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BaparneHKOB B.C. H gp. P2-89-64O 
MaTeMaTH"-IeCKOe MOgenttpoBaHHe pagHaQHOHHb!X . 
noBpe)l(geHHH nonynpOBOAHHKOBblX MaTepHanoB 

Co3gaHa MOHTe-KapnOBCKa.f! Mogenb Me)K'bHgepHOf'O KacKaga, 
HMHTHPYIOll.laH pagHaQHOHHble c6oH B nonynpoBOAHHKOBb!X 3neMeH-
Tax, HaXOAHII.IHXCH B nonHX Bb!COKO3HepreTHqeCKHX npoTOHOB 
u Hgep. Ha npHMepe KpeMHHeBOH MHKpocxeMbI, o6nyqaeMOH npo
TOHaMH H HOHaMH yrnepoga C 3HeprHett 3,65 f3B/HyKnoH, H3Y
qaeTCH BepOHTHOCTb BbJAeneHHH onpegeneHHOf'O KOnHqecTBa pa
gHaQHOHHOH 3Hepf'HH Bero OTgenbHOH HqeuKe Hee 3aBHCHMOCTb 
OT THna HOHH3HPYIOll.leH KOMilOHeHTbl KaCKaAHOH naBHHbl, BbJqHcneH 
HaH TaKHM o6pa30M BepoHTHOCTh H 3KcnepHMeHTanbHO H3MepeH
HaH xapaKTepHCTHKa qacTOTbl c6oeB HqeuKH B 3aBHCHMOCTH OT 
BenHqHHbl BbJAenHBllie11:CH B Hett 3HeprHH IlO3BOnHIOT OQeHHTb Bpe
MeHHYIO 3aBHCHMOCTb pagHaQHOHHb!X OTKa3OB 3neKTPOHHb!X ycT
POHCTB. 

Pa6oTa Bb!IlOnHeHa B fla6opaTOpHH BbfqHcnHTenbHOH TeXHHKH 

H aBTOMaTH3aQHH OHRH. 
IlpenpHHT 06t.e,D;HHeHHOro HHCTHTyTa R,llepHLIX HCCJJe,D;OBaHHH. ,[(y6ua 1989 

Ilepeaog aBTOPOB 

Barashenkov V.S, et al. 
0

P2-89-64O 
Computer Simulation of Radiation Induced 
Defects in Semiconductor Materials 

A Monte-Carlo intranuclear cascade code which imitates 
radiation defects (errors) in semiconductor materials lo
cated in high energy pr_oton and ion fields is developed. 
With silicon semiconductor chip irradiated by protons and 
12C ions at 3.65 GeV/nucleon taken as an example the pro
bability of allocation of a definite amount of energy in 
its s·eparate cell is studied as well as its dependence on 
the kind of the cascade shower ionizing component. The pro 
bability being calculated in the above mentioned manner an 
experimentally measured cell error frequency characteris
tic depending on the amount of energy released allow one 
to evaluate the time dependence of radiation induced errors 
in electronic circuits. 

The investigation has been performed at the Laboratory 
of Computing Techniques· and Automation, JINR. 
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MHon1e 3neKTPOHHble np116opb1 11MelOT ¢,OPMY nneH04HblX 11COT 11 , 

cnar~~~11xc.A 113 orpoMHoro Kon114ecTsa nonynpoBOAH11KOBblX .A4eeK 

C pa3MepaMl1 B HecKonbKO AeC.ATKOB M11KPOH 11 MeHee, yKpenneHHblX 

Ha nnOCKOl1 noAnO>KKe. 8 none BblCOK03HepreT114eCKoro 113ny4eHl111 

B .A4el1Kax 11 noAnO>KKe pa3B11BalOTC.R Me>KbRAePHble KaCKaAbl C y4acT11-

eM npoToHOB, Me30HOB, .AAep OTAa411 11 . .AAePHblX ¢,parMeHTOB, 110Hl1-

311PYIO~l1X cpeAY B .A4eAKaX 11 Bbl3b1Bal0~11X c6011 np116opa. nony4eHHble 

Ha CnYTHl1Kax AaHHble roBOP.RT' 4TO nOA Ae11CTBl1eM KOCMl14eCK11X ny-

4e11 B nonynpoBO,QHl1KOBblX YCTPOHCTBax C 411CnoM 3neMeHTOB 0K7n7 

105 TaK11e c6011 npol1CXOA.AT C 4aCTOTOl1 np11MepHo pa3 B CYTKl1 I • 
Op11 An11TenbHblX noneTax /aBTOMaTl14eCKl1e .CTaH41111 pacc411Tb!BalOTC.A 

