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BBenenne

B cOopHuke crarteil omucaH MOAXOM AJIS PEIICHUS KBAaHTOBBIX 3a/1a
Ha OCHOBE (PM3WYECKHX TEPEeMEHHBIX B IIPEACTABICHHH IUIOTHOCTH
BEPOSATHOCTH. DTH PE3yNIbTaThl CPAaBHHUBAINCH C BOJHOBBHIMH pEIICHISIMH Ha
ocHOBe ypaBHeHus lllpegmHrepa, dYTO TMO3BOJWIO YCTPAHHUTH  PSX
MPOTHBOPEYHHA MEXIY Pa3HBIMH MOIXOAaMH H MOIyYUTH HOBBIC PE3yJIbTATHI,
B YAaCTHOCTH, YTOYHHUTHh BBIPAXKCHUS IS KBAJPYMOJbHBIX MOMEHTOB aTOMOB
BOZOPOJa, HECKOJBKO IMO-MHOMY MPEICTaBUTh CIMUH KBAHTOBBIX YacCTHI] U
MOCJEN0BaTeNIbHO, HAa  HAll B34,  Ipefcka3aTb  BO3MOXHOCTb
CYIIECTBOBaHUS Cy0aTOMOB BOJIOPOAA.

Cy0aToM BOiOpO/a 3TO KBAaHTOBAsl CUCTEMa U3 MPOTOHA U 3JIEKTPOHA
B OCHOBHOM COCTOSHMHM, OTJIMYAIOIIHECs OT TPAaJUIMOHHOTO BOAOPOAA TEM,
9TO 3TO 0OOJee «KOMITAKTHas» CHUCTeMa. TakuWe YacTHIBl NPAKTHYCCKH He
MOTYT CYIIECTBOBaTh CBOOOIHO, MPHONIKAsCh K IPYTHM YacTHIAM B TOM
4ucue, 3apsOKCHHBIM Ha JOCTaTOYHO OJNM3KHE pPACCTOSHUS, OHH  MOTYT
BCTYIIaTh C HUMH B sifiepHBIe peakiun. CyIecTBOBaHUE Cy0aTOMOB BOIOpOaa
(3T0 MOTYT OBITH W CyOAaTOMBI IeHTepHs) SBISETCS, BO3MOXKHO, OTHOW W3
OPUYAH  OOBACHSIOMIMX  JKCIIEPUMEHTAIbHO  JOKa3aHHYI  SACPHYIO
TPAHCMYTAIIHIO SJIEMEHTOB.

IMombop crateit cienan Tak, 4To ObI MOCIIEOBATEILHO TOKA3aTh, YTO
¢dopmyna ne bpoitns, BbicKkazaHHass B BHJE THIIOTE3bl M CBS3bIBAIOIIAS
COOCTBEHHYIO MAacCy KBaHTOBBIX YacTHI[ C KBAaHTOBOW YaCTOTOW KOJCOaHUIA,
sBJsieTCs (PyHAaMEHTAIbHBIM COOTHOILIEHUEM MPUPOJIBI. DKCIIEPUMEHTAIBHOE
JIOKA3aTelnbCTBO  CYIIECTBOBAaHMSA  CyOaTOMOB  BOJIOpOJIA  SBISCTCA
MOATBEPIKIICHIEM 3TOTO YTBEPIKICHHUS.

[epBoe m3ganne «CybaToMbl Boopoay ocymectrieHo B 2016 roxy
B mparenscTBe «LAMBERT» ¢ B0300HOBISIEMBIM THpPaXXOM II0 Mepe
3alpoCcOB. YUHWTHIBas BBICOKHE €BPOICHCKHE [EHBl Ha KHHUTH, MPEIIPUHATO
BTOpOE W TpeThe m3naHWe B Poccum B m3matenbcTBe «M3maTembCKUil oM
Axanemun EcrecTBo3HaHUS» Ui OONbIIEH TOCTYMHOCTH OpOIIIOPBI IS
CTYACHTOB M AaclMpaHTOB TMojx Ha3BaHHeM «Cy0aTOMHBIE COCTOSHHUS
Bozopoaay, 2016 u «Atom Bomopoaa. Uto HoBoro?», 2017. B uzganus 6bimu
BHECEHBI HCIPABJICHUS U JOMOJHUTEIbHBIE MAaTEPHATIBL.

Hacrosmee  w3maHme  OTiAM4aeTcs  HECKOJIBKO  M3MEHEHHBIM
ONMCaHWEM TIPEACTaBICHUS O CYOAaTOMHBIX COCTOSHHSIX BOJOPOAAa W
Mpe/iCTaBJICHHUEM HOBBIX JKCIIEPUMECHTATBHBIX HCCIICIOBaHHUI B
OMOJIOrMYeCKUX CHCTEMax 110 0OHapyXEHHUI0 Cy0aTOMOB BOJIOPO/A.

Hacrosimmee w3manuwe sBisieTcss mepepabOTKOW M JIONOJHEHHEM
coopHuka crateid «Cy0aTOMBI BOIOpPOJAa B TEXHHYCCKHX M OHMOJIOTHYECKUX
cucremaxy, 2019 r.



I'nasa 1. UcTopus Bonpoca

B mHawane mnpommoro Beka ObUIM TpOAENaHbl SKCIEPHUMEHTHI,
pe3yJIbTaThl KOTOPBIX HE YKJIAJBIBAIUCH B MOHATHS KJIACCUUECKON (QH3UKU U
KOTOpBIE TPHUBEIM II0 CYIIECTBY K POXJICHHIO KBaHTOBOM ¢u3uku. B
KBaHTOBOM MeXaHUKE ObUIO BBEICHO IOHATHE BOJHOBOW (DYHKIMH, KOTOpas
HETIOCPEJICTBEHHO HE HMeeT (HM3MYECKOTO CMbICIa, HO, TEM HE MEHEe,
MO3BOJISIET ONHUCATh SBOJIOIMIO KBAaHTOBBIX CHCTEM BO BPEMEHHM, a KBajpat
MOJyJISl BOJHOBOW (DYHKIMM HMEET CMBICI IPOCTPAHCTBEHHO-BPEMEHHOTO
pacmpeneneHns IOTHOCTH BEPOSITHOCTH 3TOH CHCTEMBI.

HanGonbiree 9mcino BONPOCOB BBI3BIBAECT H3JI0KEHHE KBAHTOBOH
MEXaHUKU HHOUHUTHOrO ABMWXEHUs 4acThl. C Kakoil Obl OOIIHOCTHIO HE
MBITAINCH NOTy4uTh ypaBHeHue Illpeaunrepa [1, 2], Bce cBOOUTCSA K OAHOMY
(mo Ulpenunrepy). B3saTo kimaccuueckoe BbIpakeHUE IJIsl dHEpruu  E
CBOOOJTHOM YaCTHIIBI 711, KOTOPAsi IBUTACTCS C UMITYJIECOM p

E:p2/2m (1.1)

1 HanucaHo audepeHIuaIbHOe YPAaBHCHHUE Ha SI3bIKE IJIOCKUX BOJH
Jie Bpotst 1151 TaKOro BBIPAXKEHUS.
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B pesynprate moisiyuaercs ypaBHeHue LlpenuHrepa nnsi cBOJHOU
YACTHIBI, KOTOPOEe ¢ MOMOUIb0 BOnHOBON (ynkuuu V¥ omuceiBaer eé
3BOJIIOLUIO B IPOCTPAHCTBE U BPEMEHH.
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ypaBHeHI/Ie I_I_Ipezerepa SBIIACTCA KOMIIJICKCHBIM, eMy
COOTBETCTBYIOT ABa JNCHCTBUTEIIBHBIX YpaBHCHUA. BonnoBas q)yHKHI/Iﬂ TaKXC
SIBIISICTCS.  KOMILIEKCHOM ", KaK YK€ TOBOPHJIOCH, HE HMCCT (1)1431/1%01(01‘0
cMbiciia. PU3HUYECKUM CMBICIT UMEET INIOTHOCTh BEPOATHOCTH, COOCTBEHHO OHA
OIMMUCBIBACT 3BOJJIIOIUIO YAaCTUIIBI B IIPOCTPAHCTBE U BPEMCHHU.

pF. =¥ (1.4)

rae W *- apnserca KoMIUIEKCHO conmpsikeHHON (yHKIHMEN.

