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npl1 B3ai1MOAe~CTBI111 HI13K03HepreTI14eCKI1X ni10HOB I TIT HI1>Ke 
100 M3B/ c RAPaMI1 ea>KHY~ ponb 11rpaeT KaHan c norno~eHI1eM n11oHa 1 l~ 
B121 6~na npeAnPI1HRTa non~TKa on11caTb ynpyroe IT-RAepHoe pacceRHI1e 
e o6nacTI1 oT 0 AO 50 M3B, 11Cnonb3YR onTI14eCK11~ noTeH~I1an c na­
paMeTpaMI1, onpeAeneHH~MI1 113 IT-aTOMH~X AaHH~X. npeAnonaranacb 
cna6aR 3aBI1C11MOCTb OT 3Heprl111 napaMeTpOB noTeH~I1ana, 8 4aCTHOCTI1 
eeni1411H B o 11 Co, onpeAenR~~I1X ero a6cop6TI1BHY~ 4aCTb . .Qe~cTei1-
TenbHO, xapaKTepHbl~ MacwTa6 113MeHeHI1R B0 11 C0 onpeAenReTCR 
11MnynbCOM, COOTBeTCTBY~~I1M KOpOTKOAe~CTBY~~I1M ABYXHyKnOHH~M 

KOppenR~I1RM, 11 COCTaBnReT -400 M3B/c, 4TO 3Ha411TenbHO npeB~WaeT 
11Mnynbc HI13K03HepreTI14eCKoro nl1oHa /p 17 - 120 M3B/c np11 -50 M3B/. 
0AHaKo oKa3anocb 121, 4TO ny4wee on11caH11e AaHHbiX np11 50 lbB nony-
4aeTCR c napaMeTpaM11 B 0 11 c0 , cy~ecTeeHHo oTnl14an~11MI1CR oT 11x 
3Ha4eHI1~ np11 Hyneeo~ 3Heprl111. npi1411Ha 3Toro, Ha Haw e3rnRA, ne­
>KI1T B TOM, 4TO onTI14eCKaR MOAenb, He YAOBneTBOPR~~an CTporo AByx-
4aCTI14HO~ YHI1TapHOCTI1, HeKoppeKTHO O~eHI1BaeT noTeH~11anbHY~ 4aCTb 
3aAa411. 

B AaHHo~ pa6oTe y4eT KaHana norno~eHI1R npoBOA11TCR e paMKax 
YHI1TapHoro noTeH~I1anbHoro noAXOAa, pa3BI1Toro e /3,4/. KaK 11 e 121 , ._ ~ 
IIOIJOMCIIJDI, VIIIJCI-\t::Jil11\JII\V1C IIVIII.Jd~KY Hd IIVIJIUII\t::HV1t::, HaXOAV11lV1Cb V13 

IT-RAePHbiX AaHHbiX np11 Hyneeo~ 3Heprl111. B OCHOBe nOAXOAa ne*I1T 
MeTOA 3BOn~~l111 no KOHCTaHTe CBR311 /3KC/ 11N- B3ai1MOAe~c TBI1i 

5 ~ B 13
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6~na nocTpoeHa 11Tepa~I10HHaR npo~eAYPa AnR B~411cneHI1R HenocpeAcT­
eeHHO IT-RAePH~x ~a3 pacceRHI1R, o6ecne411Ba~~aR ABYX4aCTI14HY~ 

YHI1TapHOCTb nOAXOAa e npeAene H113KI1X 3Heprl1~. Pa3no>KeHI1e CTPOI1T-
CR no CTeneHRM TaK Ha3biBaeM~X napH~X U -MaTpl1~ 11N -e3ai1MOAe~cT­
BI1R, KOTOpble npRM~M o6pa30M CBR3aH~ C 11N-$a308biMI1 CABI1raM11. 
B141 6bln npoeeAeH aHanl13 (~ 4 He~pacCeRHI1R: B~411CneH~ nepe~e 
ABe 11Tepa~l111, nony4eHbl e~pa>KeHI1R AnR 11- RAepHbiX $a3 4epe3 11N­
$a3~ pacceRHI1R, RAePH~e $OPM$aKTOp~ 11 KoppenR~I10HH~e $YHK~1111, 

