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0AHO~ ~3 KnacC~4eCK~X 3aAa4 B TeOp~~ nOnRpOHa RBnReTCR ~3y-
4eH~e ero noaeAeH~R B nepeMeHHOM 3neKTp~4eCKOM none. 0CHOBHO~ 
~HTepec npeACTaBnReT np~ 3TOM B~4~CneH~e nOAB~~HOCT~ nOnRpOHa 
~ ~YHK~~~ OTKn~Ka /~MneAaHca ~ aAM~TTaHca/. CpeA~ ~cnonbayeM~x 
MeTOAOB Ha~6onee ~YHAaMeHTaneH nOAXOA H.H.6oron~6oaa, OCHOBaH
H~~ Ha 0606~eHHOM K~HeT~4eCKOM ypaBHeH~~ 3neKTpOH-~0HOHHO~ 
C~CTeMbl 1 nepeXOAR~eM np~ HaAne~a~~X annpOKC~Ma~~RX B ypaBHeH~e 
6onb~MaHa AnR nOnRpOHa / 1, 2 / , 1-iHOH nOAXOA 6btn ~cnOnb30BaH B 13 1, 

rAe 3aAa4a o nOAB~~HOCT~ nonRpoHa pewanacb c noMO~b~ np~Gn~
~eHHOro B~4~CneH~R ~eHHMaHOBCKOro ~HTerpana no TpaeKTOP~RM, 

B HacroR~el':i pa6ore M~ ~ay4aeM peaK~~~ nonRpOHHol':i c~creMbt 

np~ K011e4HOH TeMnepaType Ha nOCTORHHOe 3neKTP~4CCKOC none. He 
CTaBR 3aAa4y 0 HaXO~ACH~~ nOAB~~HOCT~ ~n~ ~YHK~~~ OTKn~Ka, Mbl 
~HTepecyeMCR CAB~rOM CPeAHe~ 3Hepr~~ C~CTeM~ BcneACTB~C ee 
B3a~MOAeHCTB~R C BHeWH~M noneM. 8 cna6~x nonRX peaK~~~ C~CTeM~ 
MO~HO on~caTb KaK cneACTB~e noRaneH~R y nonRpoHa Mace~ , aaa~

CR~el':i OT TeMneparyp~. M~ B~4~CnReM 3Ty MaCey ~ CpaBH~BaCM ee 
C 3¢$eKT~BHO~ MaCCOH nonRpOHa, onpeAeneHHOH APYr~M~ MeTOAaM~. 
l-1ccneAOBaH~e npOBOA~TCR C nOMO~b~ KOHT~HyanbHOrO npeACTaaneH~R 
AnR CTaT~CT~4eCKOrO Oneparopa. 

1. CnA6AR CBR3b: TEOPI-1R B03H~EHI-1A 

I-1TaK, paCCMOTp~M nonRpOH 1 noMe~eHH~H B nOCTORHHOe 3neKTp~-
4eCKOC none~. raM~nbTOHHaH C~CTeM~ 
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CraTHCTH4ecKaR cyMMa CHCTeM~ 
AenHTb ee cpeAH~~ 3HeprH~: 

Z ( E )=Spe-rH no3eonReT onpe-

-TH 
Sp(H e ) a -r II 

ff> = --lnSp e 
cJr Sp e-;-1-1-- 11.11 

3AeCb eenH4HHa r Hrpaer ponb o6paTHOi1 TeMneparyp~ r = 1 1 k 0: 
HHOrAa M~ 6yAeM nonb30BaTbCR 6e3pa3MepHoi:i eenH4HHOi1 T = w r 0 
Ar!R CTaTHCTH4eCKOi1 CYMMbl Z (E) MO>KHO HanHCaT b B~pa>KeHHe 

zob .. z 0 • Z(E>o 
rAe 

3 / 2 
Z0 = V( _]!__) II ---

2rrr k 1 - e-r w I 1. 21 

RB11ReTCR CTaTHCTH4eCKOi1 CyMMOi1 CHCTeM~, COCTOR~ei1 H3 CB060AHOi1 
4aCTH~~ H CB06oAHOrO KBaHTOBaHHOrO n011R. 

AnR Z(E) • cy~ecreyeT npeAcTaeneHHe e BHAe KOHTHHyanbHOro 
HHTerpana: 

- -+ ... ...,. " T _. 