U 3xeck Bo3HHKaeT mepBoe npotuBopeune. [loncrapmss (1.2) B (1.4)
HOJIy4aeM, 4TO ILIOTHOCTh BEPOATHOCTH CBOOOIHOM YacTHLBI IOCTOSHHA BO
BCEM IIPOCTpaHCTBE. DTO HeOObsACHUMBIN (akT. [lomydyaercs 4To, IIOTHOCTH

BEPOSATHOCTH JIsi CBOOOJHOM YaCTUIBI, JBUKYLIEHCS ¢ uMmmyiabcoM P, He
3aBHCUT OT KOOPJHMHAT U BPEMEHH, TO €CTh SBISACTCA MOCTOSHHOW BO BCEM
MPOCTpPaHCTBE. DTO MPOTUBOPEUUT 3KCIIEPHUMEHTAIBHBIM AaHHBIM. IlombiTka
BOCTIOJIb30BAaThCA NMIPUHIIUIIOM CYIIEPIIO3UIIMU U CO3/1aTh BOJHOBOW MakeT HU K
yeMy He TIpHBela. BoJHOBONM makeT pacIuIbIBaeTCs B IPOCTPAHCTBE U
BPEMEHH. B CBf3M C 3TUM OIWH M3 COBPEMEHHBIX CIIOCOOOB pELICHUS
KBAaHTOBBIX 3a7ad HWH(OUHUTHOTO [BIDKCHHS 3aKJIIOYaeTCs B OIHCAHUH
JBIDKCHUS] KBAHTOBBIX YaCTHII C TIOMOIIBIO OTHOAfONIeH BOJHOBOTO ITaKeTa Ha
XapaKTepHBIX pa3Mepax M BPEMEHAaX MHOTO MEHBIIMX YeM I1apaMeTphl
pacIuIbIBaHMS TTAKETa.

CoOOCTBEHHO C 3TOrO HAYMHAIOTCS (aKThl, JEKAlIMe B OIHMCAHWUHU
MHQUHUTHOTO ABIDKEHHS B KBAaHTOBOW MEXaHHKE M HE MOHATHIE 10 CHX HOp.
Ha namr B3risia, ogHOW M3 MPHUYHMH TAaKOTO IMOJIOXKEHMS SIBJISETCS TO, YTO HA
3ape 3apO’KACHUS KBAaHTOBOH MEXaHMKH OTKA3aJHCh OT OIMCAHMSA KBAaHTOBBIX
CHCTEM C MOMOUIBIO (PU3UUECKUX BEIMYHH. DTO Joporas IulaTa 3a BBEJCHHUE
uedusuueckoir ¢Qynkuun V. Jlemo B TOM, UYTO NpH HUHTEpHpETAUH
KBAHTOBOW MEXaHUKH B (DH3UUECKUX MEPEMEHHBIX Oe3 ucrnoib3oBanus ¥
MOJKHO HeE TOJIbKO NMPOJBUHYTHCS B IIPEOI0JICHIH ITPOTHBOPEUNH, UMEIOIUXCS
B KBaHTOBOW MEXaHWKH, HO M MNpeACKa3aTh HOBbIe (u3uyeckue dPPEeKThl U
9KCHEPUMEHTAIBHO JJOKA3aTh HX.

Kak okazamoce mocie mnyOmukanuu O. IlpemuHrepomM cBOero
ypaBHEHHs, Ha 3Ty TeMmy OTKiIukHyiacs E. Manenmyar u B 1926 romy
OIyOJMKOBaJ ypaBHEHHS MABIDKCHHWS KBAaHTOBOM dYacTHIBI B (pH3MUECKHX
HNEPEMEHHBIX, KOTOPbIE UMENU KBa3sUTuApoguHaMudeckuil Bu. OIHO U3 OBYX
YpaBHEHHI OKa3aJIoCh HEITMHEHHBIM. Packoman Bcio 3Ty OmbOmuorpadwuro /1.
Bowm, amepukaHckuii pu3nK, KOTOPBIHA B 50-X rogax BHEC 3HAUMTENBHBIIN BKIIa]
B pa3BUTHE KBAa3HUTUAPOJUHAMUYECKOTO OMUCAHUS KBAHTOBBIX cucTeM [3, 4].
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C Tex Nop HENUHEWHBI METOJ| ONUCAHMS JBUKEHUS KBAHTOBBIX YAaCTHUI[ C
MOMOIIBIO BEJIMYUH, HWMEIOMMX (U3MYECKUIl CMBICH, HWCIIOJIb30BAJICS IS
pelieHus psAa KBAHTOBBIX 3ajad. Hampumep, Hpu UYUCIEHHBIX pacueTax
paccesiHUsl KBaHTOBBIX YacTHI[ OKa3aJloch Ooiiee YAOOHBIM HCIIOJIB30BAThH
KBa3UTHAPOJUMHAMUUECKoe onucanue [5]. B koHeuHOM cueTe, UCMOIb30BAHUE
KBa3UTUAPOJUHAMUYECKOrO0 OIMCAHMs OINpaBAaHO, €CIH IOJyYeHBI HOBBIE
pE3yabTaThl, KOTOPHIE MOATBEPKAAIOTCS SKCIIEPHUMEHTAIBHO WM MOTYT UMETh
SKCIEPUMEHTANBHOE MOATBEPKICHHUE.

Bo3MoOXHO, OmHOW W3 NPHUYMH TOrO, 4YTO HE «IPHKHIOCH»
KBa3UTHUAPOJUHAMUYECKOE OINHCAHME, SBIIETCS TO, YTO OJHO M3 ypaBHEHHH
ABISIETCA HEIMHEHHBIM, KOTOPOE BeChbMa TPYJHO pEIlaThb AHATUTHYECKH.
BrpodeM, B KBaHTOBOM MeXaHHMKE HE MHOTO PEIICHHBIX aHAJUTUYECKH 3ajay
Jlayke ¢ UCIO0JIb30BaHNEM JIMHEHHOro ypaBHeHus lllpenunrepa.

ITouck He TPUBHANBHBIX PELICHUH /11 HHOUHATHBIX OJHOYACTHYHBIX
COCTOSHUI MpuBel Hac K peuieHusaM ypaBHeHus IlIpenunrepa B
KBa3UTHAPOJMHAMUYECKOM BuAe. KBaHTOBBIE  KBa3sHUTHAPOJUHAMUYECKHE
yYpaBHEHHs IMO3BOJIIIOT ONHMCHIBATH IOCIENOBATEIbHO HWH(MUHUTHBIE |
(MHNTHBIE COCTOSIHUS KBAaHTOBBIX YacTHI. [Ipn HEOOXOAMMOCTH MOTydIECHHbIE
pe3yabTaThl MOJKHO YJOCTOBEPUTH C IOMOIIBIO TPAAULHOHHBIX PELICHHI
YpaBHEHUH [lpenunrepa. Ob6pareHne K KBaHTOBBIM
KBa3TMIPOJVMHAMUYECKAM  YPaBHCHUSIM €  (U3MUCCKHMH  BEIMYHMHAMH
MO3BOJISIIOT HECKOJIBKO MHAYE B3IVIAHYTh HA JABHO M3BECTHBIE PE3YNbTATHI AJIS
OJTHOYACTUYHBIX HHOUHUTHBIX COCTOSTHUM.

