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·B nocneµ;Hee µ;ecaT:ime.Tne B KBaHToBmi onTIIKe.oHa"IIITenbHoe BHIIMaHne 6blno.yµ;~ 

neHO TeopeTil"leCKIIM IICCneµ;oBaHirnM CBOI!CTB cJKaTbIX COCTOHHilll ane1-TpOMarHilTHOro 
. . . ~ ' '• ! " ..... . 

nomI (1]., B :3TIIX COCTOHHilHX c:eeTOBOenony:<Iemre npoaBnaeT YM~HbllleHHbl~ 110 cpaBHe-

Hmo c ypoBHeM ~µ;po6oBoro" llIYMa q>nyKTyau;m oµ;HOH ffi3 •KBaµ;paTypJil,IX _KOMIIOHeHT 

llpll COOTBeTCTBYIOIL{eM YBemI"leHillI q>nyKTyaunii conpaJKeHHOH KOMIIOHeHTbl. Ycne-
• I • . 

llIHbie aKcnepIIMeHTbl 110 reHepauuu C)IrnTbix•cocTOlIHmI B paomI"IHbIX ):IByxclioTOHHblX 

npoueccax (2] OTKpbIBaIOT nepcneKTIIBY nx 11cnon.boOBaHIIlI. ~ TaKII~ panHbl~.o6na;cTHX · 

q>IIOIIKII,KaK µ;eTeKTI1pOBaH11e rpaBIITauIIOHHbIX BOnH npII IIOMOIL{II OIITII"leCKOH UHTep­

q>epoMeTpIIII [3] II nepeµ;a"la 'oriTII"lecrmi'niH<popMaumr c ManbIMII IICKa,KeHIIHMII (4]. Ilo­

HBimacb TaKJKe Haµ;eJKµ;a, 'ITO B 6mrnm11Uiee BpeM.!I 6yµ;eT BOOMO,KHa reHepaurrn µ;pyroro 
.. •, . , . . ,. ' •. ,. 

Kna:cca COCTO.!IHllll C lipKO Bbipaa(~HHhlMII HeKnacCII"leCKIIMI! 'c:B~HCTBaMII __ . qi°oKOBCKHX 

COCTOJiii:mi aneKTJ>OMarHIITHOr~ nonlI. Heµ;aBHO 6blno ~OKa3aHO [5], 'ITO npII.l!HJKeKTH-· 

poBaHIIII B006yJKµ;eHHbIX aTOMOB B nonocTb MlmpoMaoepa. aneKTpOMaI'HllT~~e rione B 

nonocTu B proynbTaTe nocneµ;oB,:tTenbHoro nnanMoµ;eiicTBII.!I c aTOMaMII MoJKeT nepe­

xoµ;IITb B COCTOlIHiie C Ollpeµ;eneHHbIM "IIICHOil q>OTOHOB. IloMeW.alI none B q>OKOBCKOM 

COCTO.!IHIIII. Ha BXOµ;e "c,Km,~aIOIL{ero" C.BeT ycTpOHC,TBa TIIlla napaMeTpII"leCKOro yCIInII­

TCnlI, ll'.a BbIXoµ;e MOJKHO nony'.'IIITb uony"leHlle B C,I\'.~TOM q>OKOBCKOM COCTO~HIIII _(C~C). 

.CTaTIICTil"ICCKII~ II cpaooBbie cBo,iicTBa oµ;HoMoµ;oBbIX C<t>C uoy"lanIIcb B [6, .7]. B pa-

6oTe (8] 6hlnII BBeµ;eHbI µ;ByXMOµ;OBbie C<t>C u lIOY"ICHbI cTa:TIICTIIKa "IIICnll: q>OTOHOB II 

q>aoOBbie cBoiicTBa. aTIIX cocTOJIHIUI. C<t>C JIBnlIIOTC.!I cocTOJIHIIJIMil c .!IpKo. BbipaJKeH-.:. . :. , "\ . . . 
HbIMII HeKnaccu"leCKIIMil ,CBOUCTBaMil II, 110 Bcei'r Bilµ;IlMOCTII, MoryT peanIIOO~bIBaTbC.!I 

He TOnbKO µ;11.!I OIITI!"leCKIIX noneii:, HO II µ;nn 6ooe-none11 paomI"IHOlI q>IIGII"leCKOU. npn­

poµ;bI B MoneKynnpHoii: q>nmme II Teop1m KOH)J;eHCIIpoBaHHbIX cpep; [9, 10]. 
. . . , ' . 