ycTaHoeneHo, 4TO o6nacTb CXOA11MOCTI1 AaHHo~ cxeM~ - H11>Ke -70 M3B. 
B 3To~ o6nacTI1 3Heprl1~ noTeH~11anbH~~ pac4eT YAOBneTBOPI1TenbHo 
eocnpoi13BOA11T pe3ynbTaTbl $a3oe~x aHanl13oe 16/ AnR Re817A. On11caTb 
napaMeTpbl HeynpyrocTI1 He YAaeTCR: pa3nl1411e Me>KAY pac4eToM 11 AaH­
H~MI1 $A Bb1XOA11T AaneKO 3a npeAen~ -20%-Ho~ T04HOCTI1 HaWI1X B~-
411CneHI1~. TaKI1M o6pa3oM, e 411CTo noTeH~I1anbHOM nOAXOAe He YAaeT-
CR KOnl14eCTBeHHO oni1CaTb (11 4He) -pacceRHI1e np11 H113KI1X 3Hepri1RX 
/CM. PI1C.2/ . 

.QnR Y4eTa KaHana norn~eHI1R 8 3KC-MeTOAe paCCMOTp11M, cne-
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P11c. I . ,[\11qxpepeH~I1a.JihHhie cetieHI1H 
ynpyroro (rr+, 4He) -pacce.HHH:H np11 

24,51 H 68 ~1:3B. Pe3yJihTaTbl IIOTeH­
~11a.JlhHOro OIII1CaHI1.fi IIOKa3aHhi IIITpi1-

XOBbiMI1 Kpi1BbiMH. CnJIOIIIHhie KPI1Bbie 
nonytieHhi c ytieToM KaHa..na norno~eH11H. 
3KCIIepi1MeHTa.JlbHble p;aHHbie B3.f!Tbl 113/ 6 ~ 

rAe Rto 1-1 Rot- COOTBeTCTBeHHO onepa­
TOP~ norno~eHI-1H 1-1 pomAeHI-1H nl-1oHa, 
a ,\ 1-1 T/, A1-1HaMI-14eCKI-1e nepeMeHHble, 

MeHH~~I-1eCH B npeAenax OT 0 AO 1 • 
noTeH~I-1anbHOe rr-HAepHoe B3ai-1MO­
Ae~CTBI-1e on1-1c~saeT raMI-1nbTOHI-1aH 

H t +AU, rAe Ht = Krr + H A, K rr - one­
paTop KI-1HeTI-14eCKO~ 3Heprl-11-1 n1-10Ha,. 

H A- HAePHbl~ raMI-1nbTOHI-1aH, U = T U 1 
, 

Ui - noTeH~I-1an B3ai-1MOAe~CTBI-1H ni-10Ha 
c i-HyKnoHoM ~Apa. Bo 1-1a6emaH1-1e 

ABO~Horo Y4eTa B noTeH~I-1anbHO~ 4ac­
TI-1 cneAyeT nposecTI-1 Bbi41-1TaHI-1e non~c­
Ho~ 4aCTI-1 rrN -saai-1MOAe~CTBI-1H B~Pll­
BOnHe. KaHanbH~~ raMI-1nbTOHI-1aH Ho 
B OTnl-141-1e OT $1-131-14eCKoro HAepHoro 
1 ctMnJ ID 1 unnona ~~A nc \...U~CIJ/1\n 1 llt";IJC 

HOPMI-1POBOK Mace 1-1 B3ai-1MOAe~CTBI-1~ 

HyKnoHoB, reHepl-1pyeM~x onepaTopaMI-1 

Rto 1-1 R 0 . A1-1arpaMMHoe npeAcTasneH!-1e scex seni-141-1H B 111 MOmHo 
Ha~TI-1 s7~1. TaKI-1M o6paaoM, np1-1 3Hepri-1HX cTonKHOBeHI-1H, HeAOCTaTo4-
H~x AnR pomAeHI-1R BToporo n1-1oHa, raMI-1nbTOHI-1aH R RBnReTcR 3PMI-1-