OmnucaHye KBaHTOBBIX CHCTEM C TIOMOIIBIO KBa3UTHIPOJHHAMHYECKUX
ypaBHEHUl Oy/ieM Ha3bIBaTh MPEACTABICHUEM IUIOTHOCTH BEPOSTHOCTH U, KaK
MOKAa3bIBAaeT OITBIT, KBAHTOBBIE 33/1a4M HY>KHO pelIaTh B JABYX MPEICTABICHHUAX:
C TMOMOIIBIO BOJHOBBIX (PYHKIMI M C IOMOIIBbIO HPEICTABICHUS IUIOTHOCTU
BEPOSITHOCTH. Takoil MoAXod, B KOHEYHOM CcdYeTe, IO3BOJIMI IIpercKas3aTh
CYIIIECTBOBAHUS Cy0aTOMOB BOJIOPOIA.

Jlurepatypa

1. baoxunnes /.M. OcHoBbl KBaHTOBOW MexaHWku. M.: M3a. Hayka
1976. 664 c.

2. Jlammay JLJ., Jlubmwmy E.M. KsaHnToBas  MexaHHUKa.
Hepenstusuctckas teopust. M.: ['mz. ®MIL. 1963. 702 c.

3. Bompochkl NpUYMHHOCTH B KBaHTOBOW MexaHmke. CO. mepeBoJIOB
nox pen. S.I1. Tepneukoro u A.A. I'ycera. M.: JI 1955r. C. 34.

4. Ghosh S.K., Deb B. M. Physics Reports (Review Section of
Physics Letters). 92 No 1 (1982).

5. AnexceeB b.B., AbakymoB A.M. O06 ogHOM IOJXOJE K PEIICHUIO
ypaBHenus lpenunrepa. oxnanel Akagemun Hayk. T. 262, C. 1100. 1982.
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I'naBa 2. Ilosinas 3Heprusi ¥ BOJIHOBasi QyHKIUsI CBOOOIHOM YacTHUBbI [2]

K COXKaJICHUIO, HEPCIAKO B yqe6HI/IKaX M0 KBAHTOBOM MeEXaHHUKE
BBIPAXKCHUEM UL MOJIHOM OHEPrun CBO6OI[HOI>1 HaCcTUIbI CUUTACTCA q)opMyna:

E=p°/2m @.1)

Opnnako 3Ta (GopMyIIa ONMHICHIBAET TOJBKO SHEPTHIO IIOCTYNATEIBHOTO
IBIKEHHS YacTWIbl. YacThma coBepllaeT OJHOBPEMEHHO eI KBaHTOBOE
IBIDKCHHE M 9TO €€ HEOTHEMIIEMOE CBOMCTBO, B KAKHX OBl OHAa COCTOSHHAX HE
HaXOIMJIAacCh — (PMHUTHBIX WM HEMHQHUHUTHBIX. TakuM oOpa3om, cBOOOmHAsS
YacTHIa OJHOBPEMEHHO Y4YacTBYeT B IBYX MABIKCHHAX («KOPIYCKYJSPHO-
BOJIHOBOHM JyajIM3M») U Ka)KIAOMY JIBIKCHHIO JTOJDKHA COOTBETCTBOBATH CBOS
SHEPIHS.

Ilycts omepatop I'ammiibToHa 4YacTULbl Macchl m, COBEpIIANOLICH
cBOOOIHOE IBUKEHHE UMEET BU/:

H=(F)/2m 22

B KkBaHTOBOW MEXaHUKE OTOBOPUJIMCH M MPUHSIIA, YTO PEaTbHOU
(hU3MUeCKOil BEIUYMHE COOTBETCTBYCT KBAHTOBOMEXAHHYECKOEC CpEIHEEe OT
COOTBETCTBYIOIIETO oneparopa. Torna sHeprus 4acTULlbl pPaBHA:

AN /\2

E=(H)={p)/2m=(p) 1 2m+(() )/ 2m 2.3)

E=(f)=[v e ((F-(B))= ()

MoxHO BUACTH, YTO KBAHTOBAA 4aCcTHUlla OJTHOBPEMEHHO Y4YaCTBYET B
JABYX AOBWXCHHUAX: COBEpHIad IMOCTYINATCIBHOC AIBUXCHHUE C KHHETHYECKOMN
SHeprueu

E, =(p) /2m



U YACTO KBAaHTOBOE JBI)KEHUE C YHEPIUeil KBAHTOBON HEJOKABHOCTH
JIBIDKEHUS, 00YCIIOBJICHHON (PIIYKTYallMsIMH UMITYJIbCa

=((&p) )/ 2m

Takum o6pazom,
E=FE, +0¢ (2.4)

Kakoii BU NODKHA UMETh BOJHOBAst (YHKIMS CBOOOIHOMN YacTHIIBI C
sHeprueit (2.4)? Vicnonb3yeM NpUHINI CYNEepHO3UIIUN KBAHTOBBIX COCTOSIHUI
JUIA 9acTHUIIBI, YIaCTBYIOIIEH OJHOBPEMEHHO B ABYX JBIDKCHUSX, M 3allHIIeM
BOJIHOBYIO (DYHKIIMIO B BHJIE:

[p i(pr-Ept) i(pyF—Eyt)
Y(r,t)= 5 Ole h

+e
(2.5)
Ilomoxum:
p)=\p,+p,)/ 2 o (= -
(p)=(p.+ 1) Ap=(p, - P,)/ 2
Z/2m E,=p3/2m E=(E,+E,))/2

O06o03HaunM ):[anee<p>=p. Tornpa IUIOTHOCTH  BEPOSITHOCTH

CcBOOOJTHON YACTHIIBI, COBEpUIAONICH HHOWHUTHOE NBIKCHUE, OyIeT MMETh
BHI:

p(F,t)=p,cos’ P htp/m (2.6)

3HGCL npeanojgaracrcs, 4To HadaljlbHas (1)33& BOJIHBI paBHa HYJIIO.
TOFHa OAMH U3 MAKCUMYMOB TIJIOTHOCTH BCPOATHOCTU COBHAAACT C
KIIAaCCUYCCKUM MECTOIIOJIOKEHUEM YaCTHUIbI, U 3TOT LHCHTP MEPEMCUIACTCA B

MMPOCTPAHCTBE C UMITYJIbCOM p . Ucnonp3oBaHue OOJBIIErO YKCIA BOJTHOBBIX
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GyHKOMA A0S HalMCAaHUS  CYNEPIIO3MIMM, ONKCBHIBAIOIICH  JBIDKCHUE
cBOOOJHON 4acTHULBI, IPUBOJAUT K U3BECTHOHU NpobieMe - pacIUIbIBaHUIO O B
MPOCTPAHCTBE CO BPEMEHEM ISl Kaxaoi dactuipl. [IpuHumas obo3HaueHUs
JUISL TIOJTHOM SHEPTUH YacTHIBI £ U CPEAHEr0 UMITYJIbCca p BOJHOBYIO (DYHKINIO
4acTUIBE! 13 POPMYIHI (2.5) MOXKHO IpeoOpa3oBaTh K BUAY:

i( pr—Et)

e
h 2.7)

PG —tp/m

Y(7,t)= \/FOCOS(

@opmyna (2.7) mnokasplBaeT, YTO aMIUINTyJa IUIOCKON BOJIHBI
MOJIyJTUPYETCS] TAPMOHUYECKOM (yHKIHEH U e€ MAaKCUMYM PaclpoCTPaHICTCs
B IPOCTPAHCTBE C KIACCHYECKOM CKOpocThio p/m. Ilepuon ocrumisiuit
aMIUTUTYABI B NMPOCTPAHCTBE MOJYUHAETCA CIEAYIOUIMM COOTHOIIEHHSIM JUIS
71000T0 MOMEHTA BPEMEHHU:

op,-x=27h, Op,-Ov=2mh, Op_ - -6z=2rh

He TpynHo yGemuThbesi, 4TO MOJACTaHOBKA BOJIHOBOW (yHkuuu (2.7) B
ypaBaenue lllpenunrepa st cBOOOJHOM YacTHMIBI JAeT BBIPAXKEHHE IS
MOJTHOM SHEPTHH YacTHUIbI B BUC opmyisr (2.3) win (2.4).

