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KywHHPY;'C B.CS>. Pl3 - 11933 
0 llOT8pHX 3&plll14 B IIOnyiipOBOllHHKOBbiX ll9TeKTOpaX 

IIpB perHCTP8UBB CBnbHOHOHB3Hpy~WHX '18CTHU 

C UenbJO BCCII9lla.AMHII IIOT9pb 38pSill8 rrpR pei"RCTp8UHII CHnbHOHOHH-

3Hpy~WHX '18CTIIU rrp08H3nH3HpOB8Hbl pa3IIH'IH1>19 IIOilXOilbl K OIIHC8HB~ 

IIOT9pb 38pill18o noK838HO, 'ITO paapa60T8HHI>I9 paaee M00.9IIH IIOT9pb, 

OCHOB8HHbl9 88 OTTOX8 349KTpOHOB K IIOBepxHOCTH ll9T9KTOpa, Ha YM9Hb

W9HHH IIOilBH~HOCTH B HHBepCHOHHOM IIpHIIOBepXHOCTHOM cnoe, 88 peKOM-

6HH8UHH qepea ypOBHII IIOByWeK, He YllOBnQTBOpHIDT 3KCIIepHM9HT8nhHb!M 

peayn&TaTaM. nnH 'IHCII8 IIOTepHHHbiX 38pHilOB npenno~eHa ~OpMyna: 
z21' 3N 

~N -K-y-. TIU • 
rne K - xoacM!auaeaT nponopuaoaan&HOCTR, Z - aTOMHI>Ill aoMep Tll~enoro 
HOHa, N - nonaoe qacno reaepHposaHHbiX aapHilOB, R - rrpo6er, Tn.ll - rrnaa

MeHHoe Bp9MHo 3Ta ljlopMyna Y'IHTI>IB89T KaK o6beMHbl9 0 T8K H IIOB9PXHOCT

Bbl9 acM!eKTbl. Oaa naeT aKcnepHMeHTan&ao aa6niDnaeMyiD CBH3b norep& 

c aapHilOM 'laCTBUbl z. c aanpH*eHHOCTbiD aneKTpnqecKoro nonA F 
(r.K. Tfi.ll .1/F ), a qepea oraowea11e N/R-co cpenHell ynen&HoJl norepeJl 

&KeprHH. 

Pa6oTa BbiiiOnHeBa B na6opaTOpHH Hll9pHbiX peaKUHJl OlHU1. 

npenpBHT 06'b9JlHH9HBOrO HHCTHTyT8 SU19pHblX RCCII9JlOB8HHil. ily6Ha 1978 

Kushniruk V.F. Pl3 - 11933 
On the Charge Losses in Semiconductor Detectors at 
·the Registration of Heavily-Ionizing Particles 

In order to investigate charge losses at the registration of 
heavily-ionizing particles various approaches to describing charge 
losses are analyzed. It is shown that earlier developed models of 
charge losses based on the electron flow to detector surface, 
decreasing carrier mobility in the inversion layer and on the re
combination through levels of the traps do not satisfy to experi
mental results. The proposed formula for a number of charges 
lost in the collection process may be written as: 

z21aN 
~N=K--R- · T 1 • 

where K is the prop~rtionaly coefficient, Z is the atomic number 
of heavy ion, N is the full number of charges generated, R is the 
ion range, T pi is the plasma time. The obtained formula takes 
into account both the volume and surface effects. It gives the 
experimentally observed relation between the charge losses ~E 
and the particle charge Z. the intensity of electric field E (because 
T pi .1/F), the average stopping power by the ratio N/R. 

Preprint of the Joint Institute for Nuclear Research. Dubna 1978 

0.l{HOB H3 Ba:>KHeBWHX npo6neM cneKTpOMeTpHH CHllbHO

HOHH3HPYIOUUIX 'laCTHU JIBllJieTCJI TO'IHOe H3MepeHHe 3Hep

rHH, KOTOpOe 3aTpy.l{HeHO Cyll{eCTBOBaHHeM TaK Ha3biBae

MOrO aMnnHTY.l{Horo .l{el)eKTa. HJBeCTHO / 1-·5/ 'ITO senH

'IHHa aMnnHTY.IJ;Koro .l{el)eKTa onpe.l{enseTcJI cyMMoii Tpex 

COCTaBllJIIOUUIX: 

!1 = A BX .0. + !I...H):I.p. + 11ocT . /1/ 

r,Z{e t1 13x .o. - aMnnHTY.l{Hblii .l{el)eKT, o6ycnosneHHblii noTe

peii 3HeprHH so BXO.l{HOM OKHe I o6bi'IHO TOllUUIHY BXO.l{Horo 

OKHa C'IHTaiOT paBHOB TOllUUIHe CllOJI 30llOTa, o6pa3yl0ll{ero 

BblnpJIMllJIIOIUHB KOHTaKT/; !1 51/1.. p. - aMnnHTY.l{HbiB .l{el)eKT, 

o6ycnosneHHblii noTepeii 3HeprHH npH ynpyroM pacceJIHHH 

TJI:>Kenoii 3apJI:>KeHHOB 'laCTHUbl Ha Jl.l{pax aTOMOB Bell{eCTBa 

,Z{eTeKTOpa; !I..OCT. - OCTaTO'IHbiB aMnllHTY.l{HbiB .l{el)eKT. llep

Bble ){Be COCTaBllJIIOUUie nOJIBllJIIOTCJI BClle,Z{CTBHe pa3llH'IHJI 

Me:>K.l{y 3HeprHeii 'laCTHU.bl Ha BXO,Z{e ,Z{eTeKTOpa H 3HeprHeB, 

KOTOpaJI TpaTHTCJI Ha o6pa30BaHHe 3lleKTpOHHO-,Z{blp0'1HbiX 

ilap B 'IYBCTBHTenLHOM cnoe, a OCTaTO'IHbiB .l{el)eKT o6ycnoB

neH noTepJIMH y:>Ke reHepHpOBaHHbiX 'laCTHUeii 3lleKTpOHHO

.l{blpO'IHbiX nap B npouecce HX co6HpaHHJI aa JneKTpO.l{ax. 

EcnH TOllliUIHa JonoToro 3neKTpo.l{a H3BeCTHa, TO t18 x .o. 