Z ( E ) = f o x exp I S l x I + E f x I , 
"i (0) ,. "i(r) 0 

I 1. 31 

.... IL r ' 2 S[xl =--fx ~ 
2 0 

5 / 2 aw d .. k r f f .... [ -· 2y2: 2 k .... 2 dslds2G (I s-s J)e ik x (st> _;<"' >I 
r rr 0 w 1 2 , "' 11.41 

a = chw(rl2-lsl -s~) 
w ~ 

2w Sh ~-
2 

npH 3TOM ClleAyeT OTMeTHTb, - ... 
Z(E) I .... ,. 10 

E = 0,a = 0 

4TO Z(E) HOpMHPOBaHa yCnOBHeM 

nepHOAH4eCKHe rpaHH4H~e YC110BHR x(O):X(r) B 11.31 03Ha-
4a~T Ha11H4He B nOA~HTerpallbHOM B~pa>KeHHH 0 -~yHK~HH 

srico>-x<r>l = fdrocico>-r> scxCr)-r). I 1. 51 

CAenae 3aMeHy nepeMeHH~X x(s) ... i(s) + r H OTMeTHB, 4TO nonRpOH
HOe Aei1creHe S[i I npH 3TOM ocraercR HHeapHaHTH~M, a H3 11.51 
903HHKa~T HOB~e rpaHH4H~e yC1109HR x(O): X(r)= 0, npHXOAHM K e~
pa>KeHHRM 

2 

z (E ) = Z
0 

• z
0 
d: ) . z ( Eh 

tnt ' 

Zo(E ) = .!.._ f d r' e E r'r 
v 

Z ( E ) c 
Ill I 

f fl x' Pxp I S l x 1 • F. ~ I I 1 .f:.l 
~ t O )' ~ (r ) 0 ll 

3ACCb Z 
0

onpeAe11eHO 9 11.21, a Z 1n 1(E) HOpMHpOBaHO npe>KHHM 
ycnoeHeM o6pa~eHHR e eAHHH~Y npH paeeHcree Hyn~ nonR E H KOH

craHTbt CBR31o1 a o 

TaKHM o6pa3oM, el1.61 Mbt e~AenHnH 6ecKoHe4Hbti1 MHO>KHrenb 
Zo • Z o<E), CBR3aHHbtH C HH~HHHTHOCT b~ ABH>KeHHR o np1o1 Bbt4HC11eHHH 
CPCAHCH 3HeprHH COrnaCHO 11011 3T0l MHO>KHTCilb npHBCACT K aAAH
Tio1BHOi1 A06aeKe, CBR3aHHOi1 CO cpeAHeH 3HeprHei1 KaK 4aCTH~bt B no
CTORHHOM 3neKTpH4€CKOM none E, raK 1-1 ceo60AHOro KBrtHTOBaH
HOro nOnR. 8 AallbHei:iweM HaC 6yAeT HHTepecoeaTb IlHWb CPCAHRR 
3HeprHR B3aHMOACi1CTBHR : 

ti,. = - L tn z < E! >. 
tnt ar tnt 

B 3TOi1 4aCTH pa6oT~ paccMOTPHM cny4ai:1 cna6oi1 CBR3H (a 0 • 1 )o 

npH a = 0 CTaTHCTH4eCKaR CYMMa Z 0 (E) MO>KCT 6btTb Bbt4HC11€Ha 
CABH roM nepeMe HHOi1 i ( s ) .... x ( s ) + i 0'&~ : 

r r 
~ -t ... 11 ~. ... -. 

Z o (E ) = Z t ( E ) I = f fi x exp I - - f x 2 ' E I x I = 
tnt tn a -: 0 ~ .... 2 

s( O)=x(T)=O 0 0 
1 -+ T 

= exp ( - E I x ) 0 

2 0 
0 

rAe x0(s) YAOenereopReT ypaeHeHH~ 
' l .... 

J1 X 0 + E - 0, 

x
0
(0)= i

0
(r) ,., Qo 

B HTore 

i 0(s) ~ 

zc cE:> 
tnt 

~-s(r-s)o 
211- E 2 T 3 ), 
exp ( 

&, o = _ _ fr2 r 
2

• 
tnt 811-

/1.71 

I 1. 81 

11.91 

PaccMOTPHM Tenepb pa3110>KeHHe Zint(E ) 9 PRA no CTeneHRM KOH
CTaHT~ CBR3H a . B~nonHRR e e~pa>KeHHH I 1. 61 AflR Z int TY >Ke aa-
MeHy x ( s) .... x(s) + Xo (s)o HeTPYAHO y6eAHTbCR, 4TO zo cE) e~-int -+ 
Ae11ReTCR 8 BHAe OTAellbHOrO MHO>KHTenR, TaK 4TO pa3no>KeHHe Z101 (E) 
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nO TeOpHH B03My~eHHH MO~HO 3anHCa Tb KaK 
~ • (I) • (2) • 

2 tni(E )= Zt0nt (E)[ 1 ~ 2 int(E ) • Z inl (E)~ . . . J. 