Janee mokakeM, YTO BBIpaKEHHE JUIS IJIOTHOCTH BEPOATHOCTH
cBOOOSHON YacTHIbl (2.6) SABIAETCS aHATUTHUYECKUM PEIICHHEM KBAaHTOBBIX
KBa3UTHIPOJHMHAMHYECKUX YPaBHCHUH.

B ofOmem ciydae BOJNHA IDIOTHOCTH BEPOSTHOCTH CBOOOJHOM
gacTump! (2.6) coBepmiaeT MPOMOIBHO-TIONEPEYHBIE KOIEOaHHsS C BOJIHOBBIM
BEKTOPOM

k=&p/h, (2.8)

JacTOTOH

w=(PH/h)(p/m)=kv 2.9)

U JIMHEHHBIM 3aKOHOM JUCIEPCHH, UTO CylecTBeHHO. C e€ moMouIbto
KaueCTBEHHO MOXXHO OOBSCHHUTH M3BECTHBIE AKCIIEPUMEHTAIIbHBIEC PE3YIIbTAThI
M0 MHTEP(EPEHINN YacTUIIbl CaMOH ¢ COOOI NP MPOXOXKJICHUH JBYX ILEIeH
[1]. 3amerum, wuro B MoHorpadpum [1] Tpm  HHTepHperanuu
uHTEepPEPEHIIMOHHON KapTHHBI Ha SKpaHEe MpeasaracTcs CyNepIo3nIs IBYyX
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BOJIHOBBIX ~ (DyHKUIMH (IOCJIE TPOXOXKICHWS ILeNei) s OmMcaHus
MH(OUHUTHOTO JBIKEHUS OTJEIBHON KBAHTOBOM YaCTHIIBI.

3aKOH COXpaHEHHMsI SHEPTUH ABMXECHUsI ISl CBOOOAHBIX dyacThll (2.4)
¢ moMouIbio (2.6) MOXKHO 3alMCcaTh B CIEAYIOLEM BUIE:

E=E, +(hk)’/2m,

E=E, +(hw/2)(ho/2E,)+1’k: /2m 2.10)

rac kL - rnomnepeyHa COCTaBJIArOIIast BOJIHOBOI'O BEKTOpa

OTHOCUTCJIFHO HAampaBJCHHsS IBIKECHHSA. MOXHO BHJACTb, YTO KBAaHTOBAs
COCTABIISIFOLIAS. SHEPTHH CBOOOJHOTO JBMKCHHUS YAaCTUIBI MMEET BOJHOBYIO
OpUPOAY W CBA3aHAa C OSHEPrueil KBAaHTOBBIX KOJICOAHWH IUIOTHOCTH
BEPOSATHOCTH. 3aMETHM, 4YTO TapMOHHYECKHE KOJIeOaHUS IUIOTHOCTH
BEPOSATHOCTH B COOTBETCTBHH ¢ (opmymnamu (2.6) u (2.9) mpoucxomsar Ha
YIBOEHHOU 4acToTe.

Ecnmu He yuuTHIBaTh IIONEPEYHYIO COCTABIISIOIYIO (uykTyarmid

HUMITYyJIbCa kJ_ZO N TIIOJIOKUTb, YTO KBAHTOBAsA COCTABJIAIOLIASA OSHCPIHUU

JABWIKCHUS paBHaA KAHETHICCKOM OHEPrun Ek = ha)/2 , TO TOJiyd4acM

MPEIKHUEC NOCTYJIAThL KBaHTOBOM MEXaHUKH JJIA 9aCTHll C HeHyJ’ICBOﬁ MacCOH.

E=hw P =nhk

Otu dopmyiasl B coorBeTcTBHE C (2.10) ONMKMCHIBAIOT BO3MOYKHBIM
YaCTHBIN cilyyail.

Jlurepatypa

1. ®usuka kBantoBoil uHpopmammu. [log pen. . Boymeiictepa,
A.Okepra, A.llaitmuarepa. (M.: IToctmapker. 2002) c.18. (The Physics of
Quantum Information edited by D. Bouwmeester, A. Ekert, A. Zeilinger.
Springer-Verlag Berlin Heidelberg 2000).

2. Hepomma B.K. OO0 3Hepruu ABWKEHUS CBOOOIHBIX KBAHTOBBIX
YacTHI] B pa3pexXeHHbIX Mmydkax. KypHan umxeHepHas ¢pusuka. 2009. Ne5 C. 20.

11



I'naBa 3. YpaBHeHuUSs IBM:KeHHS KBAHTOBOI
MEXaHHKH ¢ GU3MYeCKUMH NepeMeHHbIMHU

3anuiieM — ypaBHEHUS  JBWXKEGHUS  KBAaHTOBOM  MEXaHUKH B
KBasUTUApPOAMHAMHUYECKOM BHJe. Kak yxke paHee ObUIO CKa3aHO, IO-
BUIMMOMY, BHadaie ux omyosmukoBan E. Manenynr B 1926r. Bcien 3a
O.Mpenuarepom, a B 50-x romax 1. bowm [1, 2].

Bocrone3yemess  cramapTHeiM  ypaBHeHueM Ilpéamurepa s
JOBIDKCHUSI dacTUIBI Maccod m 0Oe3 CnmMHa W MarHuTHOTO 1o B
MPOU3BOJILHOM MOTEHIIHATIBHOM II0JIE:

ih% = Y, p = VYV,

3.1)

VYpaBuenue (3.1) sBusgeTcs KOMIUIEKCHBIM U, BOOOIIE TOBODS,
SKBHUBAJIEHTHO JBYM YPaBHEHHUSM B JCUCTBUTEIHHOM MpocTpaHcTBe. OnHO U3
3THX YPaBHEHUI MPUBOIUTCSA BO MHOTUX YUCOHHMKAX IO KBAHTOBOI MEXaHUKE.
OTo ypaBHEHHE OOBIYHO  HA3BIBAIOT 3aKOHOM COXpPaHCHHS IUIOTHOCTH
BEPOSATHOCTH

P, 15 o,
2 m (3.2)

A€ BEKTOP IJIOTHOCTHU NMMOTOKA BEPOATHOCTHU PABCH

Fim=—— v by s whe
2m (3.3)

3nece P - omeparop ummymbca. JIns MHOMHUTHOTO JBIDKGHHS B
MPOCTPAHCTBE HEOTPAHUYCHHOM XOTS Obl C OJHOW CTOPOHBI CYIIECTBYET

MaKpOCKOHI/I‘IeCKI/Iﬁ HUMITYJIbC P

By - py

Torna ypasuenue (3.1) MOXXHO IpeoOpa3oBaTh K BUIY:
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m%? + divpf) =0, (3.4)

VYpaBHenue nBumxeHus (3.4) nmomaydaercss yMHOXKEHHEM YpaBHEHUS

*
(3.1) 1 ero KOMILIEKCHO CONPsDKEHHOTro BUIa cootBeTcTBenHo Ha W u W,
Y BBIYMTAHUEM TIOIYICHHBIX ypaBHeHHH. Clemyromee ypaBHEHHE TTOIydaeTCs
CJIO’KEHUEM Ha3BAHBIX BBIPAKCHUI:

D 2 2 2 2
a_P:—V(P_+U+h (vpz) _hAp)’
ot 2m 8mp 4mp (3.5)

Cucrema ypaBrHeHmit (3.4), (3.5) ¢ IUIOTHOCTBIO BEPOSTHOCTH

p(x s V.Z, z ) 1 UMITyJIbCOM P spnserca 3aMKHYTOW ¥ 9KBUBAJICHTHOMN

3.1). MoxHo BUJIET, 4TO 3TO YpaBHEHHUE SIBJISIETCS
KBa3UTHAPOJMHAMUYCCKAM W HENUHEWHBIM. YpaBHeHue (3.5) 3ammcaHo
HECKOJIBKO B IPYTOM BUAE, YeM B [2, 3].