B µ;aHHOU pa6oTe npeµ;naraeTclI ncnonbooBaHIIe C<t>C B rrpo6neMe µ;eTeKTIIpoBaHII.!I 

rpaBI!TaUIIOHHoro :imny"leHillI. PaccM0Tpem1e OCHOBaHO Ha pa6oTe XmmeHxop~Ta [11], 

B KOTOpo:ii 6binII 11ccneµ;oBaHbI KBaHTOBbIC npeµ;enbI "IYBCTBIITenbHOCTII peoOHaHCHOll 

rpaBIITaUIIOHHOil aHTeHHbI. IlpocTCIIWeII MOµ;enbIO TaKOII aHTeHHbI lIBnJieTCH naTyxa10-

.ll{llll rapMO~II"1ecK:iri'1 ocuimn.!ITOp, I!CllbITbIBaIOIL{Illl Booµ;e:iiCTBIIe ·KOpOTKilX IIMnynbco.B 

rpaBIITaUIIOHHOrO rmny"leHIIlI, paccMaTpIIBaeMbIX KaK rmacCII"leCKOe BHell!Hee BOOMyll{e­

HIIe. KnacCII:<IeCKOe ypaBHCHI!e µ;BIIlKeHUlI Tarm:ii CUCTeMbl I!MeeT BIiµ;: 

cfx mwdx 2 m-+--+mw x- -'F(t) dt:... Q dt -:.._..... , 
i O~H:;;;,i:i: .. rihitl tn,:rnrji ., 
! t:l!! ·! trn b{! ilt": :ir. ,llOIUUIGfi · 
I Sl-1·SJtf,!OTEKA ---

(1) 



rAe Mhl paccMaTpn~aeM ~C~lilIJI.!ITOp KaK CIICTeMy ABYX io'le'l:HhlX 'lRCTlU:t Maccoi1 m/2~ . 
. . . 

coeAIIHeHHI,IX CTpyHoii AJIIIHhl l, x - 11:JMeHeH11e paccT0lIHlllI Mellq:ty 'l:acTIIUaM11, Q -

q>a.KT0p, xapa.KTep1rayIOil:tllll :Ja.TyXaH11e OCUillill.!ITOpa. BcnhlllIKa rpaBIIT~llOHHOro Il:J­

Jiy'leHII.!I, npom)0llle):tllIM B IIHTepBM_BpeMeHII -T $ t $ 0, IIHAYUilpyeT CABilr 

x(t)= Re [(U; + U.)exp (-;~ -iwt)], t?: 0, (2) 

rAe U8 - KOMnliei'CHaJI 8l.mlIHTYAa, CB.m;aHHM C lI:Jlly'leHIIeM: 

• 0 

U. = __ i_ J F(t')eiwt'ewt'/2Qdt' 
mw · 

(3) 
-T 

II; U; --, K0MnlleKCHM aMillIIITYAa aHTCHHhl AO npIIX0):ta IIMilYllbCa. OnpegenUM :mep_rul°. 

CIIrHaJia KaK :meprmo, :JanaceHHYIO aHTCHHoii _B pc:JyllbTaTe B:JaII~IOgeiicTBilll C rpaBII-

TaUH0HHhlM Il:JlIY'leHneM: 

1
0 . ,( 

E. = }mw2w.12 = 2~ ~ F(t')eiwt'e"'''.f2Qdtl (4) 

Tenepb riepen):teM K KBaHTO_B<>MexaHU'IeCKOMY pacCM0TpeHilIO npo6neMbl ):teTeKTU­

pmiaHU.!I. rpaBUTaUHOHHOro UMnyiibca. J:i:nlI aToro onpep;elllIM CJieAYIOil:tllC .. ABe BepolIT-

H0CTII.. BepO.!ITHOCTbIO geTeKTIIpOBaHIIlI- Q D Ha:JOBeM aepolITH0CTb Toro, 'ITO CllrHaJI 

fihlll :Japerll.CTpllp0BaH Ilpll rimOTe:Je, 'ITO rpaBIITaUIIOHHhlll ll.MilYllbC ):tCMCTBIITCJibHO 

npuwen. BepO.!ITHOCTbIO llmirnoro curHana Qo 6YACM Ha:Jb!BaTb BCp0llTHOCTb perll.CTpa­

Uilll co6b1Tll.!I hpu rnnoTroe, 'ITO IIMilYJibca B paccMaTplrnaeMbiiI IIHTepBaJI BpCMCHII He 

fihllIO. 