TOB~M CRt0 =Rot)· 
06oaHa41-1M 4epea lm, 14 >, E m~4 1-1 T. n. co6cTBeHH~e $YHK~I-11-1 1-1 3Hep-

rl-11-1 raMI-1nbTOHI-1aHa R, rAe naTI-1HCKI-1e 6yKB~ pa3nl-14a~T aci-1MnTOTI-14e­

cK!-1e COCTORHI-1R no 41-1Cny ni-10HOB (m, ll = 0, 1) • COOTBeTCTBY~~I-1e MaT­

pi-14H~e 3neMeHT~ onepaTopos U 1-1 R 6yAeM o6oaHa4aTb U m14, nv 

1-1 R 04eBI-1AHO 4TO U f. 0 n1-1wb np1-1 m = n = 1. 11HTepe-IDIJ.. nv • , mj!, nv I 
cy~~aR Hac S -MaTpl-1~a ynpyroro nepexoAa 1-13 cocToRHI-1R 1,14> 

w w /3-5/ B 11, v> onpeAenReTCR CI-1CTeMOI-1 ypaBHeHI-11-1 : 

.!_g =-2rri~S ... o{E-Esa)Usatv' a>. 11L, tv sa ..... 8(1 • 

121 

~ S 1 t = - 21ri ~ S lll, sa8 (E - E sa ) R sa tv ar, IL. v sa ' 
pot 

c rpaHH4HbiM ycnos1-1eM S }f: y.- (., = 0) = S i!V 
TeH4HanbHoro pacceHHHR •4 , E = E 114 = E tv 

spot - MaTPI-14a no-

- 3Hepri-1R CTOnKHO-

2 

P11c, 2, TIOJIHOe (a tot ) H IIOJIHOe ynpy­
roe (a ef ) cetieH11.fi (rr, 4 He) -paccen­
HI1.fl KaK ~YHK~I111 KHHeTHtieCKOH 3Hep­
rHI1 II110Ha B Jia5, CHC TeMe, Pe3yJihTa Tbl 
pactieTa c ytieToM norno~eHHH npep;­
cTannemi CIIJIOIIIHbiMH KpHBbiMH, ,[\aHHbie 
3aBI1C.H~ero OT 3Heprl111 ~a3oBoro 
aHa.JII13a /¢A/ 1

t 4/ 0503HatieHhl 111Tpi1-

XOBOH JIHHHez"I. Pe3yJihTaTbi He 3aBH­
C.H~ero OT 3HeprHH <!>A p;aHHbiX 113 /6/ 

noKa3aHhi 5eJibiMH: KPYJKKaMH:, tiepmie 
TOtiKH - p;aHmie p;JI.H (rr-, 4 He}-pac­
ce.HH11H H3/t3/. illTpl1x-nyHKTI1p - 1/V -
3aBI1C11MOCTb ,[IJI.fl atot • 

200r.~--------------------~ 
I 
I 

160 : 

t3 120 
::1: 

Ji 80 

20 1.0 60 80 100 

Tn, ~bB 

BeHI-1R. 0TAenRR c noMo~b~ npoeK~I-10HH~x onepaTopos ynpyr1-1~ KaHan 

oT Heynpyr1-1x
131 

B npaso~ 4aCTI-1 121, MOmHo nony41-1Tb cneAY~~Y~ 
$opMyny AnR rr -RAepH~x $aa pacceRHI-1R: 

131 

rAe Opot - $a3a, B03HI-1Ka~~aR 3a C4eT noTeH~I-1anbHOrO pacceRHI-1R. 
MeTOA pac4eTa 8 pot pa3BI-1T B 13 •41 • nonpaBKY Ha norno~eH1-1e MO>KHO 
3ani-1CaTb B BI-1Ae 

a bs 1 _. _. 
orrA (k) = -IT(ITA(k) r dl'/<k, OIA(E, rj)lk', 0>, 

0 
141 

-> 
rAe E 1-1 k'- 1-1Mnynbc~ n1-1oHa AO 1-1 nocne B3ai-1MOAe~CTBI-1R, a 

+ 
A(E, .,) = 0(+) ~ (E, l'/)0(+) , 151 

(+) (+) ... 
rAe n = ~k II/I; > < k, a I - onepaTOP Mennepa' Oni-1Cb1Ba~~j.1~ 
I-1CKameH!-1e ni-10H~O~ agnH~: I.PJ+l > -coCTORHI-1R pacceRHI-1fl raMI-1nbTo-_,..,a 
f-!..1-1aHa H t +AU np1-1 ,\ = 1, a lk, a> - co6cTseHHble $YHK~I-11-1 H 1 = K" +HA, 
k- I-1Mnynbc n1-1oHa B c.~.M. 11 rr-RApo' 1 IKpaTKo: Acml, a= 0,1,2 ... 
HyMepyeT COCTORHI-1R RApa, a=O COOTBeTCTByeT OCHOBHOMY COCTORHI-1~. 