Hb4 o rpaHH4HMCA n HWb Bb44HCneHHAMH e nepeoM nOPAAKe no a . 
T . e . OT6pOCHM Z (2) (E ) H BCe nocneAYIOO.IHe 4JleHb4. 11MeeM TOrAa 

tnt 
(I) , 5 / 2 -> r 

Z. (E ) = a w I~ I 
tnt 2 y 2/J" 2 k2 o 

dslds2G (Is -s ll e i k [ ;~s l )-~ (s2>1 
w I 2 x 

• r .:. _. • • 
x I 8 x exp l -lL I x ~ d k [ x (s )- x (s

2
)ll. 

.. ~ 2 O I x(O)=x(r )=() 

~YHK~HOHanbHbiH HH Terpan B 1 1.1 01 nerKO Bb44HCnAeT CA: 

I ox 
x(O) = xtr)=O 

ll r '2 • .. .. 
exp 1-- I x + ik[ x( s 1 )- x (s

2
) 11 = 

2 0 

k_ 2 Is I 
exp I -

2
- I s 1- s 21 ( 1- ~ -~ ) 1 . 

ll 

I 1. 101 

I 1. 111 

noAcTaeHe~1. 111 e 11.101, nony4aeM nocne HeKOTOPblx npeo6pa -
30BaHHH (E = I E l ) 

32 - r I z ( I ) (E )= a w ...j2 iJ I ~ ch w( _:_ - a) I~ lfl [ §tra (r-<T)_ ( l 
tnt 2 ~ -

E sh ~ 0 a 0 ., 2 V 2/J 
2 

I 1. 121 

rAe lfl (z) - HHTerpan eepOATHOCTH. Pa3no~HB 
O(E 2 ), HaXOAHM, 4TO e cna6oM none 

11.121 AO 4neHOB 

- 3 / 2 ~ 
zO> = a...jn _T_ I (...T)- a,j;T 

int 2 shT/ 2 ° 2 shT/ 2 

2 3 
T ~+ ric 2-> 288/l I 1. 131 

npH Bb44HCn eHHH cpeAHeH 3HeprHH B3aHMOAeHCTBHA (i, int nepeb4H 
411e H e I 1. 131 n pHBOAHT K H3eecTHOMY 

14 1 e~>~pa~eHHIO AnA cpeAHeH 
3HeprHH nonApoHa npH KOHC4Hb4X reMneparypax. Bro poH 4neH e 11.131 
BMec re c Z0

1 
(E) AaiOT KBaApaTH4HYIO no non10 E nonpaeKy: 

nt 

lj; int = f, inr (E .. 0)+ 6 & 1nt + .. . • 

2 r- 7 / 2 
t\ & int c.= - L r 1- !!:i!!_ - 1- L c _:r__ r (T / 2))J. 

81-' 36 T2 dT shT/ 2 I 

a f.., tnt (E = 0) - c peAHRA 3HeprHA nonRpOHHOH CHCTeMbl B OTCyTCTBHe 
BHe wHero nonA. 

4 

HanOMHHM , 4TO J TO ebjpa~eHHe Bbj4HCnAnOcb n HWb e nepeoM no pAA
Ke no " 11 n03TOMy MOM<eT ObiT b nepen11caHo e BI1Ae 

\ ( 

In 

Ill! 

E .!r .! 

8 ll' 

7 2 
I Cl\ 17 I d T I ( T •) )) I I' 1 • - - - - ! - - -- 1 - . 

:J6 T.! dT shT 2 

I 1. 141 

113 I I. 141 11 11 .91 BI1AH0 , 4TO CAB11r CPCAHCH 3HC pr1111 nOnApOHHOrO 
B3ai1MOACHCTBI1A MOM<HO TpdKTOBaTb KaK c neACTBHe nOABnCHHR y nonR
pOHa 3$¢eKTHBHOH MaCCbl m, 3aBHCA~eH OT TeMneparypb4. 

An~ TaKOH HHTepnpera~HH Cy~eCTBeHHO np116n11M<eHHC cna6oro 
nonA , He cnoco6Horo paJpywHTb nonApOH KaK ~enOCTHOe crpyKryp
HOe o6pa3oeaHHe, xapaKrepH3yeMoe onpeAeneHHoH MaccoH. 