PacCMOT})IIM Tenepb BO:JMOlKHbie C0CT0HH!Ill CHCTeMbl B M0MeHT Il:JMepeHIIll. IlycTb 

Po - MaTpuua IlJIOTHOCTI'I, 0ilUCb!BaIOU:tM cuc:reMy B .JTOT M0MeHT npu rIIIl0Te:Je, 'ITO 

1i:Mnynhca rpan11Tau110HHofr BOJIHbI He 6bmo. MaTpnuy nrroTHOCTU npn aJibTepHaTIIBH0Jt 

runoie:Je 060:JHa'inM Pl· 

B cny'l:ae, Kor,:ta Pou p1 onIIchIBaIOT 'IllCTbie cocTonmrn UHTeHHhI, T.e. p~ = 11/io}(t/Jol 

II. P1 = 111)(1/id, cooTH0WeHue MCiKAY BBe;:teHHb!Mll aepolITHocT~MII. (J0 11 CJv IIMeeT 

· npocToii BII,:t (11]: 

Qv= 
{ 1, 

lv'lTol,I + (1 - Qo)112c1 - 1112)11212, 

npu l,12 S QoS 1, 

npu o s Qo s hl2. 
(5) . 
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I 

rgc 1' = (iJ,0lt/•i}. 3aMcTnM, 'ITO B CJiy<me ncTcKTIIJ>0Bamrn rpaB11Ta~110HHhlX B0lIH mKu-

1:taeTclI 0'iCHb ?.laJIM BCp0IITH0CTb coGb!Tirn. IloaTOMY :JHa•1emte BeponTHOCTII· ]lQ;KHOll 

Tpeaor11 Q 0 = 0 npe;::tcTaBnncT oco6b1i'1 IIHTepec. · 

Bhl'l:IIClIIIM Tenepb MaTpIIUbl IllI0TH0CTII Po II.Pl• B Ka'l_C_CTBe rpaBIITaUIIOHHOII aH_-
·_ .. ·. . '·. ·. . . ; ..... 

TCHHbl fiYACM paccMaTplIBaTb 0)J;HOl\10)10Bbili rapll!OHll'l:CCKIII'i OCI.UllllllIT0p C 6CCKOHC'l:HO . . . : : . . : ' . - . . .· . ~ : . : : . . . ·. . ''. ·_; 

60llbllIOII goGpoTHOCTbIO Q. Torga nuIIIllbTOHl!aH pacc11mTpI1Bae11mii CIICTCMbl IIMeeT 

BIIA: 

.H = liwata + F(t)(Tt/2mw)1
(

2(at + a), ,. (6) 

rge af = (mw/2h) 1l 2x - i(2mliw) 1l 2Ji. Ilpc;:i;ntmo;,1n;:<.1~ '!To oc1.um:1JITop npi1roT0B:YeH·a 

M0MCHT BpCI\ICHII t = -T B C0CT0l!HIIII C MaTp11uc1'i Il:IOTH0CTII /Ji• ,!la:1ee, B TC'iCHl!C .. · :_ . ·-. ·,. ,, . ,, .. ._ 

BpCI\ICHII T, l'I\IY npe;:i;ocTaBll~l'TCll _Bo:n1m1,1I0CTb B:JaJ!l\!0)1<.'IICTBlll! C 1umynbcou rpa­

BIITaUIIOHH0ro 11:JlIY'ICH!llI. Er:m F(f) = () B 'lT0T IIHTt'J>B<l!I BJ)l'l\!eHII, TO npu t = 0 

COCT0l!HIIC OCU!lllllllT<>pa 6yp;eT BbIJ>mlrnTbCll <fiop111y.1oii: 

•- , -i,:"-ra ta iwra f ,a'." 
'{JO= C' · p;c · . ·' 

Ilp11 a.i1bTCpHaTiilmoi'1c11Tyauim. l(Or;::ta F(i) ¥ 0 B lllITcjii3i1..1 

cncTeMbl np11 t = 0 6y):tcT omrcbrnaTbrn 11rnTJ;inicii n:roTH<>cTii·,· 

. t . . . t. . . . . . . t ' 
Pl = e-,wTa __ n D(/1<''"'' )p;D. (/H''·""~ )l'''1'"' "•. 

(i) 

BJ>PiiJtt1i ''r,' '{Jfr'onHiie 

' ~ -,·. -:( 
~ I ,· __. • "•· 

(8) 

rAe D(1t) = exp(µa t ::...: µ*a) u /l . HOJ>MIIJ>OBtlHHaJ( :l,Cl;,!Iillci,CH,i:l! m.-iri:IIITYA,i: .. 

. 0 

/t= - I J (211tT1w)1/2 F(t')e;...,,'dt'. 
-T ·. :- -·. 