Ha HeCKOnbKO Ae.C.ATKOB neT,l 3TO MO>KeT CTaTb cy~eCTBeHHblM ¢,a'<TO

POM HeycTOl1411BOCTl1, oco6eHHO ecn11 11MeTb B B11AY TeHAeH41111 6blCT

poro ysen114eH11.A 411cna nonynpoBoAH11KOsb1x .A4eeK 11 11x AanbHeAwyJO 

Ml1Hl1aT10p113a4111Q. Hcnonb30BaH11e 3neKTPOHHblX np116opos C BblCOKO

.TeMnepaTypHblM11 csepxnpoBOA.A~l1M11 nneHKaMl1 CTaBl1T aHanor114Hble 

aaAa411. MHor11e 113 TaK11x np116opos TaK>Ke npeAcTaBn.AJOT co6oA re

.TeporeHHb1e Cl1CTeMbl, COCTO.A~l1e 113 MHO>KecTsa .A4eeK C 4YBCTBl1Tenb -

HblM K paA11a4110HHblM nospe>KAeHl1.AM o6beMOM. 

411cno paA11a4110HHblX c6oes Ml1KP03n~KTPOHH011 cxeMbl paBHO 411C

ny ee nonHOCTblO nospe>KAeHHblX /Bb1WeAWl1X 113 CTPO.R 11n11 e~e He yc

nesw11x BOCCTaHOBl1TbC.A/ .A4eeK S pac4eTe Ha OAHY nepB114HYIO 4a
-CTl14Y: 

n(t)/no(t) = J 4l(E)P(E)[I 
E>O 

R(E,t)]dE, 

rAe t - speM.A o6ny4eH11.A, no- noTOK nepsl14Hb1X .AAePHO-aKT11SHblX 

4aCTl14, 4l (E) - sepo.ATHOCTb c6o.A Ml1KPocxeMbl r,p11 BblAeneHl111 3Hep

r1111 E B OAH011 113 ee .A4eeK, P (E) - sepo.ATHOCTb Bb1AeneH11.A TaK011 

3Hepr1111 BHYTPl1 .A4el1Kl1 / 11 paA11a4110HHbll1 cneKTP 11 OAl1H04Horo co6bl

Tl1.A/, R(E,t) - 3as11c.A~a.A OT 11HTeHCl1BHOCTl1 PaA11a4110HHoro non.A 

11 OT AeTane11 3neKTPOHHOro YCTPOl1CTBa sepo.ATHOCTb BOCCTaHosne
Hl1.A / 113ane411saH11.A 11/. 

AnnapaTYPHble ¢JYHK41111 (() (E) 11 R (E, t) 3aBl1C.AT OT· KOHKPeTHblX 

napaMeTpOB 3neKTPOHHoro YCTPOHCTBa, 11 S HaCTO.A~ee speM.A 11X 

YA06Hee onpeAen.ATb 3KCnep11MeHTanbHO. Mbl orpaHH411MC.A noKa npo
CTe11w11M cny4aeM R =,O. 

Ha p11c. 1 np11BeAeHbl np11MePbl ¢,YHK41111 (() (E), 113MepeHHOl1 on11caH

HblMl1 s pa6oTax1 2 , 3 /· MeTOAaMH An.A HeCKOnbKl1X CTaHAaPTHblX 3neMeH-
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PHc.I. BepoHTHOCTb c6oH 
B 3neMeHTe orrepaTHBHOH 
rraMHTH eMKOCTbID 64, 16 
H 4 K /coOTBeTCTBeHHO 
KPHBbJe I, 2, 3/ rrpH Bbl,ll;e
neHHH S HqenKe 3HeprHH E. 