06bi'IKO onpe,Z{ellJIIOT KaK npOH3Be,Z{eHHe TOllll{HKbl CllOJI 30-

llOTa Ha 3lleKTpOHHYIO TOpM03HYIO CnOC06KOCTL, 3Ha'leHHJI 

KOTOp()B 6epyT H3 Ta6nHU7 6( ~el)eKT, o6ycnosneHHbiB ynpy

rHM pacceJIHHeM 3apJI:>KeHHOB qaCTHUbl Ha JI.l{pax aTOMOB 

Bell{eCTBa ,Z{eTeKTOpa, 06bi'IHO Bbi'IHCllJIIOT B COOTBeTCTBHH 

C pa6oTaMH /7, 4/, HCnOllL3YJI 6e3pa3MepHble Jlillill-e.l{HHHUbl 

TeopHH TOpMo:>KeHHJI JIHH,Z{xapAa H .l{p. /s,9/. HaH6onee cno:>K-
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HbiM ~n.R onpe~eneHH.R .RBn.ReTC.R OCTaTO'IHbiH aMnnHTY~HbiH 

~e$eKT, T .K. ero BCllH'IHHa MO)I(CT MCH.RTbC.R OT ~eTeKTOpa 
K ,ll;CTCKTOpy H 3aBHCHT OT ycnOBHH H3MepeHHH, OT THITa 

'laCTH:Qbl H ee 3HeprHH. 

IIepBoHa'lanLHo_, ue B,D;aBa.Rcb B CYil\HOCTb MexaHH3Ma 

ITOTepb 3ap.R~a, aBTOpbl pa6oTI 10- U?/npe,D;llO)I(HllH HCCKOllbKO 

'IHCTO 3MITHpH'ICCKHX KanH6pOBOK H3Mep.ReMOH 3HeprHH T.R

)I(CllbiX 3ap.R)I(CHHbiX 'laCTH:Q. Ja TCM ITO.RBHllHCb pa60Tbl, 

B KOTOpbiX ~n.R 06'b.RCHCHH.R Ha6mo,D;aeMbiX pe3yllbTaTOB 

C,D;enaHbl ITOITbiTKH npHBllC'Ib Te HllH HHble MCXaHH3Mbl no

Tepb, TaKHe,KaK OTTOK HOCHTeneH K ITOBepXHOCTH H3-3a 

~cPcPY3HH :meKTpOHOB npOTHB 3llCKTpH'ICCKOrO ITOnJI/ 13.14/ 

HnH YMCHblliCHHe ITO,D;BH)I(HOCTH B ITpHITOBepXHOCTHOM cnoe ,-15,, 

Hau6onLlllee BHHMauue B nocne,D;Hee BpeMJI npHBneKaeT Me

xaHH3M noTepb 3apJI,D;a, o6ycnoBneHHbiH peKoM6HuauueB. 

B 06'beMe ,D;CTCKTOpa 15,16,17/ HllH B ero npHITOBepXHOCTHOM 

cnoe I 3, 4, 161 c y'leToM nna3MeHHbiX JIBneHHH B nnoTHOM 

TpeKe, C03,D;aBaeMOM CHllbHOHOHH3HpyJOIUCH 'laCTH:QeH. 

PaCCMOTpHM MO,D;enH ITOTepb 3ap.R,D;a, OCHOBaHHble Ha 

pa3llH'IHbiX MCXaHH3MaX, H cpaBHHM paC'ICTHble 3Ha'ICHHJI 
' I 

C 3KCITepHMCHTanbHbiMH ITOTep.RMH, nony'leHHbiMH pauee i 18, 

I puc. 11, ,D;n.R 136Xe c 3HeprueB. 140 M3B. Buaqane 

C,D;enaeM cne,D;yJOmHe 3aMe'laHH.R. Pac'leTHble 3Ha'leHHJI 6y

~YT cpaBHHBaTbC.R TOllbKO C BCllH'IHHOH OCTaTO'IHOrO ,D;e

cPCKTa. IIpH Bcex pac'leTax H oueuKax npe,D;nonaraeTcJI, 

'ITO Cpe~H.R.R 3HeprH.R 06pa30BaHHJI napbl 3llCKTpOH-,D;blpKa 

He 3aBHCHT OT aTOMHOrO HOMepa HOHa, ero MaCChi H 3Hep

rHH. 3To npe,D;nono)l(eHHe ocHoBaHo Ha pe3ynLTaTax pa-

6oTbl/ 191, B KOTOpOH ITOKa3aHO, 'ITO npH CBe,D;eHHH ~Hi~. p. 
K Hymo C ITOMOIUbiO KaHanHpOBaHH.R, aMITllHTY~bi CHrHanoB 

OT nerKoro H T.R)I(enoro HOHOB O,D;HOH H TOR )I(C 3HeprHH 

npaKTH'ICCKH COBITa,D;aJOT. 

Ha ocHoBe pellleHHJI ypaBHeHH.R HenpepbiBHOCTH B pa6o

Tax I 13. 141 noKa3aHo, 'ITO ~HcPcPY3HJI 3neKTpouoB npoTHB 

nonJI K rpauuue MeTann-nonynpoBO,D;HHK npHBO~HT KaK 6bl 

K ITO.RBllCHHIO ,ll;OITOllHHTCllbHOrO BXO,D;HOrO OKRa 

kT 
x 3 ¢cfi."" qF 121 

r,D;e k - nocTOJIHHaJI lionL:QMaHa, T - TeMnepaTypa, q - 3a-
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s 
0 --0 

1.0 

1/210 ~/2 
UCM, B 

15 

Puc. 1. 3a8ucuMocmb ooAu co6paHHozo 3ap.11oa om HanpJIJICe
HUJI CMefl#eHUJI. IJ.uf/Jpbl y KpU8biX 0603HQ'l010111 HOMepa c)e
meKIIIOp08. 

p.R,D; 3neKTpoua, F - uanpJI>KeHHOCTb 3neKTPH'IecKoro non.R. 