OnepaTop ~(E.~ BKn~4aeT B ce6R see A1-1arpaMM~ c npoMemyT04H~MI-1 
HyKnoHH~MI-1 cocToRHI-1RMI-1. npeAnonaraR, 4To onepaTop~ Rto 1-1 Rot 
s I 1 I 1-1Me~T OAHOHyKnoHH~~ xapaKTep, T. e. R tO = ~ R ~o, HeTPYAHO 

I 
y6eA1-1TbCR, 4To onepaTop A (E, T/) npeACTaBI-1M B BI-1Ae: 

A(E, T/) ~ A 
1 

(E, 1'/) + ~ A lj (E, T/) + ••. , 
i ,t; j 

* t1~ He YKa3biBaeM 3AeCb RBHO 1-1HAeKCOB MOMeHTa, Cni-1Ha 1-1 T. n., 
frrA - nnOTHOCTb YPOBHeA. 
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rAe neps~~ 4JleH OTBe4aeT MeXaHH3MY OAHOHYKJlOHHOrO norno~eHHR, 
BTOPO~ - ABYXHYKflOHHOrO H T.n. 

nony4HM B~pa*eHHe AllR 8abs, npeAnonaraR, 4TO OCHOBHO~ BKflaA 
AaeT MexaHH3M ABYXHYKflOHHoro norno~eHHR/8,9/. SBOAR ABYX4aCTH4-

Hy~ ¢YHK4H~ nepeKp~THR AflR OCHOBHOro COCTORHHR RAPa ~ O 

A --+ -+ A......, - _. -. -+ ..__. -+ -+ -+ -+ 

=f. II dpiB(k+ lp 1 )~o(P1 ,P2 ,p3 , ... ,pA)~0 (P~,p;,p3 , ... ,p~ 
1=3 j=l 

AflR B abs nony4HM: 

abs 1 ... --> --> -+ 
B 17 A (k) = -rr f 17 A (k) A (A - 1) [ dry [ dp dp' dP dP' x 

0 161 

... .... 
--> -+ ml -~ --> ml 2 ... -+, 

rAe P1 = P ,+ J 2 , P2 = -p + J H aHanorH4HO AflR Pi H p 2 , 
T.e. p, :r· HP', P'- oTHOCHTenbHble.., nonHble HMnynbCbl napbl 

HyKnOHOB AO H nocne G3aHMOAe~CTB~R. Y4TeMi 4TO paAHYC onepaTopos 
norno~eHHR 3Ha4HTeflbHO McMowe C~eAHero MemHyKflOHHOrO paCCTORHHR 1 

T. e. 4TO p H p' 3Ha4HTeJlbHO Gonbwe :! H f'. 3To oaHa4aeT, 4To 
/1. 12 npaKTH4eCKH 3aBHCHT flHWb OT p H p', a npH Bbi4HCfleHHH HHTer­

panoB no dP H dP' OT FJ2l MO~HO socnoflb30BaTbCR npHUflH*eHHeM 
noKanbHO~ nnoTHOCTH. Toraa nonv4aeM: 

abs frrA (k) 
B

77
A (k) = A(A- l )y ___.....-.._ 

€ 772N (K) 