TOB onepaTHBHoro sanoMH
Ha~~ero YCTpoRCTBa B AHa
nasoHe E=0-20 M3B.3neKT
poHHaR cxeMa o6ecne411aa-
11a awno11HeH11e yc11oa11R 

R = o, n03TOMY nosTopHwe nospemAeHHR R4eeK He Y411TWBaJ111Cb. 
KaK B11AHO, ¢YHK41111 pa3Jll14HWX 3JleMeHTOB 04eHb noxom11 H pa31111-
4a~TCR, no cy~eCTBY, Jll1Wb CABHrOM BAOJlb OCH E. 

PaA11a4110HHWR cneKTP OAHH04Horo co6wTHR P(E) MOmeT 6wTb pac
C411TaH MeTOAOM MoHTe-Kapno ·AnR 3Toro MW aocno11bsoaa1111cb Mo
Aellb~ MembRAePHoro KacKaAal 4/, np11MeH11MoR·a 0611acT11 nepa114Hwx 
4aCT114 OT HeCKOJlbKHX AeCRTKOB M38 AO COTHl1 r3B Ha HYKJlOH, BMe
CTe C 3Mn11p114ecKoR annapaTYPHOR ¢YHK411eR ~(E) 3TO n03B0JlReT 
04eH11aaTb paA11a4110HHy~ YCTOR411BOCTb nneH04HWX no11ynposoAHl1KO
BWX YCTPORCTB B pa3Jll14HWX KOHKpeTHWX CJlY4aRX, KOrAa HenocpeACT
aeHHWe 3KCnepHMeHTaJlbHWe 11CCJleAOBaHl1R aeCbMa 3aTPYAH~TeJl~HW. 

Oco6eHHOCTb pac4eTOB B c11y4ae npHMeHeHHR nneHOK COCTOl11 
B TOM, 4TO np11 HenocpeACTaeHHOM HCnOJlb30BaHHl1 nporpaMMwl 4t 
6oJlbWHHCTBO 6oM6aPAHPY~~l1X nn~HKY 4aCTH4 nPOXOAHT CKB03b Hee, 
He 11cnwTaB Hl1 OAHOro RAePHoro B3aHMOAe~CTBl1R. np11 3TOM MW ¢aK
Tl14eCKl1 paCC411TblBaeM MaKPOCKOn114ecKoe ce4eHl1e B3al1MOAeRcTBl1R 
4aCTl14 c nneHKoR. Pac4eT ynpo~aeTcR, ec1111 saAaTb era sapaHee, 
TO eCTb C411TaTb, 4TO C nneHKOR B3al1MOAeRcTaye~ KamAaR nepa114-
HaR 4aCTH4a, a pe3yJ1bTHPY~~11e AaHHble OTHOCl1Tb K 3¢¢eKTHBHOMY 
nOTOKY: 

N = N0 [1 - exp(~d•Ltot) J- 1 , 
· . 

rAe No - peaJlbHblR nOTOK nepBl14HblX 4aCTl14, d - TOJ1~11Ha nJleHKH, 
Ltot - MaKpocKonH4ecKoe ce4eH11e ynpyroro 11 Heynpyroro RAepHo
ro B3al1MOAe~CTBl1R*. 

* RarrpHMep,B cnyqae 100-MKM KpeMHHeBOH rrneHKH CTaHgapTHOH MHK-
pocxeMw,o6nyqaeMOll rrpoToHaMH c 3HeprHeu B HecKonbKo f3B,xapaK
TePH3YID~Htt 3¢¢eKTHBHOCTb cqeTa K03¢¢H~HeHT No/N =296.B rryqKe 
HOHOB 12C-N /No=84 7. B rrpegenax paCCMOTpeHHblX HaMH Ton~H rrogno
)KeK d <200 MKM HX ytJ:eT ITPHBOgHT K yBenHqeHHID YKa3aHHbIX K03¢¢H
~HeHTOB Ha ¢aKTop,rrpH6nH3HTenbHO paBHblH OTHomeHHID CyMMapHOH 
TOn~HHbl rrognO)KKH H KpHCTanna K Ton~He KPHCTanna. 
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PHc.2. YBenHqeHHe qHcna pagHa
I.J;HOHHO noBpeJKgeHHblX HqeeK KpeM
HHeBOH MHKpocxeMbl sa cqeT qa
CTHI.J;, BbineTaKimHx HS ero nognoJK
KH TonmHHo:ti: d. 