Bbipa)l(eHHe 121 nonyqeuo npH ycnoBHH, 'ITO noBepxuocTb 

.RBn.ReTCJI a6conJOTHbiM CTOKOM ~n.R 3neKTpoHoB I n(O) = 0 
B mo60H MOMCHT BpeMeHHI H ~n.R paBHOMepHOH reHepa:QHH 

3neKTPOHHo- ,D;blpO'IHLIX nap. CymecTBOBaHHe ,IJ;ononHHTenL

uoro BXO,D;HOrO OKHa npHBO,D;HT K ,D;OITOllHHTCllbHOH ITOTepe 

3HeprHH 

~E ~ 
kT dE 0 

---- . --~----
qF dx 

131 
dE0 

r,D;e (ix - y~enbHble 3llCKTpOHHbiC ITOTepH 3HeprHH Ha BXO-

~e ,D;CTCi<TOpa. B COOTBCTCTBHH C Bblpa)I(CHHCM 131 HOHbl 
136Xe c 3HeprueB. 140 M3B, y,D;enLHble noTepH 3HeprHH 

dE 0 

KOTOpbiX -dx- 50 M3B/M2 ·CM - 2 ,npH KOMHaTHOH TeM-
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nepaType ,IJ,OIDKHbl HMeTb aMnJIHTY.IJ.HblH ,D,ellJeKT 2,9-0,3 M3B 
npH H3MeHeHHH Hanpx~eHHOCTH nonx oT 1 .D.O 10 KB/cM. 

llony"leHHble 3Ha"leHHX 6onee "leM Ha nopx,D,OK H~e 

3KcnepHMeHTaJibHOii: aeJIH"'HHbl ,D,ellJeKTa. YKa3aHHoe pac

XO~,IJ,eHHe o6yCJIOBJieHO He,IJ,OCTa TKaMH MO,IJ,eJIH. ,IJ;eii:CTBH

TeJibHO, npH pacqeTe He Y"'HTblBaJIHCb nJia3MeHHble XBJie

HHX, KOTOpble npHBO,IJ,XT K H3MeHeHHW Hanpx~eHHOCTH 

3JieKTPH"lecKoro nonx B o6nacTH TpeKa. KpoMe Toro, coa

ceM He Y"'HTLIBaeTcx a3aHMO,IJ,eii:cTBHe reHepHpoaaHHblX qac

THIJ;eii: 3JieKTpOHHO- ,IJ,blpO"'HblX nap B TpeKe, KOTOpoe npHBO

.IJ.HT K noTepe 3apx,IJ,a nyTeM peKoM6HHa:UHH. lloTepH 3apx,D,a 

nOJIHOCTblO onpe,IJ,eJIXIOTCX y,IJ,eJibHblMH noTepXMH 3HeprHH 

Ha BXO,IJ,e ,IJ,eTeKTOpa H CJia6o 3aBHCXT OT YCJIOBHH B 06'beMe. 

0TCIO,IJ,a CJie,IJ,yeT, "'TO "laCTHIJ;a, HMeiOIIJ;aX O,IJ,Hy H TY ~e 

y,IJ,eJibHYIO noTeplO 3HeprHH Ha BXO,IJ,e ,IJ,eTeKTOpa, HO pa3-

JIH"'Hble nOJIHYIO 3HeprHIO H npo6er, ,IJ,OIDKHa HMeTb O,IJ,HHa

KOBYIO noTepro 3apx.D.a, "'TO ManoaepoXTHO. 

XaHCeH/1~ He B,IJ,aBaXCb B KOHKpeTHblH MeXaHH3M no

Tepb, Y"'HTblBaX JIHlllb yMeHbllleHHe nO,IJ,BH~HOCTH HOCHTeJieii: 

B HHBepCHOHHOM CJIOe noaepXHOCTH0-6apbepHoro ,IJ,eTeKTO

pa, noJiy"'HJI ,IJ,JIX 3!WJeKTHBHOH TOJIIUHHbl BXO,IJ,HOrO OKHa 

CJie,IJ,ylOIUHe COOTHOllleHHX: 

dE 0 dE 0 513 
X 3<P<P.= X a [ dx- ( z) I -dx (a)] ' I 41 

1'-s 2 
X a = (--) · Z 

1'-b p 
151 

r,IJ,e P.sl 11 b - OTHOllleH8e noBepXHOCTHOH 8 o6'beMHOH 

nO,IJ,B8~HOCTeii:, Z p - TOJIIIJ;8Ha 8HBepC80HHOrO CJIOX, 8H

,IJ.eKCbl Z 8 a OTHOCXTCX K y,IJ.eJibHbiM nOTepXM 3Hepr88 

80Ha C aTOMHbiM HOMepOM Z 8 a -qaCT8IJ;bl COOTBeTCTBeHHO. 

B OTJI8"18e oT llJopMyJibl 121, cooTHOllleH81l I 41, 151 
np8BO.D.XT K JIY"lllleMy cornac8IO c 3Kcnep8MeHTOM. B cny

qae 80HOB 136Xe ,IJ.JIX ,IJ.eTeKTOpa, 83rOTOBJieHHOrO 83 

n - Si c y,IJ.eJibHbiM conpoT8BJieH8eM 400 OM · eM np8 

Hanpx~eH88 cMeiiJ;eH81l 70 B, pac"leT no 141, 151 ,IJ.aeT 

BeJI8"18HY .IJ.ellJeKTa :.5,2 M3B, "'TO no"'T8 B ,IJ.Ba pa3a npe

BbllllaeT BeJI8"18HY ,IJ.ellJeKTa, KOTOpag CJie,IJ.yeT 83 llJopMyJibl 

121. Heo6xo,IJ.8MO OTMeT8Tb, "'TO 83 pac"leTa, BblnonHeH-

6 

Horo B pa6oTe I 20/ Ha ocHoae MO,IJ,eJIH XaHceHa .D.Jill TO"'HLIX 

3Ha"leHHH nosepXHOCTHOrO noTeH:u;HaJia, CJie,IJ,yeT 3KCnepH

MeHTaJibHO YCTaHOBJieHHall o6paTHO nponopiJ;HOHaJibHall 3a

BHCHMOCTb OCTaTO"'HOrO ,D,ellJeKTa OT Hanpx~eHHOCTH 3JieKT

pH"leCKOrO nonx, nocKOJibKY Z P nponop:u;HoHaJibHO F -1 . 
max 

PaccMoTpeHHoe npH6n~eHHe HMeeT Te ~e He,IJ,ocTaTKH, 

"'TO H ,D,HI}xi>y3HOHHbiH nO,IJ,XO,IJ, /13, 14/, T.K. He Y"'HTbiBalOTCll 

ycnoBHll co6HpaHHX 3apll.D.OB B o6'beMe. KpoMe Toro, o6pa

IIJ;aiOT Ha ce611 BHHMaHHe HeKOTOpag HCKyCCTBeHHOCTb CBX-

38 Xa C Zp H Bbl6opa a -qaCTHU B Ka"leCTBe CTaH,IJ,apTa 

,IJ,JIX cpaBHeHHll C HHMH ,D,pyrHX 3apx~eHHbiX "laCTHIJ;. 