171 
... ... 1 ... ... ... --> 12 ... --> ... --> 

M(K, K') "'-1Tf 172 N<K> r dry r dpdp' :t (p, p')/1. (p, k: p', k'), 
0 

rAe f 772 N - nnoTHOCTb yposHe~ AflR (rr, 2N) -cHcTeMblj K = 1,1'1 =I~ I 
HMnYflbC nHOHa B (rr, 2N)- C.4.M.j $aKTOp Y B03HHKaeT npH npeo6pa-
30BaHHH 11. 12 H3 Acrn s (rr, 2N)- C.4.M.; p2(q) - ljlypbe-o6pa3 KBaA-... ... ... 
paTa RAepHO~ nnOTHOCTH p2(r), HOpMHPOBaHHbl~ Ha 1 j q = k - k' -
nepeAaHH~~ HMnynbCj :f@,p1- KOppenR4HOHHaR $yHK4HR RCTPOBCKOrO 
THna. S o6naCTH HH3KHX aHeprH~ MO~HO HCnOflb30BaTb HepenRTHBHCT­
CKY~ KHHeMaTHKY AflR HYKJlOHa. TorAa 

.... ... ~ 
K = (k - ( :r 0 ) I (1 + f)' 

.... ... ~ 

K' = (k'- € j ~ )/ (1 +f), 

... --> 
rn H M - MaCCbl nHoHa H HyKnoHa, P0 P' - HeKoTop~e cpeAHHe 

0 

4 

) 

3Ha4eHHR AflR nOJlHbiX HMnYflbCOB n~pbl H~KJlOHO~, KO~Opt.ie Mbl 6epeM 
s npH6nH*eHHH 3aMopo>:<eHHOCTH: P0 = -k/2AH ~0 = P0 - q. HaKoHe4: 
Yf 77 A(k)/frr2N(K) = (1 +£ll(1 +2f/A), 

OrpaHH4HBaRCb s- H p-sonHaMH s (rr, 2N) -s3aHMOAe~cTBHH H 6epR 
COOTBeTCTBY~~y~ nap4HaflbHY~ BOflHY B /7/, AflR RAep C HyneBbiM 
CnHHOM H H30CnHHOM nony4HM: 

Babs (k) = A(A-l)k (1 +£) [;~(k)(B 0 (k) +ak2C
0

(k)) + 
rrA,£ (1 + 2f/A) t 

+ .B·k
2

• C0 (k) ((£+ 1);~+ 1 (k) + e r'f2_ 1(k))l(2£ + l)], = o,1,2, .... 
!81 

3Aecb Pf - naP4HanbHaR rapMOHHKa ; 2 (q), senH4HHbl a H .B B03HHKa­
~T H3-3a npeo6pa3osaHHR yrna pacceRHHR H3 c. 4. M. (rr, 2N) s Acrn: 
a = - f (l - 112A) (1 + f/2A) I (1 + l) 2 , ,B = (1 + f/2A) I (1 + f) • 

KoMnneKCHble senH4HHbl Bo H Co s AaHHO~ pa6oTe He Bbi4HCnR~TcR. 
Mbl npeAnOnaraeM, 4TO OHH nOCTORHHbl B o6naCTH HH3KHX aHeprH~, 
H 6epeM HX TaKHMH 1 4T06bl OnHCbiBaflHCb aKcnepHMeHTaflbHble AaHHble 
gnR AflHH (a 0 = lirnB 0 (k)lk, k ... o) H o6ceMos (a 1 =limB 1(k)/k3 ,k-->O) 

pacceRHHR, T.e. 

t -s B0 = y(a~xp- a~0 ), y = (a/y2rr) (1 + 2£/A) /(A(A -1)(1 + l)), 

191 

rAe napaMeTp ¢opM¢aKTopa a onpeAenReTcR H3 AaHHbiX no aneKTpoH­
HOMY pacCeRHHIO/lO/:AflR 4 He a= 1,25 <!>M. noTeH4HanbHaR CXeMa 141 

c rrN - ¢a3aMH H3 /11 I lc Bbl4eToM non~cHo~ 4acTH rrN- P 11 -son­
Hbl/ AaeT: albot = -0,078 <!>M H aP1ot = 1,436 OM. 3KcnepHMeHTanbHoe 
3Ha4eHHe AflR a~xP = I -0, 138 + i 0, 042/ ¢M B3RTO H3 1121 • AnR a 1 
HeT aKCnepHMeHTaflbHbiX AaHHbiX. noaTOMY Mbl B3RflH OAHO H3 3Ha4eHH~, 
pacC4HTaHHOe s 121 : arxp = /0,728 + iO, 1531 ¢M 3• TaKHM o6pa30M, 

nony4aeM: Bo = l-0,153 + i0,1051 <!>M 4 H c0 = 1-5,538 + i 1,1681 <llM6
• 

AaHHble napaMeTpbl, s oTnH4He oT cooTseTCTBYIO~Hx napaMeTpos, onpe­
AenRtO~Hx a6cop6THBHYIO 4aCTb onTH4ecKoro noTeH4Hana, a¢¢eKTHBHo 