(9) 

Cpaamrnan c· (3), MhI an,:t11u, 'ITo ·11 =: ( •;,7· )1l2
[\; r;:w C,· ·; KJI,ac-n!'1ecK,U1 a11mmIT}")J,a 

c;-1emcmrn µ;nn· Q -:-:' 00. J:i:nn ;mepruu e11rHa.1a E., no:ry•rnt'l\1, qicip11y:iy: 

1 21 2 12 E. = 2')/w u.,I =::: t,..._,,,1 , . '(10)' 

· Mcnonb:JYll <fiopi!YlIY 

c-i""'~ t (I D(/t)eiwTu t" = D(/it•-i..;r ). (11) 

ncpemIWCM (8) a BII)J;c: 
• ~·::.(;.{_._!• ., -· .. 'r 

.. ·{.: 
P1 = D(/1 )puD t (/1 ). (12) 

3 



• 
Bhl6epeM Tenepb B Ka'ieCTBe HR'iaJibHoro COCTOJIHUJI RHTeHHhl c;i..aToe q>OKOBCKOe 

cocTOHHue ( C<l>C): 

11/Ji) = e;..,,at asmln), (13) 

rp;e S{~) = exp (½~•a2 - ½~at2] - onepaTop ca.aTnJI, a KOMmieKcHoe 'iUcno •~ = re2i9 

:1ap;aeT aMnnuTygy u qiany, camTIUI nonH. Ilpu t = 0 UMeeM: 

IT/Jo)= e-iwTatal1h) = smln), {14) 

II, cneµ;oBaTeJibHO, Po= S(Oln)(nlstw It Pl= D(µ)S({)ln){nlSt ({)Dt(µ). Bhl'iUCJIUM 

Tenepb nenu'IIIHY ,. llcnonb:1yJI qiopMynhl 

nony'iaeM: 

st aS = a cosh ·r + at e2i9 sinh r, 

·stats = at coshr+ae..:2;9 sinhr, 

1 = (nlSt ({)D(µ)S({)ln) = (nlD(µ cosh r - µ*e2i
8 sinhr)ln). 

{15) 

(16) 

BocnOJib:JOBaBUillCb ll:JBeCTHOit q>opMynou p;JIII MaTpll'iHh!X aneMeHTOB onepaTopa _CMe­

lllCHlllI B 6annce q>OKOBCK~X COCTO-l!Hllll [12) 

. - - 1 (·m')l/2 
(mlD(µ)ln) = exp {-21µ12} ni (,--µ•t-m L!,:'-ml(lµl2), p;nJI m :$ n, . (17) 

rp;e L!:-ml(x) ::- npncoeµ;1meHHhle pommoMhl Jiareppa, npirxoµ;nM K cneµ;y10meii: q>op­

Myne: 

, = Ln [iµl2(coshr+sinhrcos2(ef,-6})] 

x exp {-:-~lµl 2(cosh2r + sinh2rcos2(4>- 8)) }, µ = lµliil>. (18) 

Tenepb MOiKHO ltCllOJib:JOBaTb ypanH-emre ( 5) p;nJI Bhl'illCJieHUJI BepoJITHOCTll p;eTeKTll~ 

poBaHUH Qv. B cny'iae Q0 = 0 nMeeM 

Qv = 1 - exp { -·:~ (cosh2r + sinh2rcos2(ef,- 8))} 

x [Ln (:; (cos~2r + s;nh 2rcos2(ef, - 8))) r (19) 

3aMeTitM, 'ITO q>ana ef, n ypanHeHitll (19) JIBJIHeTCJI <PYHKU1teii: npeMemi npuxoµ;a II q>opMh! 

HMnynbca rpaBttTaunoHHoii: B0JIHbI. IloKa MbI npeµ;no_naranu, 'ITO oHa HaM u:1BeCTHa. Ha 

4 

/. 

I~ 
j 
I( 

l, 
\' 

(lJ 
i, 

npaKTIIKe ;no npeµ;nono,Kemte JIBJIJieTCJI HeKoppeKTHhlM, II noaTO!'dY Heo6xoµ;uMo npouH-

TerpIIpOBRTb no BCeM B03MOiKHh!M 3HR'ieHltJIM q>anhl. M1m1tMaJibHYIO aHepr1t10 CllrHana 

Emim · KOTOphln cnoco6Ha p;eTeKTitpoBaTb aHTeHHa, onpep;enuM cneµ;y10iu1tM o6panoM: 

p;nH Qo := 0 MRKCUM1raupy~M Qv II Haitp;eM MltHIIMMbHYIO aHepr1t10 cnrHana, TaKYIO, 