B npeAene Bb4COKHX TeMneparyp (T .. 0) 

- 1-l I 

m ~ iJ [ 1 r i~" a T t- ... l = iJ[ 1 +a T'2 0.0862 !- . .. 1. 11.151 

T. e. nonAPOH "pa3AeeaercA", a Mac ca m crpeMHTCR K "ronoH" Mac
ce ll 

B o6paTHOM cny4ae H113K11X reMneparyp (T · ~ ) ~opMyna 11.141 
npi1BOAI1T K 

[ a 1 
m:: " 1 + - (1- -)I ,.. 6 2 T . 

4TO np11 HyneBOH reMneparype Aaer H3BeCTHbjH pe3ynbTaT: 

m = ll (1 +a 1 6 ) . 

I 1.161 

Ecn11, HaKOHe~, C411TaTb none E Cl1nbHbiM, TO en11AH11e 3neKTPOH
~HOHHOro B3ai1MOAeHCTBI1R npORBI1TCR nHWb B nonpaeKaX K OCHOBHOMY 
411eHy. 113 I 1 • 121 MO~HO nony411T b, 4TO np11 E 

(IJ 3 2 - 3 2 E 
Z ,_ a w \ 2p c!h ~ ln 2 ~ t 0 ( ~) 

10 1 E 2 2 v 2"; E · 

TO eCTb 
2 2 5 ") 

A ~ . - - E r 11 (<) - v2" " 1" tnt - --·- + _ ____ .-_ 
81-' 2E 2 (<J T 

sh 2 

3 12 
ln2 ~ t- 0( lnE) 

2y'2p. E 
11.171 

3TO Bblpa~eHI1e cnpaeeAn11BO npH He CnHWKOM 60nbWHX TCMnepary
pa x (w r ~ 1 ), KOrAa nonpaB04HbiH 4neH AeHCTBHTCnb HO MO~HO C411TaTb 
Man~>~M. B cny4ae ~e BbiCOKHX reMneparyp cnpaeeAnHBbl ~opMynbl, no
ny4eHHble ewwe e npH6nH~eHHH cna6oro nonA E . 
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2. nPOH3BOnbHA~ CB~3b: BAPHAUHOHH~A METO~ 

AnA Bb141-1CJ1eHI-1A Z lnt (E ) n pl-1 np0!-13BOJ1bHbiX 3Ha4eHI-1AX KOHCTaH
Tbl CBA3H a npHMeHHM eapHa~HOHHbl~ MeTOA ~e~HMaHa. B Ka4eCTBe 

annpoKCHMHPY~~ero Ae~ CTBI-1A S' Bbl6 epeM Ae~cTBHe oc~HJ111ATOpHo ro 
T!-1na: 

r !l r 
s · tx l= - ~f ~ 2 - -11 - J 

2 0 2 0 

-+ 2 
X /2.1/ 

rAe 4aCTOTa fl 6yAe T paccMaTpi-1BaTbCA KaK BapHa~I-10HHbl~ napaMeTp. 

Bb16op TaKoro s· npOAHKTOBaH coo6pa~eHHAMH npOCTOTbl. Mbl HCnOnb-
3yeM npeAcTaeneHI-1e / 1 .6/ c Henep!-10AI-14eC KI-1MH rpaHH4HbiMH ycnoBHA

MH, 3TO 3Ha4HT, 4TO nOAbi HTerpaJlbHOe Bblpa~eHI-1e B /1.6/ nepeCTa-
110 6b1Tb TpaHCJlA~HOHHO-HHBapHaHTHbiM H He T He06XOAI-1MOCTH !-1CnOnb-
30BaTb TpaH cnA~I-iOHHO-HHBaRHaHTHOe Ae~ cTBHe S', A06aenAA , HanpH

Mep, K / 2.1 / 4neH BHAa ~f 'x ) 2 . KpoMe To ro, !-1cnonb30 BaHHe 5o
nee CJlO~HOrO Ae~CTBHA OnpaBAaHO npH Bbi41-1CJ1eHHAX BO BTOpOM no
PAAKe TeOpHH B03My~eHH~ no KOHCTaHTe CBA3H a. nocKOJlbKy 3Hepr1-1A 
C06CTBe HHO n0 11ApOHa BO BTOPOM nopAAKe no a npH J1~6biX TeMnepa-

Typax Bbi41-1CJ1eHa T04HO a Macca m HY~Ha JlHWb C T04HOCTb~ 

AO 4neHoB -a. Bbl6op Ae~CTBHA /2.1/ npeAcTaBnAeTcA onpasAaH
HbiM. 