Ecimm MakpockomMYecKuii WMITyJIBC HE CYMIECTBYET, HAMpUMEp, B
00JacTH TYHHENWPOBAHUSA, TO cucTeMy ypaBHeHmi (3.4),(3.5) HeoOXommumo
3aMrChIBaTh B APYruX nepeMeHHbIx. OHa OymeT cocTosTh U3 ypaBHeHHUs (3.2)
U YpaBHEHUS

(T / J? n*(Vp ) RA
MZ—V(—2+U + ( pz) — Gk ),
a 2mp 8mpo 4mpo

(3.6)

Jns nBMKeHUsT KBAaHTOBOW cucTeMbl M3 N HEB3aMMOJEHCTBYIOIIMX
YaCTHUI[ C MAKPOCKOTIMIECKUMU MMITYJIECAMH U OJHMHAKOBON MacChl IMEEM:

ap nA(V, ) RPALp
= v, Z( R Arres D, a7
722 —2— é’p —+ E N (,oP )>=0
=4 — (3.8)
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C mnomoupto  ypaBueHuid (3.7) m (3.8) MOXHO NOKazaTb, 4YTO
TUIOTHOCTH BEPOSITHOCTH JJISI CHCTEMBI HEB3aUMOACHCTBYIOLIMX MEXy COOO0M
YacTHL, KaK M MpeXIe, paBHA IPOM3BEJICHUIO IUIOTHOCTEH BEpPOSTHOCTH
BXOJISIIIINX B CUCTEMY YacTHII.

KakoBa ke pojb KBa3UTHAPOAMHAMUYECKHX KBAHTOBBIX ypaBHEHHH
IBKeHusA? Ha Hamn B3risin, 3TH ypaBHEHUs SIBIISIOTCS ITOBEPOYHBIMH IS
NPUHIUIA CYNEPIO3UIUHN BONHOBEIX (yHKIWHA. Ksasurmapoamnamudeckue
YpaBHEHHS JECTAIU3UPYET MPUHIMII CYNEPIIO3UINH, JENAI0T €ro MPEIMETHBIM,
HE JIOMYCKAaeT HEOTPAaHWYCHHOTO CYMMHPOBAaHMS KBAaHTOBBIX COCTOSHHH,
HalpuMep, Kak B CiIydae BOJIHOBOTO MakeTa. Jliasi WHQUHUTHOTO ABHMKEHUS
KBAaHTOBBIX YAaCTHIl KaXAOMY BHAY OJHEPIHH COOTBETCTBYET BOJHOBAS
GdhyHKIHSA.

Cynepno3unys (CJIOKCHHE) BOJIHOBBIX (DYHKIHMH IPUBOJUT HE
TOJIBKO K HOBOMY KBaHTOBOMY COCTOSIHUIO, HO M IPHBOJHUT, KaK 3TO MOYHO
BUZIETh W3 cMbIcia ypaBHeHui lllpeanHrepa uiss MHQUHUTHBIX COCTOSIHUH, K
M3MEHEHHIO SHEPTHU KBAHTOBOW CHCTEMBI, O YeM OOBIYHO HE 3a[yMBIBAIOTCS.

OOpatuMmcsi BHOBb K ypaBHeHHIO (3.5). B cTanmoHapHOM ciiydae OHO
OyneT uMeTh BHI:

2 2 2 2
A S ) T )
2m 8mp 4mp (3.9)

nim

2 2 2 2
E:P—+U+h (sz) —h Ap
2m 8mp

= const
4mp (3.10)

rAe noJiHas SHEPrust KBaHTOBOU HaCcTUulbI E saBnsercs a,HI[HTHBHOfI
BGHH‘IHHOﬁ, a KBaHTOBas COCTAaBJIAOLIAA SHCPTHUN ABUKCHUS UMCCT BU/:

2 2 2
S h (sz) _WAp
8mp amp (.11)

Oty BenmuuHs! J[. Bom Ha3pIBaim KBaHTOBBIM moOTeHIMaioM. Jlanee

MOKHO OysIeT yOeauThCs, YTO Hapsly ¢ BEJIMYMHOM OE KBAaHTOBAs YacTHIA
corymacHo runotese Jne bpoins obnagmaer emE coOCTBEHHOW 3SHepruei
JIBIDKEHUSI IPOMOPIIMOHAIIBHOM €€ Macce.
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I'naga 4. /[BuikeHre KBAHTOBBIX YAaCTHI ¢ HYJIEBOIl MacCoi MOKOs

B cBoe Bpems JIlyu nme Bpoitne BecbMa OBUT 03aladu€H TEM, YTO
ypaBHeHue lllpeauHrepa «oKoOUTCS» Ha 3aKOHAX COXPAHEHUs IABIIKEHHS IS
KBaHTOB CBETa U, TEM HE MEHEE, HE OIMCHIBAET BOJHOBBIC CBOMCTBA (DOTOHOB
[1]. Ilpu xBa3UrUAPOIUHAMUYECKOM OMHCAHUM TaKOE BO3MOXKHO.

[lpun KBa3WUTrMAPOOMHAMUYECKOM omucaHuu [2, 3] ypaBHEHUS
WH()UHUTHOTO ABM)KEHWS KBAHTOBOM YACTHIBI MAacChl /1 B IIPOHM3BOJILHOM

BHCUIHEM II10JIC W(I_’:, t) 3aIllMCBhIBAOTCA B BUJIC:

ma—p+divpf’ =0
ot (1)

5 2 2 2 32
ot 2m 8mp 4mp
(2)
rme  P(F,f) - TpOCTPaHCTBEHHO-BPEMEHHOE paclpesiesicHHe

IJIOTHOCTU BEPOSITHOCTU YACTHIIBL, P(l’,l‘) - MaKpOCKONHYECKUN HMITYJIbC

YACTHIIEL.