'ITO nepoHTHOCTb p;eTeKTxtpOBaHitJI ·panHa no MeHbmeii: Mepe 50% p;nH ncex E. ~ Emin· • 

Torµ;a p;mI · Emin nony<iaeM ypanHeHue: 

2,r i = j(def,/2,r)exp{-~n(cosh2~+sinh2rcos2{ef,-8))} 
0 . 

x [Ln ( E,=:n (cosh2r + sinh2r cos2(ef, - 8))) r ' {20) 

Ha pnc. I npeµ;cTaBJieHbI rpaq>IIKU 3aBUCm,mcTlt MUHllMaJlbHOro p;eTeKTupye~oro cu-. . . -- .. 
rHana Emin OT q>aKTopa c:iKRTUJI a = exp( -r) p;nn panmt'iHbIX 3Ha'iemrii: napaMeTpa n 

('IuCJia KBRHTOB llOJIJI B q>OKOBCKOM CO?T0JIHllll HR nxoµ;e "cn~UMRIOIJ.lero" ycTpOHCTBa). 

3aMeTUM, 'ITO 3HR'ieHue n = 0 COOTBeTCTByeT npuroTOBJieHitlO aHTCHHbI B COCTOJIHltll 

c:amToro BaKyyMa. KaK 6bino noKanaHo XonneHxopcTOM, p;nn -i:_aKux cocTollHUH noBhI­

i:nemre 'iYBCTBHTeJibH()CTll p;eTeKTOpa µ;ocTuraeTCH yBeJilt'ieHiteM CTeneHll C)KRTIIH nonH. 

Op;HaKo·reHepan;1u noneii: c c1mhHhIM c:amTneM npep;cTaBnHeT co6oii:_p;oBonbHO cno:amyro 

TexHH'ieCKYIO npo6~e~y. ll:1 pnc. I Bllp;Ho, 'ITO IlOBbIWeHUH 'iYBCTBllTeJibHOCTll p;eTeK-
• • ', I ' 

TOpa MO)I(HO µ;o6UTbCH He TOJibKO :la C'ieT yBeJIU'ieHnH CTenemt C)I(RTltH nonH, HO 11 :la 

C'ieT YBeJIU'ieHHJI napaMeTpa n. 8To cornacyeTCll c proynbTRTaMlt pa6oT Bpar1tHCKOro, 

B K0TOpbIX HR OCHOBaHllU npuHn;una Heonpep;eneHHOCTU 6bIJIO ll0Ka3aHO, 'ITO npuroT0-

_Bnemre aHT_eHHbI. B co6cTBeHHbIX aHepreTU'ieCKUX C0CT0JIHIIJIX llO:JB0JIJieT ll0HlliKRTb 

nopor p;eTeKTllpOBaHllJI CltrHana 3a C'ieT yBeJilt'ieHIUI Bo:::i6y)I(p;eHIIJI OCUllJIJIJIT0pa [13): 

_TaK, npu ucnonh:loBaHuu BMecTo C)KaToro BaKYYMa C<t>C c n = 1, 'iYBCTBUTenhH0CTb 

AeTeKTopa Bo:::ipacTaeT Ha nopnp;oK. ,IlanbHeii:mee yBenn'ieHne n npunoµ;nT He K CTOJib 

6bicTpOMY B03pacTaHllIO 'iYBCTBUTeJibH0CTll, 

TaKHM o6panoM, llCll0Jib30BaHUe B Ka'ieCTBe HR'iaJibHOro COCTOHHllJI p;eTeKTopa C)Ka­

TOI'O.q>OKOBCKOro C0CT0JIHllJI ll0:JB0JIJieT Oil.TllMMbHbIM o6pa30M p;o61tTbCJI Tpe6yeMOH 

'iYBCTBUTeJThHOCTlt p;eTeKT0pa KOM6IIHltp0BaHlleM CTeneHU C)KRTltH lI B036y)I(µ;eHltH onpe­

µ;eneHHoro 'illCJIR KBRHT0B 0Cil;lllllIJIT0pa. 
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.•. _P111;.' 1:. ~aBUCIIM~~TI, ,.Bena~um,i M~HIIManbHoro p;e:reKTHpyeM0I'0 rnrmma -E.nin ( B. C)J;II­

. ·::inu~ax 1i_w) <_>T <I>~:ropa, _c,KaT~m a == exp(-r) p;n.11 panJIH'IHbIX nHa'Iemnr •mcnc1 KBaHTOB 

rron.11,.ri B_ Ha'JanbH0M q>OKOBCKOM _COCT0.II~Im 
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