BblnHweM PAA ~pMyn , KOTOp~>~e 6YAYT Hc nonb3oBaTbCR B AaJlbHe~
weM. BseAeM o6o3Ha4eHHe 

< A '>· f li x P5 · A , J li x'e 5 

X (O)~ x'( r):O x(O) -i(r)~O 

rAe A- HeKOTOpb111 <llYHK~HOHan x( s) TorAa 
r r r~~ ... 

< e t> 
r 

> = oxp ( -1 - J f a r\ 
2/J 0 11 

r Ae 

ch!l(r - j s 1-s21)-ch0(r- s 1 -s2) On -
20 shf!r 

H3 /2.2/ H /2.3/ cneAyeT 

<e xp ( ik[ ~ (o1 ) - ~(a2 )I)> 

6 

k2 
= expl- [chflr -cld1 ( r- l at- o21)~ 

2/t fl sh nr 

k2 6 <I o 1-u21) 
+Ch1Hr- cJ 1- o2)( 1-chfl(al-a2 ))JI ~- exp[- 2

1
d1 shflr 

/2.2/ 

/2.3/ 

/2.~/ 

I. 

~ 

) 

} 

2 3r 3 
< J x (s) ds >: - cthflr - --

o 2p n 2,.o2 

f ox e 8 ' ; 

r • 
ll f • 2 3 ' 2 

-~ 0 1 , ( Jl!:__ ) 

sh Or 
f ox e 

1( 0)=1(7)20 I (O)=x(r)~O 

EcnH Mbl npi-1MeHHM annpoKCI-1Ma~!-10HHY~ npo~eAYPY HenocpeACTBeH

HO K Z int B <!JOpMe /1 .~/ 1 TO H3-3a TOrO, 4TO v' X > ~ 0 , HC -

4e3HeT 3aBHCHMOCTb OT E 4To6bl H36e~aTb 3Toro, nocTyni-1M c ne

AY~l!IHM o6pa3oM: HCnOJ1b3yA MeTOA Bb141-1CJ1eHHR Z'j01 1~:-JMYJlbl 
/1.7/-/1.9/ I' BblnOnHHM B /1.6/ npeo6pa30BaHHe x( s) . x(S)+fl x o(s) . 
nocne 4ero nony41-1M 

.... E 2
r 3 0 X - ... r • 

Z int (E) =exp[ --fl (1~/2) 1 J --exp IS + E(l-{n J x l. 
24p I (Opx(r )..J!ODSI 0 

/ 2.5 / 

r • 5/ 2 dk .. r 
S(xl=-L J 12

+ aw J -:;- J dsldSeG (j sl-s2 1) x 
2 o 2v211 " 2 k 2 o c<J 

/2.6/ 

x exp l ik [ ;(s
1 
) -;(~ )I+ i{l k [ x

0
(s 

1 
) - x

0
(s

2
)1 I. 

3AeCb ~ - npOH3BOJ1bHOe 4HCJ10. noKa /1.6/ H /2.5/ TO~AeCTBeHHbl. 
nocne BblnOJlHeHHA annpOKCI-1Ma~!-1H OHH y~e He 1-1AeHTI-14Hbl, H Mbl 
Bb16epeM~ Hai-1J1Y4WHM o6pa30M , paCCMaTpi-1BaR ero KaK BTOPO~ BapHa
~HOHHbl~ napaMeTp, 3TOT MeTOA no ceoe~ 1-1Aee aHanorH4eH Hcnonb-
3oBaHHOMY B / 5 / npH Bb14HCJ1eHHI-1 3(j)$eKTI-1BHO~ MaCCbl nOJlApoHa npH 

Hyneeo~ TeMnepaType. 
AnnpOKCHMa~HOHHaA npo~eAypa BblnonHAeTcA H3BeCTHbiM o6pa3oM: 

.. S ~ E (1-fi>Jx~ ... 5 , _ ... r ... 
f 5xe 0 = f oxe < exp[S-S ' +E(t - mJx l>= 

; (0 )• ; (r )=O ; (0 ) = x(rp O 0 

f 
~ s ' - -+ r ..... 

li x e exp [ < S- S ' + E (1-{3) J x >I. 
x ( O) = ; (r ):- 0 0 

npH Bb14HCJ1eHHH <S-S ' > nOHaA06ATCR ~PMYJlbl /2.~/. nony4aeM 

B pe3yJ1bTaTe AJlA CB060AH0~ 3HeprHH F 101 = -ln Z lnt (E) 