Hccne,IJ,oBaHHX TOJIIIJ;HHbl MepTBoro cnox nyTeM H3Mepe

HHX aMnJI8TY.IJ.b1 8MnyJibCa KaK 4JyHKIJ;88 yrna na,IJ,eH8X () 

noKa3aJI8,, "'TO HaKJIOH - d(~E)I d(sec()), KaK ,IJ,JIX OCKOJ).K? 

,IJ,eJieH81l / 2 ' 21/, TaK 8 ,IJ,JIX yCKOpeHHblX HOHOB 136 Xe / 18 , 

pacTeT C pOCTOM yrJia 0 8 3aB8C8T OT Hanpll~eHHX CMe

IIJ;eH8X. ,IJ;a~e npH CaMblX BbiCOK8X Hanpll~eH8XX TOJIIIJ;HHa 

MepTBOrO CJIOX ,IJ,JIX CHJibHOHOHH38pyiOIIJ;HX "laCTHU 6biJia 

6oJibllle, "leM TOJIIU8Ha, H3MepeHHax TeM ~e cnoco6oM .D.JIX 

a-qacT8U. Bee 3TO yKa3biBaeT Ha peKoM6HHa:U80HHblii: xa

paKTep noTepb B npHnOBepXHOCTHOM CJIOe. 

B pa6oTe Y8JIK8HCa 8 ,D,p. I 41: paccMOTpeHbl noTep8 3a

px,D,a nyTeM peKoM68Ha:U88 B np8noaepxHOCTHOM cnoe ,IJ,e

TeKTopa. ,Il;JIX peKOM68HaiJ;80HHbiX noTepb noJiy"leHO CJie,IJ,yiO

IIJ;ee Bblpa~eH8e: 

~I£~ _ (dE) . ], ~E=yL[-dx dx cnt 161 

r,IJ,e L - TOJIIIJ;HHa np8nOBepXHOCTHOH 06JiaCT8, B KOTOpOii: 

31}xi>eKT8BHO 8,D,eT peKOM68Ha:U81l, y - ,IJ,OJill noTepXHHOrO B 

cnoe L 3apx,D,a. (dE) - lfeKOTopoe Kp8T81.lecKoe 3Ha"le-

dx crit 
H8e y,IJ,eJibHbiX noTepb 3Hepr88, KOTOpoe COOTBeTCTByeT 

TaKOH nJIOTHOCT8 BOH83aiJ;88, np8 KOTOpOH np8JIO~eHHOe 

none npOH8KaeT B nna3My 8 pa3,IJ,eJIXeT 3JieKTpOHbl 8 ,D,blpK8. 

H3 cpaBHeH8X c 3Kcnep8MeHTaJibHbiM8 pe3yJibTaTaM8 6hlno 

nony"leHo ( ddE -) . =5,1±0,6 M3B/ MZ· cM- 2 8 .D.JIX HaKJIOHa 
X cnt 

K =yL- 3aB8C8MOCTb: 
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-3 
K "" (3,47±0,12)·10 (Z- 11), 28 < z < 92. /7/ 

OcHOBaHHble Ha 3KCnepHMeHTanbHbiX ~aHHbiX cooTHo
weHHS /6/ H /7 I y~oaneTaopHTenbHO onHCbiBaiOT noTepH 
3aps~a ~ns HH3KOOMHbiX ~eTeKTOpOB, HO ~aiOT CHnbHO 3a
HH*eHHble 3HaqeHHR ~ns BbiCOKOOMHbiX. ,l),ns Hawero cny
qas o~eHKa no cllopMynaM /6/ H /7/ ~aeT 7 M:JB, qTo cooT
BeTCTByeT noTepsM npH 6onbWHX HanpS*eHHSX. ,l),ns BbiCOKO
OMHbiX ~eTeKTOpOB, a TaK*e ~ns HeKOTOpbiX qaCTH~ H B 
cnyqa.e HH3KOOMHbiX ~eTeKTOpOB Ha6nro~aeTCS 6onee CHnb
Has, qeM dE/dx B nepBOH CTeneHH, 3aBHCHMOCTb ,!J,e
tlleKTa OT y~enbHbiX noTepb 3HeprHH. 0CHOBHbiMH He~o
CTaTKaMH paccMoTpeHHbiX a pa6oTax I 3,4/ npe~cTaaneHHH 
0 nOTepSX 3aps~a RBnseTCS He3aBHCHMOCTb noTepb OT 
Hanps*eHHOCTH 3neKTpHqecKoro nons, npHaneqeHHe noHs
THS KpHTHqecKOH y~enbHOH noTepH 3HeprHH, a TaK*e OT
cyTCTBHe KaKoro-nH60 06'bSCHeHHS 3aBHCHMOCTH noTepb OT 
Z. llosaneHHe KpHTHqecKOH y~enbHOH noTepH 3HeprHH, Be
pOSTHO, oTpa*aeT nHWb TPY~HOCTH H3MepeHHS Manblx ae
nHqHH aMnnHTY~HOrO ~eclleKTa, T .K. MrHOBeHHOe pa3~ene
HHe 3neKTpOHHO-~bipoqHbiX nap HeB03MO>KHO. 

lionee CHnbHaS 3aBHCHMOCTb BenHqHHbl OCTaTOqHOrO 
aMnnHTY~Horo ~eclleKTa OT dE/ dx nonyqeHa ci>HHqeM I 22/ 

npH paCCMOTpeHHH noTepb HJ·Ja peKOM6HHa~HH B 06'beMe 
~eTeKTopa: 

