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BJIHHHHE ~OPMH crPJ1MEPA HA Ero PA3BHTHE 



AHHeHHoro' HHCTHTyTa HAepHbIX 

:JieAoBaHHH 

O6'be,IJ,HHeHHOro HHCTHTyTa Jl,ll,epHLIX 

CJ! CaMOCTOJITeJihHLIMH rry6nm<aUHJIM,H. , 

H co CT. 4 YcTaBa OIUI.H. OTnn•rne 

rno'laeTCJI B TOM, 'lTO TeKCT rrperrpHHTa 

1e,I1-eH B KaKOM•JIH6o HaY,-IHOM )KypHaJie 

HAeKC8.UHH 

!flOHHPOBaHHhie ny6JIHKaunn 01UIII HMeIOT 

BYIO HyMepauHIO,COCTaBJIJIIOJUYIO IIOCJie,IJ, • 

iYKBeHHhIH • MOlKeT 6h1Th rrpe,IJ,CTaBJieH 

Jl3b!Ke; 

!(OM Jl3bIKe; 

CJ! Ha pyCCKOM H aHrJIHHCKOM Jl3hIKax'. 

t0TOPhIC paCChIJiaIOTCJI TOJihKO B CTpaHhI· 

lfH,!{eKCOB He HMeIOT. 

rxBeHHbIM 060JHa'le1rncM, orrpe,IJ,eJIJ1eT 

roii: rry6JIHKaUHH. IIepe'lCHh TeMaTH'leCKHX 

10,ll,H'-!eCKH paCChIJiaeTCJI HX IIOJIY,IaTeJIJIM. 

Je. rrpocTaBJIJIIOTCJI B rrpaBOM BepxHeM 

JIHCTe Ka)f(,IJ,Oro H3,IJ,aHHJI. 

CCbIJJKl1 

IKax Ha rrperrpHHThl 11 coo6meHllH OIIJIH 
!HllUHaJihl H cfiaMHJIHIO aBTopa, ,IJ,anee -

THTyTa•HJ,IJ,aTeJIJI, HH,ll,CKC,MeCTOHroa 

CChlJIKH; 
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B CB'13H C 'pOCTOM 'IHCna ny6nHKan;Hii:, noCBJIIQeHHhlX 
3KCnep'HMeHTanLHOMY H3ylf:eHHIO pa3BHTHJI HCKpoeoro KaHa
na B CTPHMepHLIX KaMepax, npe,ncTaBnJieT HHTepec cpaBHHTL 
HMeIOID;HeCJI TeopeTHlf:eCKHe ,naHHLie C pe3ynLTaTaMH nocne,IJ,
HHX 3KCnepHMeHTOB. B pa6oTax /l-_2 / ' 6i.ma pll.3BHTa 
TeopHJI pacnpocTpaHeHHJI CTPHMepa. HanOMHHM, lf:TO npH- .. 
Be,IJ,eHHLie B 3THX pa6oTax paccy)K,IJ,eHHJI MaTeMaTHlf:eCKH 
npe,IJ,CTaBmmHCL B BH,IJ,e ypaBHeHHJI Jlannaca ,IJ,mI noTeHn;Ha
na, co3,IJ,aeaeMoro cTpHMepoM B oKpy)KaroIQeM npocTpan
CTBe, -

~<l>f p ,z,t) == 0 • /1/ 

3,IJ,eCL p H z - n;HnHH,IJ,PHlf:eCKHe KOOp,D,HHaTLI, _OCL z Hanpae
nena B,IJ,onL npHno:>ic'ennoro non.11 · E O ~ t ~ epeMa. · · ' · · 

H~11anLHOe ycnOBHe ypaeHe~HJI /1/ BLI6HpaeTCJI B BH,IJ,e 
noTeHn;Hana H,IJ,eanLHO npoBO,IJ,JIIQeii: c<l>epLI, noMeIQeHHOH 
B O,IJ,HOPO,IJ,HOe none E O . . .. . . ~ . . .• " ~ ~' 