7 



AOBOflbHO C!lO~HOe B~pa~eH~e, KOTOpOe paCCMOTp~M B C!ly4ae Cna -
6orO nonA E · 

F tnt 

F' " 
lilt 

(El = F' ·, 
tnt 

I \F. 
1111 

3 3 3 sh!lr --flrcthflr+--· -111---- I 4 2 (lr . 

a(JJ5 2 . r -,. fl sh Or J ds ds Cw(ls1-s2 !> 

'" 
0 1 2 [ .. :\ (s 1 .s2 )I 

{:J E2 3 2 El! a.w5 ' 2 3 ' 2 
\F' ~~(--1)-'-- +/1 -- (flsh Or ) x 

lilt 2 12/l 24 /l v'Tr-

> J ds 1cts2 Cw(ls l-8 2)> (s -s )2(r-s -s )~ 
0 ( t\ (s 8 )J3 , 2 t 2 1 2 

1' 2 

/2.7/ 

/2.8/ 

napaMeTp {3 e~6:peM ~3 ycnoB~.R ~H~MyMa ~ F int . TorAa nony4~M 

"F' . 
lot 

E2,3 

24 /l (1 +rl 

oTKYAa 

. a 
~t., int = a; \ F' iol 

= - E;2,2 

~. cneAOBaT efl bHO, 

m = 1~ 
i!.2_r )2 

1 +1· -!....!!..!:. 
3 dr 

8,.. (1 + r > 2 

B ¢opMynax /2.9/, /2.10/ ~ o603Ha4~n~ 

au/' ' 2 3"> r C (Is-s I) 2- 2 
r , -=--(flshOr$- J ds1ds2 w 1 2 {s1-s2)v-s1-s2)· 

v" r 3 0 [h(s1,s 2)]3/ 2 

rAe 1(s1 .s 2 ) onpeAeneHo e /2 .4/. 

/2.9/ 

/2.10/ 

/2. 11/ 

Bap~a~~OHH~~ napaMeTp fl Ha~AeM ~3 MHHHMyMa CB060AHO~ 3Hep
rH~ F~t non.RpOHHO~ CHCTe~ 8 OTCYTCTB~e BHeWHero non.R. 

8 

[ 

PaCCMOTp~M CHa 4a!la C!ly4a~ cna6o~ CBR3~ ( a •<" 1).TOrAa fl TaK
~e MallO ( fl - \ {!), ~ M~ MO~eM pa3!lO~H T b B~pa~eH~e AnR F'? 

n 
0

_ _ lot 
no CTeneH.RM u . w•R 8~4~ C!leH~~ B nepBOM nOpRAKe no a AOCTaT04-
HO npoCTO nono~~Tb fl ~ O. HMeeM TOrAa 

- 3 2 
p :> - - ~- _T __ I (T ' 2). 

lot 2 shT 2 0 

4TO COOTBeTCTByeT nepBOMy 4!leHy B /1.13/. Jln.R I' flO!ly4aeM H3 
/2.11/ 

'z 
r = IDI.!f_ T I ( T ·~}. /2. 12/ 

12 Sh T / 2 1 

Ta K KaK f' MallO , TO /2. 10/ MO~HO nepen~CaTb B BHAe 

[ ' r ctrl 1 d 3 
nb 1~ 1 + r +- -- =,.. l 1 t -- -- CT n 1. 

3 d r 3T 2 dT 
4T0 C y4eTOM /2.12/ MO~HO 3anHCaTb KaK /cp. C /1 .14// 

- 1 d T 7
-'2 

Ill ~ ,.dt .. ~-- (--1 ('f / 2))1. 
36 T2 dT shT / 2 1 

TaK~M o6pa3oM, M~ eocnpOH3BenH pe3ynbTaT~ npeA~AY~ero pa3Aena. 
06paTMMC.R Tenepb K C!ly4a~ CM!lbHO~ CB.R3~ (a • • 1~ napaMeTp fl 

TaK~e eenMK (fl-u 2). B 3TOM npeAene 

po 
tnt 

OTKyAa 

3 'h -
• aT n "4 Or - -=- \ r + .. . , 

V" 

Or = _:!_ a 2T 
9" 

0Tc~Aa nony4a~TCR ~3eecTH~e e~pa~eH~.R Afl.R 3Hepr~~ non.RpoHa 14 ' . 
noACTaB!l.R.R 3Ha4eH~e fl r B /2.11/, Ha~AeM, 4TO 