5 2 
~E = -~:_~<2_-~_:;dE/dx) ' / 8/ 

T OF 
r~e E 6epeTcs a M:JB, dE/dx - a M:JB/MZ·CM -2, 

TO - BpeMS *H3HH HOCHTeneH npH HH3KOM ypOBHe B036y*
~eHHS B MKC, F - Hanps*eHHOCTb 3neKTpHqecKoro nons B 
B/cM. CooTaeTcTayromHM no~6opoM To cllopMyny /8/ MO*HO 
npHBeCTH K y~oBneTBOpHTenbHOMY cornaCHIO C 3KCnepHMeH
TOM. HanpHMep, ecnH nonO*HTb To = 100 MKC, TO ,lJ,nS 
136 Xe c 3HeprHeii 140 M :JB npH 10 4 B/ CM nonyqHM ~E = 
= 17,5 M:JB. O~HaKo o~eHKH no cllopMyne /8/ ,lJ,aiOT JaHH
*eHHble H JaBbiWeHHble 3HaqeHHR ~eclleKTa ~ns 6onee HH3-
KHX H 6onee BbiCOKHX HanpR>KeHHOCTeH: 4,5 M3B npH 
2·10 4 B/cM H 70 M:JB npH 5·10 3 B/cM. 06paTHO nponop
~oHanbHas 3aBHCHMOCTb noTepb 3aps~a OT KBa~paTa Ha-
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nps*eHHOCTH 3neKTpHqecKoro nons, OCHOBaHHas Ha HeToq
HbiX npe~CTaBneHHSX 0 3a1JHCHMOCTH nna3MeHHOrO BpeMeHH 
oT 3neKTpHqecKoro nons 1 23/, He Haxo~HT 3KCnepHMeH
TanbHoro no~TBep*~eHHS ~ns KpeMHHeBbiX ~eTeKTOpOB. 

HaH6onee nocne~oaaTenbHO peKoM6HHa~HOHHbiH no~xo~ 
npoae~eH a pa6oTe EpeMHHa H ~p. I 17~B Heii yqTeHo Janon
HeHHe ypoaHeii B o6e~HeHHOH o6nacTH p-n -nepexo~a. r~e 
H3·3a OTCYTCTBHS B pa3peWeHHOH 30He CB060~HbiX HOCH
Teneii ypoBeHb nH60 nycT, nH60 3anonHeH B 3aBHCHMOCTH 
OT pacnono*eHHS B aepxHeii HnH HH*Heii nonoBHHe Janpe
meHHOH 30Hbl. ,l),ons 3neKTpOHOB, 3axaaqeHHbiX Ha ypoBeHb, 
~s KOToporo cTeneHb JanonHeHHS m = 0 B MOMeHT apeMe
HH t = 0, onpe~enseTCS COOTHOWeHHeM: 

~E:3ax. M · Y n 4rrDR 
A = ---- = ----·- · ---- · T f(t) 

:lax. E Yn+Yp N nJL • 
/9/ 

r~e M - KOH~eHTpa~Hs noayweK. y n,p - Ko3cllcllH~HeHTbl 
3aXBaTa 3neKTpOHOB H ~blpOK COOTBeTCTBeHHO, D - K03cll
cllH~HeHT aM6HnonspHOH ~Hcllcl~YJHH, N - qHcno 3aps~oa, BHe
ceHHbiX qacTH~eii:, R - npo6er qacTH~bl, TnJL- nnaJMeHHoe 
BpeMS, f(t) - COMHO*HTenb, OTpa*aiOmHii: KHHeTHKY Ja
nonHeHHS ypOBHS. 

Ha puc. 2 noKaJaHa JaBHCHMOCTb m(t)/mcT."' f(t), r~e 
meT: cTa~HOHapHoe JanonHeHHe ~n• paJnHqHbiX K03cll

cllHU.HeHTOB 3aXBaTa npH ypOBHe B036Y*~eHHR, COOTBeT
CTBYIOmero 3HeprHH B036y:n<:~eHHR 140 M:JB. llpH pacqeTe 
npHHHManHCb cne~yro~e 3HaqeHHS aenHqHH: D "'18 eM 2 /c, 
R= 2·10- 3 CM, N = 140·10 6 /3,6, HaqanbHbiB pa~HYC TpeKa 
r 0 = 1 MKM. KaK BH~Ho H3 pHCYHKa, npH t<< T n.ii. JanonHeHHe 
ypOBHR ~OCTHraeT CTaU.HOHapHOrO 3HaqeHHS, T .e. f(t) B 
cllopMyne /9/ acer~a MO*HO npHpaBHRTb e~HHHIJ.e. ,lJ,ns 
M = 1012 CM - 3 , Yn = y P H T = 2.1<T8c A3ax .= 0,012~, 
qTO npHMepHO Ha TpH nopR~Ka MeHbWe BenHqHH, Ha6nro
~aeMbiX B KpeMHHH. 

,l),ons JaxaaqeHHbiX ~blpOK, T.e. noTepH Ha peKOM6H-

Ha~IO, COCTaBnSeT: 

A 
peK. 

~EpeK._ 
E 

Ou.eHKa ~n• 136 Xe 
M 12 -3 

= 10 CM H 

2y pY nM T n,1, 
/10/ 

Y n + Yp 

npH Y n = Y p = 2 ·10-? CM 3. C - 1 , 
-8 

TnJI. = 2 ·10 c ~aeT -ApeK. = 0,4~. 
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10 

02 

0 
u-12 1o-1\ c 10-10 1o-9 

Puc. 2. 3ano.IIHeHue ypoeHJI 
1. Yn + Yp = 4.Jo-7c..w 3c_-1; 
3. y +y =J.Jo-7c..w3c 1 

n P 

6 3Q6UCUMOCIIIU 0111 epeMeHU. 
2. y + y = 2·10-7c..w 3c -1 · 

n P • 

lloci<onLI<y 'f11JI.= 2 · 1o-8 c cooTBeTcTayeT ManLIM nanpJI
:>KeHBJIM, I<Or,D;a noTepB BenBI<H, TO 3I<CnepHMeHTanLHLie 
peJynLTaTLI B o:u;eni<a no «llopMyne 1101 pacxo,D;JITCJI B .D,e

CJITI<H pa3. liJ «llopMyn 191 B 1101 cne,D;yeT, 'ITO A = 
= ,\ · + ,\ = 1% o6ecne'IBBaiOT noaywi<B, BMerow:ae ce-3ax. peK. 

14 2 'leHBe Jaxaa.Ta a> 2 · HT CM , npa BeCLMa 3Ha'IBTenLHLIX 
I<OHD;eHTpa:o;BJIX M > 10 12c..w -3. 0.D.Hai<o ,D;nJI ,D;eTei<Topnoro 
I<peMHHJI ,D;a)l(e 3TH JHa'leHBJI, o6ecne'IBBaiOw:Be nBWL O.D.HO
npOD;eHTHYIO noTepro, npe,D;CTaBnJIIOTCJI CYW:eCTBeHHO 3aBLI
WeHHLIMH. ll03TOMY He06XO,Il;BMO BCI<aTL ,D;pyrae I<aHanLI 
noTepL 3apJI.D,a. 