IMockonbKy MepBOe ypaBHEHHE MPHUBOAUTCS BO MHOTHX Y4eOHUKAX 110
KBAaHTOBOM MEXaHHKe, a BTOPOE HCIIOJIL3YETCsl HE YacTo, MPUBEIEM KPAaTKYIo
HCTOPHIO HAITMCAHUS ATOW CHCTEMbl ypaBHeHMH. Eciu BBECTH CTaHAapTHbHIC
0003HAYCHUS:

p(F,0)=¥Y (3)
- ih * *
P:E(\PV\P —¥'VY) (4)

TO, 13 ypaBHeHus lllpenuHrepa MOXXHO IOJIYYHTH BBIIHCAHHYIO
Bellle cucreMy ypaBHenui (1) u (2). Henmuneiinblii meron omucaHus
JBIDKEHUS] KBAHTOBBIX YACTHI[ C MOMOIIBIO BEIWYHMH, UMEIONNX (HU3NIeCKUN
CMBIC]I, HCIOJB30BAJICA JUII YHCIEHHOTO pEIIeHHWsS KBAHTOBBIX 3ajad.
Hampumep, mnpu dYHCIEHHBIX pacyeTax pacCestHUs KBAHTOBBIX YaCTHI
OKa3aJioch Oonee  YIOOHBIM  HCIIOJIB30BaTh  KBA3HUTHIPOAWHAMHYECKOE
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npexncrasienne [3]. OnHako YMCIEHHbIE pacyeTbl HE MOrYT JaTh
MPEICTaBJICHUsI O BO3MOXKHOCTAX KBA3UTHIPOJUHAMHUECKOTO OMUCAHHS
WH(QUHUTHOTO JBIKCHHS KBAHTOBBIX dYacTull. Ham ymamock HallTu psin
AHATUTHMYCCKUX PEIMICHUH W3BECTHBIX KBAaHTOBBIX 3aJa4 W TOHATH, YTO
ONMUCaHWe WHPUHHUTHOTO JBMXKCHHUSI KBAHTOBBIX YACTHI[ C MOMOIIBIO BOJHBI
IUIOTHOCTH BEPOSATHOCTH  SIBJIIETCS MEHEE IPOTHBOPEYMBHIM U OoJiee
aJIeKBaTHBIM TI0 CPaBHEHHIO C ONMCAHHUEM C IIOMOIIBIO BOTHOBOU (yHKInU. U
TJIaBHOE, KBAa3UTHAPOIMHAMUYECKAN ITONXOA TO3BOJISAET TIpeacKa3aTh Pl
HOBBIX 3((eKTOB, KOTOpPBIE II0-HOBOMY OOBSCHSAIOT H3BECTHBIC MPEKHHE
SKCIIEPUMEHTANBHBIE PEe3yJIbTATHl W KOTOPHIC ITO3BOJISIOT IOIYYHUTh HOBBIC
SKCIIEPUMEHTAIBHBIE JOKa3aTeNbCTRa [S].

B  ucxomgnoéi cucreme ypaBHeHuit (1) wu (2) BBemeMm
MAaKpOCKOIIMYECKYK) CKOPOCTb U M3 ONPEAENICHHS MaKPOCKOIMYECKOrO

umnynbca P =mV | Torma ypaBHeHHE HEpa3pLIBHOCTH B COOTBETCTBHH C
¢dopmynoii (1) MOXXHO 3amucath B BUJE:

5,0 . —
L 4+d =0 5
; ivplV (5)

B 3ToM ciydae ypaBHeHHE Hepa3pbIBHOCTH MPUHUMACT CTaHAAPTHBINA
BUA W OOBIYHO Ha3pIBacTCAd IU(PQPEPEHIMATBHEIM  3aKOHOM COXpaHCHUS
IUIOTHOCTH  BEPOATHOCTH.  YpaBHeHwe (2) mpu  mepexome  OT
MaKpOCKOTIMYECKOTO UMIYJIhCa K MAKPOCKOIIUYECKOW CKOPOCTH 3aIlUIIEeTCs] B
BUJIE:

(Vo) hAp

2

. 2
maL=V mV—+W+

6
ot 2 8mp ©

4mp

Jlnst cBoGosHbIx yacTuil, korna W (7,t) =0 u V =const ypasnenue
(6) nMeeT TpUBHAIIBHOE pellIeHHE O = const, KOTOPOE COOTBETCTBYET BOJIHAM

ne bpoins m KoTopoe paHee HCIONB30BAJIOCH [JIsi OMHCAHUS KBAaHTOBOM
OeccTomKHOBUTENbHON IuIa3Mbl [6]. OmHako cuctema ypaBHeHHH (5) m (6)
MOMHMO TPUBHAIILHOTO PEIIEHUS] UMEET U APYTHe PEIICHHS, YTO YBEINUUBAET
IpeJicKa3aTelbHble BO3MOKHOCTH KBa3UTHAPOANHAMUYECKOTO PE/ICTABICHUS
JUIS IBVDKCHMS] KBAHTOBBIX YaCTHII.

YMHO)UM ypaBHenue (6) Ha 2m u yetpemum M —> 0, nonyuum
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R(Vp) hAp
4p° 2p

\Y% =0 (7)

HepBoe HUHTETrPUPOBAHUEC DTOT'O YPAaBHCHUSA AAacCT:

W(Vp) hap
4p° 2p

5(1’3)2 = = const (8)

3nech HpUHATO O00O3HAYEHHE KOHCTAHTBHI HMHTETPUPOBAHUS JUIS
JBIDKCHUS] 0€3MACCOBBIX YACTHIl B BHJE KBajaparTa KBAaHTOBOTO MMITyjbca [7].
B xauecTtBe pemieHus cucTteMbl ypaBHeHHH (6) U (8) MOXKHO BOCIOJIB30BATHCS
TOTOBBIM pelieHueM u3 [7] B BUzE:

p(¥,t)= p,cos’ @ (€))

9710 PEeUHICHUC OMNMHCBHIBACT BOJIHY IIJIOTHOCTH BEPOATHOCTH, KOTOpasA
—
pacopoCTpaHACTCA B IPOCTPAHCTBE € BOJITHOBBIM BEKTOPOM k:

p = hk (10)

A 3aKOH JHCIEpCHH JUIS YacTOThl KONe0aHWH B OSTOW BOJHE
3aMuUIIeTCs B BUJE:

o =kv (11)

o
IToCKONBKY HE CyIIECTBYET MaKpOCKONM4ecKuil ummmynbe P(7,t),
-

KOTOpHﬁ CBSI3aH C Maccou YacTUllbl, TO BEKTOPLI k nv COBIIAAAKOT IIO
HalpaBJICHUIO. I[J'[SI OHCPruu KBAHTOB 3TOI'0 IIOJSA UMEEM JIMHCHHBIA 3aKOH
JAUCIICPCUU:

31ech CKOpOCTh 0€3MacCcOBBIX KBAaHTOBBIX YACTHIl HE OIpE/eIICHA.
910 MoryTr (opmaibHO OBITH, HampUMeEp, MITMHHOBOJIHOBBIE aKyCTHYECKHE
18



(I)OHOHLI, 50105 (bOTOHbI, pacipoCcTpaHsaromuecsa €O CKOPOCTbIO CBETA, KOraa
V=cC. 3IleCL HE Tp€6yeTCH JIOPCHUECBCKAasA HWHBAPUAHTHOCTb HCXOJHBIX
ypaBHeHPIﬁ, MOCKOJIbKY Macca IMOKOs (1)OTOHOB YCTPEMUIIN K HYJIIO.
Ecmu YJacTulla ABUKETCA CO CKOPOCTBIO CBCTA V=C, TO UMEEM:
hao
p=—="k (12)
C
JT0 ecThb CTaHAAPTHOC BBIPpAXKCHUEC JIA UMITYJIbCA (l)OTOHa.