16 4 [ 12 6 T r :0 --- a 1 + ~ - - Cth - I . 
81" 2 T T 2 /2. 13/ 

( !lOMO~b~ /2.10/ M /2.13/ nony4aeM OKOH4aTeflbHOe B~pa~eHMe 
An.R m: 

4 
16a 

m = P. 81 "2 

12 6 T 2 
(1 + T2 - T cth "2'"' ) 

2 - ctW T... + _g.Q__ - !.. cth .:!:.. 
2 T2 T 2 

npM HM3KHX TeMnepaTypax ( T • "" ) 

16 4 6 m ::: p. _a_ ( 1 - - ) , 
81" 2 T 

/2. 14/ 

/2. 15/ 
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flPH HYJl<'BOi1 H l~fleparypc 31i'l ¢opMy!la fl<' nC'XO.c\111 B H3BCe THbll-1 
¢Ci:1HMatWBCKHll nE'3YJlblol !11 fl !Hi11 4 k l ,, :' ) f' :~00 ( !.!._ )

4 

10 
n pi-1 BbleOKHX TeMn e pa r y pax IT ' 0) 

lf\ 11 4 T :! 
Ul ,;.. f' - - - - -

Rl r.~ :!0 
/': . 161 

., 
3 10 1 OlBCl cnpa OCAJlHB, KOHC4 HO , n OKi"l Ill jt ( T · (10 af ), 

n pi-1 OOJlCC BbiC.OKH X TCMnepaTy pax eneAyCl n OJlb30BaTb CR <!JOpMy!la MH 
cnaGo .:i e BR31<1, BblnHeaHHbiMH BbiW C , l . K. B 31 0 M Cfly 4ae B0 3HHKaC1 
3$4JCKTH8Hblll nanaMCTP pa3Il0liiCHHR -~"\ 'f' 

~. Ha KOHC~ , npH CHJlbHbiX nOJlRX E BapHa~HOHHbl.:i Me TOA CHOBa 
npHBOAH T K <!JOPMYilC 11. 171 , T. e . 3 $ ¢ CK1HBH0 nOilRPOHHOC B3aHMO

Aei:1 CTBH C MOliiHO C4H TaTb MaJlbiM. 

3. 3AKno4~TE fibH~E 3AME4AH~~ 

Onpe ACJleHHe 3¢<1le KTHBHOH MaCCbl nOilRPOHa npH KOHC4HOH TCMnepa
Type MOliiHO AaTb HCXOAR 113 00~1-\X TepMOAHH a MH4eCKHX COOTHOWeHHH. 
AflR 3TOrO HaAO pa CC MOTpeTb 3aBH CHMOCT b CPCAHCH 3He prHH OT HM
ny!lbCa CHCTeMbl. np~-1 HyfleBOM HMny!lbCC BKJlaA B CPCAH~ 3He pri-10 
AaOT KaK Bi-1pTya!l bHble, TaK 1<1 p e aJlbHble ¢QHOHbl. np~-1 OTJ11.14HOM OT 
HyflR nOilHOM HMny!lb CC CHCTCMbl p He06XOAHMO BbiACJlHTb B HCM 
cpeAHH.:I HMny!lbC P ( nOnA peaJlbHbiX <!JOHOHOB. TorAa p- p ( 6yACT 
cpeAHHM HMnyflbCOM C06CTBeHHO nO!lRPOHa, a 3¢<1leKTHBHaR Ma CCa 
onpeAeJlRCTCR 1-13 p a 3Jl0l!ICHHR c p e AHCH 3HeprHH: 

6' ( P ) f.. (0) I 
<P- Pr )2 ~ 

2m .l,lt<1• 
~ 

MoliiHO no Ka3aTb, 4TO AflR 
3aMeHio1T b a,,) I CM. /1 . 41 I 

G 
I - ,<>J,q -s21 

- e 
I 2 <oJ 

OTAeflCHio1R P, 
Ha a I : 

He06XOA1o1MO, 

np~-1 BbiC0Kio1X TCMne p a Typax nony4aCTCR p e 3Yil bTaT 

m [ 1 5\ ;- 3 ' 2 3 ' o 
'Jcjlqt 11 ~ ~ n T + •. I ~ 1d 1 t 0 ,7385a T ' 1 • l 

B 4 aC THOCH1, 

/3.11 

CpaeHHBa R m3¢¢ c Macc oH m 1<13 I 1 . 151 , ne r Ko BHAeTb, 4TO 3aKo-

Hbl CTp6MJ16HHR m 1o1 m 'lcjlcjl K ~~ Ka4:CT86HHO p~3Jllo14a0T C R. 
Mac ca m RBJlRBTCR HCeKOJlbKO lo1H01o1 86Jllo141o1H01o1 , H6lii6Jllo1 ffi')<jJ<jJ . 