' . 
~ (p,, z; 0) .~ '."'"E 0 z (1 

3,IJ,ecL r 0 - na11anL_HLiii pa,IJ,Hyc naBHHLI, onpe',IJ,enJieMwii µo,IJ,· 
BH>KHOCT:LIO H_ •.ii;Hd>«l>Y:nieii: 3JieKTponoe B MoiieHT · nepexo,IJ,a 
na:e:e:11LI• e' cTpllMep; rpaHH'IHLie ycnoeH.11· na noeepxHociu' 
(p=p, z,..zj·-raico~L1: ·' 

., ," . .'_,; 
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ct, (p , z , t ) = 0 . /3/ 

d ct, (.e_, z , t ) 

dt 
a cti c P ... , i , t > 

at 

➔ ➔ .... -

+ VV ct, (p ,z,t)=O. /4/ 

CxopoCTL ,!J,BH)KeHHJI 3KBHilOTeHuHaJibHOH noaepXHOCTH 

ct, - 0 onpe,!1,eJIJleTCJI CKOPOCTLIO 3JieKTpOHOB B pe3yJibTHp}'IO

meM none B6JIH3H 3TOii noaepXHOCTH. IIpH ,!J,aBJieHHJIX ra3a, 

6JIH3KHX K aTMoc4'epHOMY, u iianpJ1)KeHHOCTJ1X nonJI nop.11,!1,Ka 

npo6HBHOii, 110,!J,BH)KHOCTL K B IIIHPOl<HX npe,!1,eJiax H3MeHeHHJI 

IIOJI.11 npaKTH'leCKH OT Hero He 3aBHCHT, Il03TOMY M0)KHO 

HanucaTL, 'IT0 

V-=±K Vcti, /5/ 

r,!J,e· 3HaK IIJIIOC BLI6HpaeTCJI ,!J,JIJI aHO,!J,HOro KOHUa CTPHMepa, 

a MHHYC - ,!J,JIJI KaTO,!J,HOro. TaKHM o6pa30M, /4/ nepenHCLI

BaeTC.11 Tax: 

a cti c;, z, t ) 

at + K ( V <I> ) 2 = O • /6/ 

Ha 6om,IIIHX paCCTOJIHHJIX OT CTPHMepa IlOTeHUHaJI ,!J,OJl)KeH 

nepeXO,!J,HTL B noTeHUHaJI O,!J,HOp0,!J,HOro IIO)IJI 

<I> 
00 

E. z .. 
- 0 . /7/ 

To1J:Hoe pemeaue 3a.na11u /1-7 / c HenuHeiiHLIM rpaHB11-

HblM YCJIOBHeM /6/ u ,!J,BH)KymeiicJI rpaHuueii, no-BH,!J,HM0MY, 

B HaCTO.llmHH MOMeHT HeB03MO)KHO; no3TOMy,B /I,2/ HCTHH

HaJI «t>urypa CTPHMepa, T .e. 3KBHIIOTeHUHaJIH <I> - 0' 6blJia 

3aMeHeHa Ha 3JIJIHIICOH,!J, BpameHHJI, BLITJIHYTLIH B,!J,0Jlb ua

npaBJieBHJI BHeIIIHero IlOJIJI Eo . 
. O,!J,BaKO ,!J,JIJI cpaBHeHHJI C 3KCllepHMeHTOM TeopHJI, pa3-. 

BHTaJI B / 1, 2 / , H~,!J,aeTCJI B HeK0·T~l)OM YTO'IHeHHH. ,D;eno 

B TOM, 'ITO, nocKOJILKY npu z = 0 , xax cne,!J,yeT H3 /2/, 
none paaao HYJIIO, TO ace TO'IKH 3Toii nnocicocTH ua noaepx-· 
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HOCTH CTPHMepa. 6y,!J,yT npaKTH'leCKH HeilO,!J,BIDKHLI, 'ITO 

npHBe,!J,eT K o6pa30BaHHIO "meiiKH" H, CJie,!J,OBaTeJibHO, OT

JIH'IHIO cliurypLI CTPHMepa OT- 3JIJIHilCOH,!J,a BpameHHJI~ 

B IiacToJimeii pa6oTe npe,!J,naraeTCJI M0,!J,enL pa3BHTHJI 

CTPHMepa, Y'IHTLIBaromero ,!J,aBJieHHe "meiiKH". 