PaCCMOTPBM BH,Il;LI peKOM6BHaD;BB, BMerow:ae 6onee CHnL
HYIO laBBCBMOCTL OT I<OHD;eHTpa:o;BB B36LITO'IHLIX HOCHTe
neii: Me)l(JOHHYIO B3ny'laTenLHYIO B y,D;apHyiO TBna 0)l(e
pei<OM6BHa:o;BB. O:u;eHI<a apeMeHB )l(BJHB no OTHowenBIO I< 

10 

'\ 
J 

u 6 1 y.D,apHOB pei<OM BHaD;BB r = --------- npB I<OHD;eHTpaD;BB 
YLI· y . n 2 

yJ\. 
B36LITO'IHLIX HOCBTeneii "'10 18 c..w-S ,D;aeT r J1 = 2·10-6 c, 
ecna Yy!J.• cornacno /24,25(a3JITL paBHLIM 5.18 :..31c..w6c-1 • 

CooTBeTcTaenno ,D;nJI apeMeHB )l(BJHB npa BJny'laTenLHoii 

1 
pei<oM6BHa:o;BB r 

113
JI = ----- nonyqaeM r, = 5·10 - 6 c, ecna 

, • YH3JI.'n H3Jl. 

,ll;nJI I<BHeTB'IeCI<OrO I<03~BD;BeHTa pei<OM6BHaD;BB BCnonLJO· 
BaTL 3I<cnepaMeHTanLHoe JHa'leHBe I 26/y113 _1J. = 2•1Q-13c..w 3 c-1, 
I<OT~oe na .D;Ba nopJI,D;I<a npeaLiwaeT pac'leTHLie 3Ha'le
HBJI 2? ,2B/. Kai< BB,Il;HO B3 OD;eHOI<, BpeMJI )l(B3HB HOCBTeneii 

npB Blny'laTenLHOH B y,D;apHOH pei<oM6BHaD;BJIX cpaBHBMO 
C Bpe-MeHeM )1(113HB, I<OTOpoe COOTBeTCTByeT pei<OM6BHaD;BB 
'lepe3 noByWI<B, BMeiOW:Be YPOBHB B Janpew;eHHOH 30He. 
ll03TOMY :u;enecoo6pa3HO npoBeCTB OD;eHI<B noTepL 3apJI,D;a 
,ll;nJI 3TBX cnyqaeB pei<OM6BHaD;BB. 

~nJI pacnpe,D;eneHBJI 3nei<Tponno-.D;LipO'IHLIX nap I<ai< 
«<IYHI<D;BB pa,D;ayca B apeMeHB I puc. 31, MO)l(HO aocnonLJo
BaTLCJI XOpOWO B3BeCTHLIM BLipa)l(eHBeM 

N r2 
n(r, t) = ------- exp (-- ), 1111 

477DtR 4Dt 

I<OTOpoe cne,D;yeT B3 ypaBHeHBJI ,ll;B~Y3BB ,D;nJI Tpei<a B BB,D;e 
6eci<oHe'IHO TOHI<oii HBTB lr -~ 0 npB t = 0 I c paanoMepnoii 
oceBOH nnOTHOCTLIO N/R. Tor,D;a noTepB HOCHTeneii 3a 
apeMJI dt B 3neMeHTe o6'LeMa dV Ja C'leT y,D;apnoii pei<oM-
6ana:u;aa cocTaBJIT: 

dN = n(r, t)dV ~!___ = y , n 3 (r, t)dV dt. 
T Y~~. 

Y!J. 
1121 

A ,D;nJI nonnoro 'IRena pei<oM6BHBpoaaawax B Tpei<e nap 
nony'IBM: 

f\N = 

t2 

YyJ\. I dt 
t1 

"" J n 3 
( r. t) · 217r . R. • dr • 1131 

0 

HcnonLJYJI BLipa)l(eHBe I 111 B BLI'IBCnJIJI BHTerpan I 131, 
.D;nJI .D;OnB noTepJIHHoro JapJI.D.a nony'IBM cne,D;yrow:ee BLipa
)l(eHBe: 
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~N YyA. ·N2 1 1 
A = -- = -------- (-- -- ). 

YA· N 4Brr~2n2 t 1 t 2 
/14/ 

qT06bl OD;eHBTb Ay):l, He06XO,l\BMO npHnBCaTb COOTBeTCTByiO

ID;Be JHa'leHB.R BpeMeHaM t 1 u t 2 . EcTeCTBeHHO nonmKBTb 

t 2 = T rur., a .1\ll.R t 1 cne,l\yeT, Bepo.RTHO, npBH.RTb Benuquuy 

"'10-llc, ,1\0CTaTO'IHYIO ,1\ll.R TepMOllB3aD;HB HOCHTeneB TOKa 

101B 

z 

10 15 20 25 30 
r,MKM 

Puc. 3. KoHijeH1!1paf4UJI HepaeHoeecHbJX 3AeKmpoHHO- ObJ
po'lHbJX nap e 3aeucuMocmu om paouyca pacmeKaHuJI. Pac
npeoeAeHUJI OaHbJ OAJI CAeOYIOfi#UX MOMeH1/106 epeMeHU: 1. t = 
= 1.1o-10c; 2. t = 5-1 a-Ve; 3 t = 1·10 - 9c; 4. t = 5 ·10 -9c; 
5. t =1·10-0 c; 6. t=5·10-8 c. 
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I 

' 

u npueMneMyiO All.R onucauu.R pacnpe,l\eneHB.R Kouu;euTpa

u;uu nocpe,l\CTBOM ypaBueuu.R /11/. TaK KaK t 2= T IJJr?> t 
1

, 

To AOnJO noTepb MO~Ho onpe,l\enBTb cneAYIO~HM o6pa3oM: 
2 

~Yii.N 
A = ---------

YA. 48 rr2 R2D2 t 1 

1 
/15/ 

Ou;euKa no 4JopMyne /15/ AaeT A~ 0,1~, 'ITO .RBHo HeAo

CTaTO'IHO ,1\ll.R 06'b.RCHeHH.R Ha6nJO,l\aeMbiX noTepb. 