Mons3ysice popmynamu (10) u (11) BeIpaskeHUe AT TUIOTHOCTH BEPOSITHOCTH
(9) MoxxHO mepenucaTh B BUJE:

p(F,t)=p, cos2(1€17 —t) (12)

[T1OTHOCTD 37E€KTPOMAarHUTHOW SHEPTHUHM B BaKyyMe OIS IUIOCKHX
3JIEKTPOMArHUTHBIX BOJIH paBHa [ 8]

E} -
p,(F,t) =—"cos’ (ki — art) (13)
4

rae E, - amMmumryaa d3ieKTpUYECKOro Mojs. MOXHO BHUIETh, UTO
IUIOTHOCTh BEPOSITHOCTH, OIMCHIBAIOIIAs JBWKEHUE YACTULl C HYJIEBOH
Maccoil, cornacyercss ¢ IUIOTHOCTBIO 3JIEKTPOMAarHUTHOW B3HEPIHU C
TOYHOCTBIO 10 HOPMUPOBKH. Toraa mioTHOCTb MOTOKA BEPOSITHOCTH

S =700

COTIacyeTcsl ¢ TOYHOCTBIO 10 KOd(D(HUIHMEeHTa C IIOTHOCTHIO TOTOKA
JJIeKTPOMArHUTHO# SHepru (BekTop YMoBa-IlofTHHTa).

[Momy4deHHBIE pe3yNbTATHl €ME pa3 YOEXKJAIT, YTO KBAHTOBEIC
KBa3UTHAPOJMHAMHYECKNE YpPAaBHEHHS WM TIPEICTAaBICHHE IUIOTHOCTH
BEPOSITHOCTH, Ha Halll B3IJIsAJ, OOJiee MOJHO OMKMCBHIBAIOT BOJHOBYIO MPUPOILY
JIBIDKEHUS KBAHTOBBIX YaCTHII.

Orta craThs Obuta Hamucana K 120-neTuro co aHsA poxaeHus Jlyn e
Bpoiinsa (15.08.1892r.), k KOTOpOMYy aBTOp Ha MPOTSHKEHWU CBOEH JKHU3HHU
MUTaeT BCE BO3pACTAIONINI THEeTeT, W omyOsmkoBana B [7]. C TedeHHeM
BPEMEHH COJEp)KaHHWE CTaTbU 110 HEOOXOIMMOCTH W3MEHMJIOCh. 3/1eCh
U3JI0KEH €€ HOBBIN BapHaHT.
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I'naBa 5. «/lpo:kanue» Kak crnoco0 ABHKEHUS
MaTepPUATbHBIX YACTHI B IPOCTPAHCTBE

C mno3unmii TOpefplIyluX pa3fesioB MOCMOTPUM Ha MPOLECC
MOCTYTATEIFHOTO IBUKCHUS B OoJice 00IIeM BUJIE.

OOBEKT ¢ Maccoil MOKOS OTIMYHOH OT HYJs, pa3Mepbl KOTOPOTO
CyIOIECTBEHHO MEHBIIE O00JacTH, B KOTOPOW OH IBWKETCS, Ha30BEM
MaTepuaabHOW wyacTHued. Eciu B KaXIplii MOMEHT BPEMEHM YacTHULA
3aHAMAET BIOJHE OMpEICIICHHOE MOJIOXKEHNE B IPOCTPAHCTBE U OMICHIBACTCS
KJIACCHYECKUMH ypaBHCHHUSMH [BIDKEHHS, TO B peE3yJbTaTe pEIICHUS
YpaBHCHHH IBIDKEHHS IIOJydaeM XpOHOJIOTHIO COOBITHH BO BpEMEHH W
npoctpancTBe. Kak jxe Ha caMoM jieie MPOUCXOTUT JABMKeHUE yacTuipl? O0
3TOM 3aAyMBIBAINCH €Il IPEBHUE MBICIUTENH, HapuMep, 3eHOH DIMUHCKUi B
MATOM BeKe 0 H.93. Kak muIIyT UCTOpPUKU OH yTBepxaal: «Jlersmias ctpena
HCIIOJBHKHA, TaK KaK B KaXJIbIC MOMCHTHI BpeMeHI/I OHa IIOKOMTCH, a
HOCKOHLKy OHa IIOKOUTCA B Ka)KHBIﬁ MOMCHT BpeMeHI/I, TO OHa MHOKOUTCHA
BCeraa». HonyqaeTcsl, qTO IJIs1 COBepIHeHI/ISI JBMKCHUA B Ka)KHbIﬁ MOMCHT
BPEMEHHU YacCTHIA JOJDKHA «IPOKATh» - MUMETh HEOIPEeICHHOCTh 3HAYCHHUN
KOOpAWHAT W, CIIEIOBATEIFHO, UMIYJIbCca. 3aKOH COXPAHCHUS SHEPTHH IS
Takoi CBOOOIHOM YaCTHIIEI MOXKHO 3aIIHCATh B BHJIE:

E:P2/2m+A8 (1)

rme P - cpennee 3HaueHMme WMMITyJbCa, MOCKOJBKY OH JIOJDKEH
(hITYKTyHpOBaTh — <«IPOKaTh» OKOJIO HEKOTOPOTO CPEIHEro 3HAueHHs, m —
macca wactuubl, A& - sHeprus «ipoxkanus». [l KIACCMYECKHMX YACTHIL
(JacTUIBI KOTOPBIE OIMUCHIBAIOTCS KIACCHYECKUMH YPABHEHUSIMH JIBHKCHHS)
senunHa AE - ucuesaroliee Maa, HO NPUHIMUIMAILHO HE PABHA HYIIO H O
Hell 0OBIYHO HE TOBOPAIT.

B kBaHTOBOW MexaHUKE Ui MaTepHaJbHBIX YaCTHUIl, COBEPIIAIOIINX
WHQUHUTHOE [BIDKEHHE (JIBIKCHHE HEOTPAaHHMUEHHOE XOTS OBl B OJHOM
Hanpasyiennn), popmyia (1) BBIBOJMTCS CTPOTO, U 3arajgovHas pejnunna A&
SBISICTCA  BIIOJIHE KOHKPETHOM BENMYMHOM — DJHEprued KBaHTOBBIX
¢ykryanuii mmmynbca 4YacTHIBl. Temepb MHOHSATHO, YTO JUIS OIMCaHHS
JBIDKEHUSI MaKpOCKOINMYECKHX Tel 9Ta BeIMYMHA HE HMEET HHKaKoro
3HA4YEeHHUS, B TO K€ BPeMs IIPH OIMCAHWN KBAaHTOBBIX JBIDKEHHUH 3Ta BEIWYHHA
MOXeT OBITh CyIIecTBeHHOW. Hampumep, dJIEKTpOH B aToMe BOIOpPOAA
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JIOKJIN30BaH B OOJIACTH sipa M COBEPILIAET YHUCTO KBAaHTOBOE JIBIKEHHUE C
JMCKPETHBIM 3HaueHneM sueprun AE, .

3necy cnenyer cnenath orcrymieHue. Popmyna (1) u  Bce
nocienyonpe GopMyibl Janee Mo TEKCTY ObLUIM IMOJyYeHBI NPH OIUCAHUH
JIBIDKCHUS] KBAHTOBBIX YaCTHI] C IIOMOIIbIO KBAHTOBBIX YPABHEHUH JBIIKCHUS
¢ (pU3HYEeCKUMH NIEPEMEHHBIMHY, a He ¢ moMolblo ypaBHeHus Llpenunrepa [1,
2]. OpHako KaXABIH pa3 MOJYYEHHBIE PEIICHUs IMOBEPSIINCh PELICHUSMHU
ypaBHeHuss  lllpemunrepa, B KOTOPBIX  IPHXONWIOCH  YYHUTHIBATH
JOTIOJTHUTENbHBIe yCIIOoBUs. CHCTeMa KBAaHTOBBIX YPaBHCHHI IBIDKCHHS UL

YacTUI[BI C Maccou mO C HCIIOJIb30BAHUCM (1)I/I3I/I‘-ICCKI/IX NEPEMCHHBIX,

KOTOpasi IBIKETCS B MPOU3BOJIIFHOM IIOTCHIIMAIFHOM IIOJIE, 3alMCHIBACTCS B
Buze [1, 2]:

m a—'0+a’ivp}3 =0
*o
! @)

D 2 2 2 2
oP_ of P +W+h(Vp) _RAp

o 2m, Smyp”>  4myp 3)

rae p(l7 5 t) - TPOCTPAHCTBEHHO-BPEMEHHOE  paclpeaeicHHe

IUIOTHOCTH BEPOATHOCTH YacTuisl, P (17 N ) - €€ MaKpOCKOIIMYECKUI UMITYJIbC,

W(7,t) — npoussosnbHas noTeHIMANbHAS SHEPTHSL.