Mooe11b pacnpocmpa11e11u.11 cmpuMepa c yt1emoM 
8/lUJIHUJI "UleUKU" 

BJIHJIHHe "meiiKH" Ha pa3BHTHe CTPHMepa MO)KHO y11eCTb, 

ecJIH BLI6paTL B Ka'leCTBe pemeHHJI ypaBHeHHJI /1/ CJie,!J,}'10-

m}'IO cliYHKUHIO: 

p r3 
¢=-E0z[l+ 0 / -(l+p) x 

(z2+p2)3 2 

y(f-z)2+p2 +f - z 
fn v' (f-z) 2+p2-y(f+z) 2+p 2 -------+ 

X 

3,necL 

p 

y (f+ z )2 + p 2 - f - z 

fn 
v' f2 + r~ + f 

v f 2 +4r 2 -f . 0 

2f 

yf2+ r2 
0 

z 

v' r2 + f 2+f fo 0 a+ f 
-fo-- -

2f. 

v'rt+f2-f a-f v' rt+ f2 

fo ~ - ~ __ 1_ (fo i'~+f2+ f 

a - f a a3 v' r 2 f 2_ f 
0 

/8/ 

2f --
a /9/ 

2f 
) -

v'r 2 +f 2 
0 

BLI6op <ll B :SE.D.e /8/ o6ycnoaneH cne.D.}'IOIUHMH coo6pa.;. 

)KeHHJIMH. EcJIH nono>KHTL riapaMeTp P = 0,To ocTaBmaJ1cJ1 

'laCTb BLipa)KeHHJI /8/ ,naeT 3KBHil0TeHuHaJIL 4> = 0 B BH,!J,e 

IIOBepxHOCTH 3JIJIHilC0H,lJ,a BpameHHJI C clioKyCHLIM paCCT0JIBH

eM f u 6oJILIIIOii Il0JIY0CLIO a. EcnH )Ke Il0JI0)KHTb a"' ro , 
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'ITO cnpaBe,n:JIHBO B Ha'lam.HLiii MOMeHT BpeMeHH, TO H3 /9/ 
cne.n:yeT, 'ITO p = - 1, H Tor.n:a /8/ .n:aeT 3KBHnoTeHilHa»L 

<Ii=O B BH.ZJ;e cd>epLI pa.nHyca ro . 
H, HaKoHeI:(, npH z = 0, p = ro none 

2 2 _ ,-a-~-)-2.--c~~--)-2:. 0 · 
E"" VE + E == V (-:t::_ + .:::...:t'- = , 

z p az ap 
'ITO H o6ecne'IHT no11BneHHe "meiiKH". . 

B pa6oTe / 2 I 6LmH nony11eHLI cne,n:yroll:(He ,n:Ba, ue 3a

BHC1III:(HX OT BLI6opa MO,ZJ;enH, COOTHOWeHH11 .nn11 pa,ZJ;Hyca 

KpHBH3HLI R noBepXHOCTH CTpHMepa B6nH3H ero KOHI:(OB: 

2¢' 
R = ~ 

dR = 2 ( <b 'P ,,, - 2 ) , 
da ¢," 2 

/IO/ 

/11/ 

r.ne ¢, ' , <p,,, H <p ,,, • 3Ha'leHH11 COOTBeTCTBeHHO nepBoii, 

BTOpoii H TpeTi.eii npOH3BO.D:HLIX noTeHI:(Hana no Z B TO'IKe 

Z:ca ,p =0 , T.e. Ha KOHI:(e CTPHMepa. 