8 AeACTBHTenbHOCTH CHTya4HB 
HeCKOnbKO cnomHee, noCKOnbKY 
KPHCTannH4eCKHe 11COTbl11 nonynpo
BOAHHKOBWX 94eeK KpenBTCB 
Ha noAnomKe, e KoTopoA Tome pas
eHea10Tce KaCKaAbl HOHH3HPYI01.11HX 
4aCTH4, npH 3TOM HeKoTopwe 4a-

CTHQW ABHmyTCB nOA 6onbWHMH yrnaMH K HanpaeneHHIO nepBH4HOro 
ny4Ka (0 > 90°) H MoryT ciatb npH4HHoA paAHaqHoHHoro noepemAe
HHe nonynpoBOAHHKOBWX B4eeK. npH BWCOKH~ 3He~rHBX BKnaA TaKHX 
4acTHQ ·He eenHK. TaK' npH 06ny4eHHH 100-MKM nneHKH npoToHaMH 
C 3HeprHeA B HeCKOnbKO r38/HyKnoH y4eT K~eMHHee;A noAnomKH 
C TOnl.llHHOR d yeenH4HBaeT 4HCno e4ee~. B KOTOPWX BWA~nHnOCb 
6onee 2 M3B 3HeprHH; ecero Ha 20% /cM. pHc.2/. C 'yMeHbWeHHeM 

"3HeprnH paAHaQHOHHblR 3cf}cf)eKT noAnomKH CTaHOBHTCB 6onee eamHblM. 
4To6b1' coxpaHHTb BblCOKYIO 3cf}cf)eKTHBHOCTb MOHTe-KapnoBCKoro po-

3blrPblWa H y4ecTb BKnaA noAnOmKH' YA06Ho HCnonb30BaTb CTaTHCTH-
4eCKHe eeca. Ha~pHMep, pa3wrpweaTb rny6HHY ~AePHoro ~3aHMOAeR
CTBHB no 3KCnoHeHqHanbHo-y6blBa10L11eR eecoeoR cf)yHKQHH C COOTBeTCT
eeHHO nOA06paHHWM noKa3aTeneM, KOTopwR onpeAeneeTCB, B OCHOB
HOM, cpeAHHM paAHaQHOHHblM npo6eroM o6pa3YI01.11HXCB e noAnomKe 
a-4acTHQ IAPYrHe BAePHb1e KoMnoHeHTbl AalOT MeHbWHR BKnaA; CM. 
HHme/ H cna6o 3aBHCl'1T OT 3HeprHH 60M6apAHPYIOL11ero nY4Ka*. 

8 Ka4eCTBe KOHKpeTHoro npHMepa MW paCCMOTpenH P~AHaqHOHHWe 
noepemAeHHB npoTOHaMH H HOHaMH 12C C 3HeprHeR 3,65 r38/HyKnOH 
KpeMHHeeoR KPHCTannH4eCKOR MHKPOCXeMw, HMe101.11eR nonepe4HWe pa3-
Mepw 0,2x0,5 CM H COCTOBl.lleR H3 4000 nonynpoBOAHHKOBWX 94eeK 
c TOnl.llHHOR 100 MKM, YKPenneHHblX Ha KpeMHHeeoR noAnOmKe. npeA
nonaranocb, 4TO nepBH4HWe 4aCTHQW paBHOMepHo 6oM6apAHPYIOT KPH
CTann nepneHAHKynepHo era noeepxHoCTH. B peanbHblX nonynpoeoA-

* IlpH Bb!COKHX 3Heprm:ix nepBHqHblX qaCTHI.J; cpep;mrn 3HeprHH a-qa-
CTHI.J; COCTaBJIHeT OKOJIO JO MsB, qTo COOTBeTCTByeT npo6ery 
B 70-80 MKM. Cpe,IJ;HHe pagHaI.J;HOHHble npo6erH 6onee THJKeJiblX Hp;ep
HblX KOMTIOHeHT TIOTOKa 3HaqHTeJibHO MeHhille /oKOJIO 1-10 MKM/. Ilo-
9TOMY cymecTBeHHbl JIHillh nepBbJe 200-300 MKM TIO,IJ;JIOJKKH. 
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PHc.3. 0THOCHTeJibHOe qHCJIO Hqe
eK MHKpocxeMbl' B KOTOPbIX IIDA 
ge:ti:CTBHeM npoTOHOB /nyHKTHp/ 
H uonoB •12C / cnnomHaH rHc TO
rpaMMa / BbI,IJ;eJIHJiaCb sneprHH E. 
nt = f n(E)dE - cyMMapnoe qHc-