AuanorH'IHble paccy~AeHH.R All.R noTepb 'IBcna uocu

TeneB: npH H3ny'laTellhHOB peKOM6HHaD;HH npHBO,l\.RT K 4Jop-

Myne: 

~N ,_ y 
WI'. 

t2 "' 
r dt Ill ~(r. t)2rrr· R dt 

0 t1 

Tor.o:a ,1\0llH noTepHHHOrO 3apH,l\a Bblpa~aeTCH: 

AN 2, 3 Yw~:I .. N t 2 
A ·~ ---- ----- ---- ------lg(- -). 

WlJL N 8rr DR t
1 

/16/ 

/17/ 

Ecnu B3HTb t 9 T 11 _
1 

= 10-8
c, a t

2
, KaK u pauee, B3.RTb 

-11 - ·'. 
10 c,To nony'IHM A1n.11. = 0,01o/o. 

TaKHM o6pa3oM, B npe,l\enax npHHHTbiX ,1\ony~euuB: Bee 

paCCMOTpeHHble BH,l\bl peKOM6HHaD;HH 3lleKTpOHHO- ,1\blpO'IHbiX 

nap B 06beMe ,1\eTeKTOpa MOryT 06'bHCHHTb noTepH llBWb 

lo/o 3apH,l\a, reuepHpOBaHHOrO TaKHMH CHllbHOHOHH3HpyiO

ID;BMH qacTHu;aMH, KaK HOHbl 136 Xe. 
Ou;eHKH 34>tl>eKTHBHoro BpeMeHu ~HJHH H36biTO'IHbiX uo

CHTeneB:, BhlnonueHHble B pa6oTe I 16/ ,,1\aiOT r:ltPtP· ,_ 0,1 MKc, 

'ITO MO~eT yKa3biBaTb Ha CHllbHOe BllHHHHe noBepXHOCTHOH 

peKoM6uuau;uu. PaccMoTpHM noTepu npu noBepxuocTHOB 

peKOM6HHaD;HH. Ja BpCMH dt Ha nOBepXHOCTH ,1\CTeKTOpa 

nno~a,l\biO dA c- 2rrr dr peKOM6HHHpyeT Clle,l\yiO~ee 'IHCllO 

nap: 

dN~ sn(r, t)2rrrdrdt, /18/ 

r,l\e S - CKOpOCTb noBepXHOCTHOB peKOM6HHaD;HH. llonHoe 

'IHCllO peKOM6HHHpOBaBWHX Ha nOBepXHOCTH nap B HHTep

Bane BpeM~HH lt 1 , ~!Jl.) COCTaBHT: 

Tiol, 00 

~N ~ sf dt f n(r, t)2rrrdr. /19/ 
t1 0 
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C y'leToM Toro, 'ITO t {< T n JI.' B ecnu .lUIB n(r, t) onBTb 
aocnonbJOBaTbCJI ~opMynoi /11/, TO ~n.R 'IRena noTep.RH
HbiX JapJI~OB MO)KHO JallBCaTb: 

sN 
~N = -R-. TTIJI. /20/ 

Bblpa)KeHae /20/ noJBOn.ReT He TOnbKO nony'laTb npaaBnb

Hble 'IBcneHHble JHa'leHBJI aMnnBTY~Horo ~e~eKTa npu co

OTBeTCTBYIO~eM no~6ope BenB'IBHbl S, HO B BepHO OTpa

:>KaeT JaBBCBMOCTb llOTepb OT HanpJI)KeHHOCTB 3neKTpB· 

\feCKOrO non.R, ecnB B COOTBeTCTBBB C pa60TOH Cei6Ta 

a ~p. I 29/ ~n.11 TrlJI. aocnonhJOBaTbCJI ~opMynoi: 

-10 N t/a, T =132·10 (---- E) ;F TIJI. • R • /21/ 

Xopowo ycTaHoBneHHa.R B pa6oTax I 3, 4/ JaBBCBMOCTb 

llOTepb OT a TOMHOrO HOM epa Z MO)KeT fibiTb nony'leHa 

B peJynbTaTe cne~yiO~Bx paccy~eHBH. CxopocTb pexoM-

6aHanuu B npunoaepxHoCTHOM cnoe nponopnaoHanbHa ypoa-

dE0 
H10 B036y~eHBJI, T.e. S "'-----. IIOCKOnbKy ~nJI 3ap.R

dx 

)KeHHbiX BOHOB, KOTOpble npB ~BB)KeHBB B ~eTeKTOpe no

Tep.RnB BCe OpfiBTanbHble 3neKTpOHbl, _dd-~ "' Z 2 TO 
X ' 

qepel y~enhHble noTepB 3Hepruu cne~yeT CB.Rlb s c aTOM

HbiM HOMepoM BoHa Z. O~Hai<o npu 6onee HBJI<BX 3HeprB.RX 

y~enbHble llOTepB xapaJ<TepBJYIOTCJI He aTOMHbiM HOMe· 

pOM Z, a cpe~HBM BOHHbiM 3apJI~OM Q, KOTOpbiH JIBn.ReTCJI 

~YHI<UBeH Z B CI<OpOCTB BOHa V. B nepBOM npafinB)KeHBB 

,lUIJI onpe~eneHBJI q MO)KHO BOCllOnbJOBaTbCJI ~OpMynOH .6o
pa /sO/: 

v q/ z = ------- ' 
v z 213 

0 
/22/ 

r~e Vo- CI<OpOCTb op6BTanbHOrO 3nei<TpOHa B aTOMe BO~o
po~a. .6onee TO'IHble Bblpa)KeHBJI ~nJI q/Z MO)KHO HaRTH, 
HanpaMep, B o6Jope .6eTna /at/. 

EcnB BOCllOnblOBaTbCJI ~OpMynoi .6opa, TO CBJI3b Me)K

~y S B Z MO)KHO 3allBCa Tb B BB~e: 

14 

t 

s ~ kZ 2/s . /23/ 

r~e k - K031}Ki1BnaeHT nponopnuoHanbHOCTB. C y'leToM CBJI· 

JB /23/ ~n.11 noTep.IIHHoro 3ap.11~a OI<OH'IaTenbHO nony'IBM: 

z 2/3N 
~N = k ---------- · T /24/ R IIJI. 