6 

ff3 /8/ nony11aeM, 'ITO 

2£3 
,.,_,=-Eo 2£2-.B 
'f' a (a - -, 

r 3 3r 3 
[l- _o ___ o 

a3 a 2 

(a2-f2) A] 

2£3 
/12/ 

4 f 3 r 3 3 r 3 ( a2 f 2) 2 
¢"=E ----[1--o __ _Jl - A]/13/ 

o(a2..f2)B a3 a4 2£3 

16 f 3 r 3 3 r 3 ( a2.... f 2) 3 
¢, "'=-Eo ----[1- _n_ _ __J)._ ---A] ./14/ 

(a2..f2)3 B a3 a6 2£3 

3.necL BBe,ZJ;eHLI o603Ha'leHH11 

A= fo 
v' f 2+ r~ + f 

- 1 f 2+ r 2 f V 0-

2f 

v £2+ r2 
0 

a+ f 2f 
-fo -- + - /15/ 

a-f a 

~ l 
. I 

~~---_-,, 
~ 
I 
~ 
I 
r 
i 
' i .. f. 

}~ ~ 
·' 

. ! 

2f 
a+f _ _lf 

B=fna=I a 
.:lee v f 2+ r2 + f 
a3 n o v f '4 r2 - f 

0 

- yr2 f/·/16/ 
o+ 

TenepL H3 /10/ H /11/ HMeeM: 

3 3 2 2 r 0 3 r 0 (a-_f) 
l----

a2- f 2 a3 2 a 2 f 3 
R = -

A 

dR 
da =.-

a 
rj 3 r 3 (a 2-f2)2 

1 -- -- ..:!!.---A 
a3 2 a4 f 3 

r 3 
(a 2 -£ 2 )r 3 f (I - _o) A 

6 
o a3 

r 3 3 ( a 2- f ~ r3 · 
[ 1 - ..:...IL - 7 ____,,............:..::J! 

a3 a4 £3 
A] 2 6 a . 

/17/ 

/18/ 

IlpH f « r0 , T.e. npH a ➔ ro 'H3 /18/ MO:>KHO nony'IHTL, 

dR r3 
- -(1- -0-), 
da a3 

'ITO. 

T.e. 6nH3KO K-Hymo. dR 
IlpH yBeJIH11eHHH a "oa" 6LICTpo CTpeMHTc11 K Hymo. 

Cne,ZJ;OBaTenLHO, B nepBOM np:n:6n~weHHH MO:>KHO C'IHTaTL, 

'ITO npH pa3BHTHH CTPHMepa ---;r;-- OCTaeTC11 paBHLIM 

Hymo, T.e. R =Const H, KaK cne.nyeT H3 /17/ H /18/, npH 

3TOM 

IR I = 
a2-f2 

a 
= r 0 /19/ 

BLipa:>Ka11 H3 /19/ f 11epe3· a H r O H no,n:cTaBnu1 3TO 

3Ha11eH11e B /12/, nony11aeM 3aBHCHMOCTL ¢'(a). TaK KaK 

cKopocTL y = I K ¢ 'I , TO TeM caMLIM Haii.i:(eHa 3aBHCHMOCTL 

CKOPOCTH CTpHMepa OT ero ,n:nHHLI. 

ffHTepeCHO TaK:>Ke nOCMOTpeTL, KaKOBa 6y,n:eT d>opMa 

noBepXHOCTH CTpHMepa npH ero pa3BHTHH. ,ZJ;n11 3Toro cne

.nyeT BLipa3HTL f qepe3 a H3 /19/ H no.ncTaBHTL B /9/. 
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3aTeM nony'leHHYIO <l>YHKUHIO p ( a ) no.u;cTaBHTb B /8/ H .u;m1 
onpe.u;eneHHoro 3Ha'leHHH a, npupaBHHB Bhlpa)KeHHe /8/ 
K HYJilO, HaiiTH 3aBHCHM0CTb Z (p ),T.e. ypaBHeHHe noaepx
HOCTH. 

BLl6Hpax .u;nx Ka:>K.u;oro 3Ha'leHHH a MaKCHManbHOe 
3Ha'leHHe p H npHHHMaH 3TO 3Ha'leHHe 3a 3<1><l>eKTHBHyro 
IlO.JiyIIIHPHHY CTpHMepa, MO:>KHO nony'IHTb TaK:>Ke 3aBHCH
MOCTb DIHPHHLI CTPHMepa OT ero .u;nHHbl. 