0Ha onpe Ae !lRCT pea K~Io10 nOJlRpQHHO~ Clo1CTeMbl Ha BHeWHio1H nOTeH~HaJl. 
nocKOJlbKY m o n peAeJleHa no CAB1<1ry CPCAHeH 3HepntH, B HeH Y4TeH 
BK!laA peaJlbHbiX ¢QHOHOB. KpoMe TOrO, 1-13-3a pa3HO~ peaK~ i-11.1 CHCTeMbl 

10 

l 

Ha pa3 JlH4Hble eo3My~eHHR Macca m, eoo~e roeopR, MOllle T 3aelo1-
ceTb o r BHewHero noreH~Hana. 

CKa 3aHHOe MOliiHO npo1<1nnoc rp1o1po earb nplo1Me paMH. ~C K!l04aR peanb

Hble ¢QH0 Hbl 3aMeHo.:1 Gw . cl B 11.61, n o ny4HM BMeCTO 11.14/ 
Bblpa)l(eHio1e 

m - 11l 1+ av" -1-~LT72 e-T 'h (T 2) ~ T--l I (T/ 2))11 
36 T2 dT 0 T I ' 13.21 

KOTOpo e npH BbiCOKHX TeMnepaTypax (T -•0) AaeT 

11 ( 1 + avlt T3 2 
48 ~ 13.31 

3 2 
l~ p.[ 1 ~ 0,0369 u T ~. I . m 

Ka4e CTBeHHO KapTHHbl noBeACHio1R m H ffiJIIJIIJ c oenaAaOT , HO B Clo111Y 
yKa3aHHblx nplo14HH ocTaercR p a 3JlH4He e K03¢$H~HeHTax npH a T3 12. 

C ~pyrO~ CTOPOHbl, Macey MOliiHO On pe Ae!llo1 Tb KaK peaK~HO nOnR
pOHHO~ CHCTeMbl Ha OC~ Io1Jl JlRTOpHbiH BHCWHH,;; nOTeH~HaJl I Mbl 0 603Ha-
4HM 3TY Macey 4epe 3 m'l . He BAaBaRcb e nOAPOOHOCTH , npHBeAeM 
Jllo1Wb pe3yJlbTaT Bb14HCJleHH~: 

~ _p 12 
rn ' ' 11r 1 ~ ~ .L JL ( _T _ _!_tiT~) I 

24 T dT sh T/ 2 
13.41 

1-1111<1 n pH T -• 0 

, 5 7T I ' 2 T ' 2 
m ~ I' ( 1 + a T T ~ ... 1 = 11 [ 1 + a 0, 0923 ~ ... 1 • /3.51 

B 3TOM c ny4ae 3aMeHa Gw • C 1 AaeT 

m' = 111 1 + ay';; .!_ JL {T 5 12e - T '2(I
0

(T/ 2) + I=!_I
1

(T / 2))11 
24 T dT T 13.61 

1o1 e n peAene T ~ 0 

- ' [ 1 T 312 7 vrr I [ 1 T 3 2 0 0646 1 m ... 11 + a ~"' Jl +a • . 13.71 

CpaeHeHHe 13.41-13.51 1o1 13.61-/3.71 c aHanor~4HbiMH eblpallleHHRMH 
11.141-11.15/ 1o1 /3.21-13.3/ AeMOHCTpHpyeT pa3HH~Y e peaK~H~ 
CHCTCMbl Ha pa3JlH4Hble BHCWHio1e nOTeH~HaJlbl. 

B o6paTHOM cny4ae npeAenbHO H~3KHX TeMneparyp pa 3Hio1~a Me*AY 
ffi •J!p<jJ , m 1.1 m ' 1<1 C4e3aeT , 4TO C8R3aHO C 113aMOpa*HBa HHeM11 

pea!lbHbiX ¢QHOHOB. 

Aerop~ rny6oKo npH3HaTe!l bHbl H.H.6oro no6oey 3a HHTepec K pa-
6ore 1.1 ~eHH~e coseT~. M~ 6narOAapHM c.n.Kynewoea, B.A.Mareeeea 

"' B.A.Me~epRKoea 3a none3H~e o 6cY*AeHHR. 
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