E>2 MsB 
JIO noBpeJK,IJ;eHHblX HqeeK •. CTaTHCTH
qecKOe o6ecneqeHue pacqeToB: 
Hccnep;oBaHo 198 C06hlTHH, B KO
TOPblX 6blJlH noBpeJK,IJ;eHbl HqeftKH, 
Ha 1000 B3aHMO,IJ;ettCTBHH /ynpy
f'HX H neynpyrHx/ nepeHqHhIX npo-E.]MJ!) 
TOHOB B KPHCTanne H ~OAJIOJKKe 

n, COOTBeTCTBeHHO, 190 co6bJTHH Ha 1113 B3aHMo.o;e:ti:cTB.HH nepBHq
HbIX HOHOB 12C. TonmHHa IlOAJIOJKKH - 200 MKM KpeMHHH. 

HHKOBWX cxeMaX 4YBCTBHTenbHWR K paAHaqHOHHWM noepemAeHHBM 
o6ceM, 3aBHCBl.llHA OT KOHKpeTHoro ycTpoRCTBa, HeCKOnbKO MeHbwe 
reoMeTpH4eCKoro o6ceMa B4eAKH. Mbl 3TO pa3nH4He no Ka He Y4HTbl
eanH. 

Ha pHc.3 nPHBeAeHW pacnpeAeneHHB KOnH4eCTBa noepemAeHHWX 
B4eeK no eenH4HHe BWAenH~weAce B HHX 3HeprHH. 8 Ka4eCTBe HHm
Hero nopora paAHaqHoHHwx nospemAeHHA sw6paHa Ta me 3HeprHB 
E = 2 M3B, 4TO H Ha pHc.2. Ha cneAYIOl.lleM PHCYHKe yKa3aHW COOT
BeTCTBYIOl.llHe HHTerpanbHWe pacnpeAeneHHB 

TiintCE) = f n(E)dE. 
e:<E 

w1 
~ 

<I 
0.8 

I 

0.2L. 

0 ·~· 

Q6l 
OJ. 

10 IL. E. 

~ 
o.J 
0 2 L. 6 8 10 

E ,M JB 

PHc.4. OTHOCHTeJibHOe qHCJIO Hqe
eK MHKpocxeMbl C 3HeproBhIAene
HHeM, npeBhIWaIOmHM tin = 

f n(e:)dE/ f n(e:)de:. Cnnom-
e:>E E>2 MsB 

HaH rHCTorpaMMa - ,D;JIH nyqKa 
HOHOB 12C, nyHKTHp - IlPOTOHbl. 
CTaTHCTHqecKoe o6ecneqeHue, 
KaK Ha puc.3. 
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Pttc.5. BepoHTHOCTb Bbl,!J;eneHHH B flqeHKe pagHaQHOHHOH 
3HeprHH E > 2 M3B KacKagHoA qacTHQett c gapHAOM Z. 
3HeprHH nepBHqHblX npOTOHOB H HOHOB T = 3,65 fgB/HyKnOH. 

KaK BMAHO, 3HeproBWAeneHMe cna6o saBMCMT OT TMna 6oM6apAM
PY~~eA 4aCTM4bl. npM6nM3MTenbHO B nonosMHe cny4aes nPM 06ny4e
HMM npoTOHaMM M npMMepHO B 60% cny4aeB npM 06ny4eHMM MOHaMM 
12C B H4eAKe swAenHeTcH 3HeprMH E = 2-4 M3B. BepoHTHOCTb o4eHb 
6onbworo 3HeproBWAeneHMH, E > 10 M3B, cocTasnHeT scero oKono 
3,5% B npoTOHHOM nY4Ke M npM6nM3MTenbHO 4% nPM o6ny4eHMM MOHa
MM yrnepoAa. 

