,noro 11a aHaqeH11li 

llHTerpana (5) nopimHa IO%. 

Ila p1rn .2 np11Bel{8Hbl pacqeTHUSI Kpr,rnasi II TOqK11, nonyqeHHble B 3KCIIe-

8 
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p1rneHTe, mmoJIH8HHOll Ha APYc/61, OHH 06HapyJK1rnanT xopomee r.orJiac11e. 
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HopMHpoBK8 pactieTHOil KPHBOii llJIR cpaBHemm C 8KCl1epHMeHTOM 61:11,a 

cne.JiaHa 110 XBOCTY Cl18KTpa. IIpn: BU6pamrux 3H8tieHHRX ½ H olK 61:1110 

110;1ytieHO 3HatieHHe XZ= 68 QJIR 40 CTel1eHeil CB060QU, rrpn:tieM pe3yJil>T8T 

MUJKeT 6UTI, RBHO yJtylllileH, eCJlH ytieCTI, qiyHKIUUO paapememrn rrapuoro 

c11eKTPOMeTpa / 7/, perHCTpHpyIOU{ero auepr~ t- KB8HTOB. 

"' " " " ... 
u 
~ 
0. 

"' 

UP~JIOlEH~E 

011peneJiem1e cpyHKI.IMtii ½t. w ¥-t. 

'f 
"'.:ll4- GE 

P11c.J 

1!8.JIH'llJ,le KOJIJil11J8Ul1ll YPIT, a T8Kllte a31tl.fyTaJ1bHO:-l CHMlleTpHH 110 yr­

JIY B~JieTa ~OTOH8 11pHBO~l1T K 011pe~eJieHHOtt CBli3H IlOJilipHoro H 83HMY­

T8Jil>HOrO yrJIOB BJieTa aneKTpOHa B KpHCTaJIJI H BUWeHaaBaHHWC 8KCnepH­

M8HT8JII,Hl:,IJC ~aKTOpOB. 

KaK BH~Ho Ha pHc. 3, 0.M H ~ - IlOJIHpHue H aal1MyTaJil>-

Hue yrJIU OCM! nytIKa. PaCTBOp KOHyca o6ycJIOBJI6H YPIT. BCHK06 CJiyqanuoe 

HanpanneHHe nneTa aneKTpoua B KpHCTann QEJ aa~aeTCH yrna1m 'f 
R QE • 
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HecnolltHO BuBeCTR aann:cnwocT1, (B npe~eJiax uanocTH yrnoB GM 
Q£) weE,Jty yrna.uH QE1 , QM I ti.. H f , KOTopaH mo1e-

eT cne~JOIIU1ii BH~: J l. i 
f~(QH,QE,y>)= QE1 = QM +Gr+.fQ"1.qEcos1> 

1 _ ,l _ ~ Q£sit11> 
J.(o1.,QE.QH1= J. = oe.+ C\-ic.;,(f QM+Q£co,1 ' 

OTcqeT J... BU6paH 00m;enp11HHTID.1 06paao1,1: npH 'J =O oJ.-~ 
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