CooTHoweHBe /24/ y'IBTbiBaeT xax o6'beMHble, Tal< B no

aepxHOCTHble 31}Kilei<Tbl . 0Ho ~aeT 3I<cnpaMeHTanbHO Ha6nm

~aeMyiO CBJI3b C aTOMHbiM HOMepOM 'laCTHUbi, HanpJI)KeH· 

HOCTbiO 3nei<TpB'IeCKOrO nonJI, a 'lepe3 OTHOWeHBe N/R -
co cpe~Hei y~enbHOH noTepei 3Hepruu. 

Ha puc. 4 npuae~eHa JaBBCBMOCTb 3I<cnepBMeHTanhHbiX 
3Ha'leHBH L\E, llO.l]Y'IeHHbiX B pa6oTaX / 3,4/, OT npOB3Be

~eHBJI (E/R)·Tn;1; Z 21 3• HcnonblOBaHbl JHa'leHBJI ocTaTO'IHo-

8 
7 
6 

£1)5 
(') 

~4 
~3 

2 
1 

5 6 1 2 1 4 
( E/R)· Tnl.'~p. eg. 

Puc. 4. 3aeucuMQCmb ocmamo~Hozo aMnAumyoHozo oe~eKma 
om (E/R)·TnJI.• z21 3 ' • - OAJI UOH06 Ag; 0- OAJI UOH06 Cu; 
l· - OAJI uoHoe I ; + - OAJI uoHoe Au; • - OAJI uoHoe U . 
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ro aMnnHTy.n;uoro .n;eclleKTa .IJ;nJI HOHOB Cu, Ag, I , Au H 
U JJ;nJI JJ;BYX JJ;eTeKTOpOB, npH'IeM OJJ;HH H3 HHX aBTOpaMH 
pa6oT I 3,4/ OTHeceu K 'IHcny BLICOKOOMHLix. KaK BHJJ;HO HJ 
puc. 4, HeCMOTp.ll Ha TO, 'ITO HeKOTOpble H3 HCnOnLJOBaH
HbiX npH6nHlKeHHH BeCLMa rpy6bl, COOTHOWeHHe /24/ XOpo
WO BblnOnHJieTCJI. 

Cne.n;yeT yKaJaTL ua HCTO'IHHKH BOJMOlKHLIX ueTO'IHo
CTeil. Bo-nepBLIX, npH nony'leHHH COOTHOWeHHH /20/ H /21/ 
npe.n;nonaranacL pasuoMepuaJI reuepauuJI 3neKTpouuo
JJ;blpO'IHLIX nap B OTnH'IHe OT HCTHHHOrO pacnpe.n;eneHHJI, 
KOTOpoe COOTBeTCTByeT XOJJ;Y y.n;enLHbiX nOTepL 3HeprHH 
BJJ;OnL TpeKa. Bo- BTOpbiX, B Ka'leCTBe cllopMynbl JJ;nJI q MO)I(
HO BOCnOnLJOBaTLCJI 6onee TO'IHbiMH, 'leM cllopMyna liopa, 
COOTHOWeHHJIMH. B·TpeTLHX, Ha OCHOBe auanHJa, Bblnon
HeHHOrO <I>HH'IeM/ 32/ JJ;nJI 'laCTHU, HMeiOIUHX paJnH'IHbiH XOJJ; 
noTepL 3Hepruu s.n;onL TpeKa, cne.n;yeT, 'ITo, Ha'IHHaJI c npo-
6eros MeHee 6 MKM, nnaJMeHHOe BpeMJI CTaHOBHTCJI MeHL
WHM, 'leM To, KOTopoe cne.n;yeT HJ cllopMynbl /21/. llepexo.n; 
OT TnJI.' onpe.n;enJieMoro no cllopMyne /21/, K MeHLWHM 
JHa'leHHJIM CBJIJau c TeM, 'ITO npu Manblx npo6erax pac
cacblsauue crycTKa nnaJMbl cne.n;yeT paccMaTpusaTL a 
ccllepH'IeCKOH, a He B UHnHHJJ;pH'IeCKOH reoMeTpHH TpeKa. 

TaKHM o6paJoM, BLinonueHHLIH B .n;auuoil pa6oTe auanHJ 
noKaJan, 'ITO HH OTTOK 3neKTpOHOB K noBepXHOCTH ,IJ;eTeK
TOpa, HH noTepH BCne.IJ;CTBHe yMeHLWeHHJI nOJJ;BHlKHOCTH 
B HHBepCHOHHOM cnoe, HH peKOM6HHaUHJI 'lepe3 YPOBHH 
nosyweK B o6beMe .n;eTeKTopa, a TaKlKe TaKHe BHJJ;bl MelK
Jouuoil peKoM6uuauuu, KaK HJny'laTenLHaJI u y.n;apuaJI, ue 
MoryT o6bJICHHTL 3KcnepHMeHTanLHLIX peJynLTaToB. Ha-
6nro.n;aeMble BenH'IHHbl JapJIJJ;a npH perHCTpaUHH CHnLHO
HOHH3HPYIOIUHX 'laCTHU MOryT 6b1TL 06bJICHeHbl nosepx
HOCTHoil peKoM6Huauueil. <l>opMyna /24/, npe.n;nolKeuuaJI 
B AaHuoil pa6oTe, Y'IHTbiBaeT KaK o6oeMHLie, TaK H no
sepxuocTHble 34l<lleKTbl. Oua .n;aeT 3KcnepHMeHTanLHO ua-
6mo.n;aeMyro CBJIJL ocTaTO'IHoro aMnnuTy.n;uoro .n;eclleKTa c 
JapJIJJ;OM 'laCTHUbl Z, C HanpJilKeHHOCTLIO 3neKTpH'IeCKOrO 
nonJI F /T.K. TnJJ. ex 1/F /, a 'lepeJ OTHOWeHHe N/R 
co cpe.n;ueil y.n;enLHoil HOHHJauueil. 

ABTOp BblpalKaeT HCKpeHHIOIO 6naro.n;apHOCTL aKa,IJ;eMHKY 
r.H.<I>nepoBy Ja nOCTOJIHHbiH HHTepec K pa6oTaM no nony-
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T 

nposo.n;HHKOBLIM .n;eTeKTopaM. ABTop 6naro.n;apHT TaKlKe 
IO.ll.XapHTouosa Ja noneJHble o6cylK.n;eHHJI, A.B.PblxnroK -
Ja nOMOIUL B pa6oTe. 
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