,[\nH nOHMMaHM
0

H MexaHM3Ma paAMa4MOHHblX nospe>KAeHMA M AanbHeA
wero cosepweHCTBOBaHMH ¢M3M4eCKMX acneKTOB MOAenM Ba>KHO 3HaTb, 
KaKMe 4aCTM4W - KaCKaAHWe aAPOHW, MHorosaPHAHWe ¢parMeHTW pac
naAa~~MXCH nocneKaCKaAHblX HAeP MnM HAPa OTAa4M - Aa~T OCHQB
HOi:i BKnaA B 3HeproBblAeneHMe. C 3TOi:i 4enb~ Ha pMC. 5 noKa3aH 
oTHOCMTenbHWi:i BKnaA B sepOHTHOCTb paAMa4MOHHoro nospe>KAeHMH 
H4ei:iKM /To eCTb BWAeneHMH B Hei:i 3HeprMM E > 2 M3B/ pasnM4HWX 
copTOB sapH>KeHHblX 4aCTM4, o6pasy~~MXCH B npo4ecce Me>KbHAepHO
ro KacKaAa. 

06pa~aeT Ha ce6H BHMMaHMe npeHe6pe>KMMO ManwA /5-7%/ BKnaA 
OAH03aPHAHWX 4aCTM4 - KaCKaAHWX npoTOHOB, Me30HOB, HAeP AeATe
pMH M TpMTMH. 3To o6bHCHHeTCH TeM, 4TO 6onbWMHCTBO 3TMX 4a-
CTM4 MMeeT BWCOKY~ 3HeprM~ M, COOTBeTCTBeHHO, o4eHb cna6o 
MOHM3MpyeT cpeAY• rnaBHWA BKnaA /40-60%/ Aa~T ABYX3aPHAHWe 

) ' ' 

', , 
,[ 

MOHbl renMH, M nPM6nM3MTenbHO CTOnbKO me /60-40%/ BHOCHT TH>Ke-
m1e MHorosaPHAHble HAPc3 OTAa4M, o6pasy~~MeCH B pesynbTaTe He
paBHOBeCHblX /npeAKOMnaYHAHblX/ pacnaAOB M 11McnapeHMH 11 nocneKac- ' 
KaAHoro HAPa. nocKonbKY npoToHw cna6ee paspywa~T HAPO-MMweHb, I)• 

oTHOCMTenbHWA sKnaA MOHOB renMH s 3TOM cny4ae MeHbwe, a BKnaA j 
HAeP OTAa4H C saPHAaMM, 6nM3KMMM K MCXOAHOMY, 6onbwe, 4eM npH 
o6ny4eHMH MoHaMM yrnepoAa. 
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PHc.6. 3HeproBbl,!J;eneHHe B HqeA
Ke MHKpocxeMb1, o6nyqaeMott npo
TOHaMH c 3Heprnett I fgB. Cnnom
HaH rttcTfrpaMMa - pacqeT Ha oc
HoBe ttcnapnTenhHOH Mogenn, go
nonHeHHOH aepaBHOBeCHblMH pac
nagaMH. IlYHKTHP - pacqeT 6e3 
HX yqeTa. 

CneAyeT oco6o nOA4ePKHYTb, 
4TO pac4eT nocneKacKaAHOi:i cTa
AMM B3aMMOAei:icTBMR 6blCTPblX 4a
CTM4 M HAeP c RAPaMM HaMMeHee 
oTpa6oTaH. B 4aCTHOCTM, nOA6op 
BXOAR~MX B pac4eT ¢eHoMeHonorM-

4ecKMX napaMeTpoB saTPYAHeH HeAOCTaTKOM HaAe>KHWX 3KCnepMMeH~ 
TanbHWX AaHHWX 06 3HeprMM B0,6Y>KAeHMR M