Ha puc. 1 npHBe.u;eH rpa<l>HK 3aBHCHMOCTH MaKCHManb
HOii DIHPHHLI CTpHMepa D OT ero .u;nHHLI f, r.u;e Do= 2 ro H. 

12 
Dx 10,mm 

• 

9 

6 

3 

0 2 4 6 8 10 L,mm 
Puc. 1. 3aeUCUMOC1IU, MQKCUMQAbHOii UIUpUHbl cmpuMef)9 
o,r ezo c}AUHbl; 3KCnepUMeH1/taAbHb1e 1110'-IKU U3 pa60llb1 /3/ • 

f ,., 2 a • Ha TOM :>Ke pHCYHKe npe.u;cTaaneHLI pe3yAhlaTL1 
3iccnepHMeHTa, nony'leHH_hie B .A.,D;aaa.u;eHKo H .u;p •. 3 • Ha 
puc. 2 npe.u;cTaaneHa 3aBHCHMOCTb CKOp0CTH pacnpOCTpa
HeHH..H CTl)HMepa OT ero .u;nHHbi B 6e3pa3MepHbIX napaMeT
pax V /Vo H f/D 0 , r.u;e v

0 
~K E

0
• Pac'leTLI BL1nontteHL1 

H~ 3B~ C,D;C-16O4A. 

8 

%. ,, 0 

3 

2 

1 

100 200 · 300 L/Do 
Puc.' 2. 3aeucuMocm& c1<opocmu pacnpocmpaHeHUJI cmpuMepa 
01/f ezo c}AUHbl. . 

Ha puc. 3 npHBe.u;eHLI pe3ynbTaTLI 3KcnepHMeHTOB ,D;on
romeHHa H .u;p. I 4 / • Py.u;eHKO H CMeTaHHHa /5 I. 

- 8 cm V x 10., , sek 

41- ,,✓• 
31- I /.,,.,, A' I p'. 

2 I- jf+_.,,J" / o"' 
11-,· // 

~ 

B 16 L,mm 

Puc. 3. 3aeucuM0C1flb c1<0pocmu pacnpoc111paHeHUJ1 capuMepa 
o,r ezo c}AUHb.1 npu pa3/IU'IHb1X Haµp,11:reHH0C1IIJIX no.1111: -
16 K6/CM /5/; O - 10,4 1<6/CM /5/; + - 16,7 Ke/CM /3/. 
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ICaK BH,!lHO HJ 3THX pHCYHKOB, Ha6mo,!laeTCJI xopomee 

KaqecTBeHHOe' cornacHe pa3BHTOH TeopHH C 3KcnepHMeH· 

Tam,Hl:dMH ,!laHHl:dMH. IConHqecTBeHHOe cpaBHCHHe C 3KCnepH· 

MCHTOM B uacToJim;ee npeMJI 3aTpy,!lHHTenLHO H3·3a OTCYT· 

CTBHJI Ha,!le:>KHLIX ,!laHHblX O uaqanLHl:dX xapaKTepHCTHKaX 

pa3pJI,!la B ra3e. HanpHMep, CTOnL Ba:>KHl:dH napaMeTp CTpH· 

Mepa, KaK r O ' MO:>KeT 6LITL nonyqeu TOnLKO C IlOMOW:blO 

Toquoro KPHTepHJI nepeXO,!la naBHHbl B CTPHMep, B TO BpeMJI 

KaK cym;ecTByIDW:He TeopHH Il03BOn.lllOT Bl:dqucnHTb ro nHIDL 

no IlOPJl.llKY BenHqHHbl. 

B 3aKmoqeuue aBT0PLI BLipa:>KaIOT rny60KYJO npH3Ha • 

TenLHOCTL O.E.<l>Hpcony, M.M.ICynIOKHHY, H.B.<l>anoMKHHY 

H IO.A.m;ep6aKoBy 3a none3HLie 06cy:>K,!leHH.11. 
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