Y4HTbiBaiOT HCKa>!<eHHe nHOH~O~ BOflHbl. 
C onpeAeneHHbiMH BbiWe B 0 H 60 s 18/ nposeAeH pac4eT AH¢¢e­

peH4HanbHblx H nOflHbiX Ce4eHH~ AllR (rr, 4 He)-pacceRHHR /eM. PHC.1 
H 2/. ~3 PHC. 1 BHAH0 1 4TO y4eT KaHana norno~eHHR /cnnowHaR KpH­

BaR/ n03BOflReT KOflH4eCTBeHHO OnHCaTb AH¢¢epeH4HaflbHble Ce4eHHR 
(rr, He) -pacceRHHR s oGnacTH aHeprH~ AO -50 MaS. Ha pHc. 2 pac4eT 

lcnnoWHble KpHBble/ YAOBJleTsopHTenbHO socnpoH3BOfHT AaHHble He aa-
BHCR~ero oT aHeprHH ¢aaosoro aHanHaa IQJA/ 16 ' 13 AflR aee H a tot 
npH aHeprHRX HH*e - 80 ~laS 1 3a HCKfll04eHI-1eM T04KI-1 AflR CT tot np~-1 
24 MaS. npl-1 aTO~ aHeprHH AaHHble HopA6epra-KHHCI-1 11966/ 161 HMetOT­
CR fli-1Wb AflR yrnos, 6oJlbWHX 50°. 3TO BHOCI-1T Cy~eCTBeHHYIO HeonpeAe­
neHHOCTb B ¢A. S aTO~ CBR3H Ublfll-1 6bl HHTepeCHbl HOBble aKcnepi-1MeHTbl 

5 



no ynpyro~y (rr, 4He)-pacceRHI110. Pa3JWI411e Me>KAY pacC411TaHHbiM11 HaMI1 
/14/ atot 11 aef 11 pe3ynbTaTaMI1 3aBI1CR~ero OT 3Heprl111 ~A o6cRCHReTCR 

TeM, 4To nocneAH11e oTBe4aiOT An11He (rr, 4 He)-pacceRHI1R /-0,412 + 
+ 10, 194/~M,T.e.eeni1411He,cy~eCTBeHHO OTni14HO~ OT 3KCnepi1MeHTanb­
HOrO 3Ha4eHI1R. WTpl1x-nyHKTI1POM Ha p11c. 2 yKa3aH 1/v-3aKoH I v - CKo­
POCTb nl1oHa/ Anfl nonH~X Ce4eHI1~: sepXHflfl Kpi1Bafl COOTBeTCTByeT 
Imarr4He= 0,194 ~M, a HI1>KHRR- Ima 174He = 0,042 ~M/121 , 

Haw pac4eT yKa3~saeT Ha OTKnoHeHI1e oT 1/v -3aKoHa np11 3Hep­
ri1RX, 6onbWI1X 5 M3B, 

TaKI1M o6pa3oM, nony4eHHbte pe3ynbTiHbl noATBep>:<AaiOT npi1HRToe 
Bbtwe npeAnono>KeHI1e o np116n11>KeHHOM nocTORHCTse napaMeTpos B0 
11 "Co s o6nacTI1 3Heprl1~ oT 0 AO 50 M3B. nocKonbKY 3TI1 napaMeTpbt 
npf!MbiM o6pa30M CBR3aHbl C An11HaMI1 11 06ceMaMI1 paccef!HI1fl /9/, TO 
MO>KHO ycnewHo pewaTb o6paTHYIO 3aAa4y o6 onpeAeneHI111 CAB11ros 
11 w11p11H P -op611T rr-aToMos nerKI1X RAeP 113 AaHHbiX no H113K03Hep­
reTI14ecKoMy pacceRHI110. 
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