0

MMnynbcax HAeP /4aCTb 
MX Boo6~e npoTMBope4MBa, CM. 5/j. B swnonHeHHWX AO HaCTQH~e
ro speMeHM pac4eTax 3neKTPORAePHblX pea,KTOPOB, BblXOAa npaKTM-
4eCKM Ba>KHWX M30Tonos, ycpeAHeHHWX AaHHWX AfiR paAMa4MOHHOi:i 
sa~MTbl M APYrMX 3aAa4ax, CBR3aHHblX C Me>KbHAePHblMM KaCKaAaMM, 
HeT04HOCTM CBOi:iCTB o6pasy~~MXCR B036Y>KAeHHbJX RAeP cna6o Bm1R -
nM Ha pesynbTaTbl M MM YAenHnOCb cpaBHMTefibHO Mano BHMMaHMR. 
MoAenb BHYTPl,1RAePHblX KaCKaAOB npM 3HeprMRX HM>Ke HeCKOfibKMX 
r38/HyKnoH B nocneAHMe rOAbl He pa3BMBanaCb. ToT ¢aKT' 4TO pa
AMa4MOHHoe 3HeproBWAeneHHe n04TM 4enMKOM o6R3aHO HAepHoi:i KOM
noHeHTe KaCKaAHOi:i naBHHbl, Tpe6yeT 6onee T~aTenbHOro paCCMOTpe
HHR aAPOH- H HOH-RAePHWX B3aHMOAeACTBHA. 

npeACTaBneHHe O T04HOCTH pac4eT0B nocneKac~aAHOi:i CTaAMH 
MO>KHO nony4HTb nyTeM cpasHeHHR pasnH4HblX nOAXOAOB: HcnapMTenb
HOi:i MOAenM; MOAenM, Y4MTbJBa~~eA npeApaBHOBeCHoe HCnycKaHHe 
4aCTH4 H ¢parMeHToB; nepKonR4HOHHOi:i MOAenH. Ha pHc.6 M 7 co
nocTaBnH~TCR sapRAOBWe.H 3HepreTH4eCKHe pacnpeAeneHHR, paCC4H
TaHHbJe c y4eToM H 6es y4eTa npeAPaBHosecHoro pacnaAa nocne
KacKaAHblX RAeP co CTaHAaPTHbJMH /o6bl4HO HcnonbsyeMblMH/ napaMeT
paMM. PasnM4HR B saPRAOBblX pac.11peAeneHHRX Hecy~eCTBeHHbl. 6onee 
saMeTHbl pacXO>KAeHMR 3HepreTH4eCKHX rHcTorpaMM - OHM AOCTHra~T 
AeCHTKdB npo4eHTOB M roBOPRT o TOM, 4TO pac4eTW paAHa4HOHHWX 
nospe)KAeHHA AOn)!(l-ibl o6R3aTenbHO BblnOnHHTbCR C y4eToM HepaBHQ
BeCHWX pacnaAOB, /rHcTorpaMMW Ha pHc.3-5 BW4HcneHw HMeHHO Ta
KMM o6pasoM/. ~cnapHTenbHaR MO~enb, AOnonHeHHaH HepaBHOBeCHbl
MH nPeAKOMnaYHAHWMM npo4eccaMM/ 6/, HBnReTCfl cerOAHR HaH6onee 
T04Hb1M nOAXOAOM. K paCCMOTPeHH~ pacnaAOB B036Y>KAeHHblX HAeP npM 
yMepeHHblX 3HeprMRX B036Y>KAeHMR. Cepbe3HblA ee HeAOCTaTOK COCTO..: 
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PHc.7. BepoflTHOCTb Bbl,l];eneHHfl B flqeHKe MHKpocxeMbl 
SHeprHH E > 2 MsB qacTH~eH c sapHgoM Z. 06nyqeHHe 
npoTOHaMH C 3HeprHeH 1 fsB. 06osHaqeHHH - KaK Ha pHC.6. 

HT B TOM, 4TO OHa He onHcwsaeT TaK HaswsaeMoA $parMeHTal,\HH -
HCnycKaHHR RAPOM TRmenwx MHoro3aP~AHWX oc~onKOB, o6naAa~~HX 
3Ha4HTenbHOA KHHeTH4eCKOA 3HeprHeA*. YAOBneTBOPHTenbHOA Teo
PHH 3Toro RBneHHR noKa HeT; MomHo nHWb, OCHOBWBaRCb Ha 3Kcne
pHMeHTanbHOM $aKTe ManocTH ee ce4eHHR, HaAeRTbCR Ha TO, 4TO 
$parMeHTal,\HR AaeT cpaBHHTenbHO He6onbwoA' BtcnaA s paAHal,\HOHHble 
nospemAeHHR. 

AnbTepHaTHBHblM cnoco6oM sepoRTHOCTHoro pac4eTa pacnaAOB 
B036ymAeHHblX RAep RBnReTCR nepKonRL\HOHHblA nOAXOA/7/. lfa Ta6-
nHL\W BHAHO, 4TO nony4a~~HeCR npH 3TOM pesynbTaTw HHOrAa B non
Topa-ABa pasa OTnH4a~TCR OT paCC4HTaHHWX APYrHM cnoco6oM, OA
HaKo pac4eToB Ha OCHOBe nepKonRl,\HOHHOro nOAXOAa BblnonHeHo e~e 
04eHb Mano, no3TOMY TPYAHO CKa3aTb, HaCKOnbKO OH npeAn04TH
yenbHee yme H3BeCTHWX. 

TaKHM o6pa30M, C03AaHHaR MaTeMaTH4eCKaR MOAenb n03BOnReT 
HccneAOBaTb pa3nH4HWe acneKTW PaAHal,\HOHHWX nospemAeHHA nony
npoBOAHHKOBWX sneMeHTOB 4aCTHl,\aMH BWCOKHX 3HeprHA. Ee Aanb
HeAwee ycosepweHCTBOBaHHe CBR3aHO npemAe Bcero C YT04HeHHeM 
TeopHH pacnaAa CHnbHO B036YmAeHHWX RAeP. 

AsTopw swpama~T 6naroAaPHOCTb npo$eccopy n.H.3aAL1eey sa 06-
cymAeHHR H CTHMynHPY~~y~ noAAePmKY. 

* YcnoBHH npHMeHHMOCTH MOgenH qaCTO HapymawTCH B cnyqae ner-
'KHX Hgep, o6nagaWl!UiX oqeHb 6onbWOH 3HeprHeH B036ylK)];eHHH/ 8/. 
3TO - OC06b!H BOnpoc' neJKamHH B CTopoHe OT sagaqH p;aHHOH pa6oTbl. 
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7'a6.1Zuu,a 
qHCJIO Hgep c sapHAOM z, o6pa3ywll\HXCH npH HeynpyroM 
B3aHMOgeHCTBHH IlPOTOHa H HOHa 12C C HAPOM ~!Si 
npH 3HeprHH 3,65 rsB/HYKJIOH. A - pacqeT Ha OCHOBe 
KaCKagHo-HcnapHTeJibHOH Mop;eJIH / HCCJie,[loBaHbl 
2000 B3aHMogeiICTBHH nepBHqHblX npOTOHOB 
H 1500 B3aHMOgettCTBHH nepBHqHbJX Hgep 12C/; B -
pacq~T C yqeTOM HepaBHOBeCHblX rrpegKOMnayHgHblX 
npo~eCCOB pacnap;a / I 000 B3aHMogeHCTBHH nepBHqHblX 
IlPOTOHOB H 1000 - HOHOB 12C/; C - pacqeT C IlOMOmbw 
nepKOJIH~HOHHOH MogeJIH /2500 BsaHMogeHCTBHH IlPOTOHOB 
H 2500 - HOHOB 12C/ 

p + Si 12C + Si 

A B ·C A B C 

0,50 0,27 - 0,50 0,34 
o, 71 0,55 0,30 0,59 0,44 0,27 
0,004 0,006 0,01 0,03 0,003 0,01 
0,04 0,02 0,04 0,06 0,02 0,03 
0,03 0,01 0,03 0,03 0,02 0,02 
0,09 0,06 0,09 0, I 0 0,04 0,07 
0,03 0,02 0,04 0,04 0,03 0,02 
0,08 0,08 0, I 0 0,05 0,04 0,06 
0,04 0,04 0,05 0,03 0,02 0,03 
0,08 0,08 0,09 0,04 0,04 0,06 
0,06 0,07 0,08 0,04 0,05 0,04 
o, 13 0, 11 0,18 0,08 0,07 0,09 
o, 13 o, 18 0,08 0,07 0, 11 0,04 
0,09 0,14 0,04 0,07 0, I 0 0,02 
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