Jnst ctailmoHapHOrO MH(HHUTHOTO JBHMKEHHS CBOOOJHOW YacCTHUI[BI
u3 ypaBHeHUH (2) u (3) moxydaeM 3aKOH COXpaHEHUS SHEPTHH B BUE:

P’ . n*(Vp)Y  RhAp

E= J
2m,  8m,p 4m,p

= const

(4)

Ecmm 0003Ha4NTh KBAaHTOBYIO COCTABIIIONIYIO YHEPTHH IBIDKCHHS B
BUE:
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_(Vp) #p

Ag 3
8my,p 4myp

b
10 13 (4) monmyuaetcs ¢popmyna (1). Peynprarsl perieHus ypaBHEHHH
(2) u (3) Wia UHUHUTHOTO JBMKCHUS KBAHTOBBIX YACTHI[ OTIHYAOTCS OT
aHANIOTUYHBIX penieHuil ypaBHeHus Illpenunrepa, B 0COOCHHOCTH, KOrna
KBAaHTOBas COCTABIIAIOMIAS DJHEPTUM IBIDKCHHSI MPEBOCXOTUT HHEPTHUIO

MIOCTYNATEJIbHOTO IBHKEHUS Ae > P 2 / 2m0 [1,2].

«JlpokaHHEe» HMMEET MECTO HE TOJBKO TIPH IOCTYHNAaTeIbHOM
JIBIDKCHUM KBAHTOBBIX YacTHI, HO W TIPH BpAamaTelIbHOM JBIKCHUH.
PaccMoTpuMm 3TO sBIEHHME HA NpHMeEpe aToMma Bomopona. MOXHO I y3HATh
4T0-HHOYAb HOBOEe 00 aTtome Bojopona? Kaxercsi, B KBAHTOBOW MEXaHHKE OH
M3y4eH CcaMbIM JeTalbHbIM 00pa3oM, TeM Ooyiee YTO MHOTHE 3aJa4d o
MPOCTPAHCTBEHHOW CTPYKType U COCTOSHHMSX JTOTO aToMa peIlaroTcs
aHanuTHyeckd. OJHAKO MOXKHO TII0Ka3aTh, YTO IUIOTHOCTH BEPOSITHOCTH
HaxOXJCHUE OJIEKTPOHA, JABHIAIOMIEroCsS BOKPYr sApa, B OTIMYHE OT
TPaJULIMOHHBIX TpPEACTaBIeHU B Ooybllell Mepe CTPYKTypHUpPOBaHa, a 3TO
JIOJDKHO NIPUBOJUTH K YTOUHEHUIO H3BECTHBIX 3G PeKTOB [3].

Jnst cTalMoOHApHOTO IMPOCTPAHCTBEHHO OTPAaHUYCHHOTO JIBIDKCHHMS
3JIEKTPOHA B TIOJIE S/Ipa € 3apsAaoM Z cucTeMa ypaBHeHuit (2) u (3) 3amumercs
B BHJIE:

2 2 2 2
E=h (sz) _WAp _ze = const
&m,p dmyp r

)

Pemras 310 ypaBHeHHE B chepuuecKoil cuCTeMe KOOPIMHAT METOI0M

pasaencHus MEPEMEHHBIX L = pr(r)pg(ﬁ)p(p(go), MOJIy4aeM pELICHUE,
OTJIMYAKoIeecs OT PEIICHHs aHAJIOTHYHOM 3aJaud C IOMOINBIO YpaBHEHHS
penunrepa. Pemenne oranuaeTcs TOIBKO Ul COCTaBIAOMEH O q)((p), a

NMCHHO:

p,(p) = cos’ m@ ,rne m=0£142,..1
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B pemennu ypaBnenus Hlpeaunrepa O (P((D) SIBJIIETCS. KOHCTAHTOM.
i cornmacust peleHui, MoTy4eHHBIX IBYMsS METOAAMHU, HY>KHO MOJIOXKHUThH B

peutennu ypasHeHus Llpenunrepa s ‘Pq) BMECTO

W, =e™ W, = (" e )/2

>

MOCKONBKY  JJI  HEBO3MYIIEHHOTO  aroMa  BOAOPOAAa  HET
MNPEATNOYTUTENILHOTO HAINpaBJIeHWs. [UId BpalaTeldbHBIX cocTosHuN. HHaue
TOBOPA, 3TO €CTh «IPO’KaHHE» 3JIEKTPOHA IJIS BPAIIATENBHBIX COCTOSHHM,
IpUBOJsLICE K CTPYKTYPUPOBAHUIO IIJIOTHOCTH BEPOATHOCTH.
CrpyKTypupoBaHHE MJIOTHOCTH BEPOATHOCTU MO YIIy () TPUBOIUT B

BO30YKICHHBIX COCTOSHUSAX K pa3IM4YMI0O KBaJAPYMOJIBHBIX MOMEHTOB,
BBIYHMCIICHHBIX C TIOMOINBIO NPEKHUX BOJHOBBIX (YHKIMHA s aTtoMma
BOJOPOJA M HOBBIX BBIP@XKEHHUU ISl INIOTHOCTH BepositHocTd [3]. PasHuna B
BEIMYMHAX KBaJpYyNOJIbHBIX MOMEHTOB, Hampumep, HOpH m=] MOXKeT
NPOSIBUTECA TIPH  HM3YYEHHM AaHH30TPONUH (QIIYKTyallMid KBaApyIOJHEHOTO
U3Iy4EHHUs aTOMa BOJOPOJIa B COOTBETCTBYIOIINUX KBAHTOBBIX COCTOSHUSIX.

Ha 3ape co3maHms KBaHTOBOW MEXaHWKH BENHKHNA (HpaHITy3CKHUHA
¢usuk Jlyn ne Bpoiine Hanucan He TOIBKO BBIPAKEHHE JUIsl BOJHBI, HOCSILEH
€ro UMS U ONKCHIBAIOIIEH JBIDKEHHE KBAaHTOBBIX YAaCTHUI], HO OJMH M3 MEPBBIX
MPEVIOKIII B CBOEH JOKTOPCKOM JAHCCepTallMd HAayYHOMY COOOIIECTBY
(opmymny [4]:

E=myc’ =how ©)

Cwmbicn 3ToH (OpPMYIBI 3aKIIOYaeTCs B TOM, YTO JJIEMEHTapHas
4acTHIA C Maccoil ToKos M, HpejcTaBisieT coOod «CrycTok» 3SHepruu,

KOTOPBIA JOJDKEH IBUTAThCS IO 3aKOHAM KBAaHTOBOM MexaHWKu. B cumiry
(hopMmynbl (6) KBAHTOBAs YaCTHIIA JOJDKHA «IPOKATh». A €CIIH 3TO TakK, TO AJIs
YaCTHUIIB! JOJDKHO CYIIECTBOBATH MOJIE CTOSYMX BOJH IIOTHOCTH BEPOSTHOCTH.
Jlyu ne Bpoiinio ynanoce HaWTH BOJHOBYIO JIEKTPOMAarHUTHYIO aHAJIOTMIO
9TOTO sIBIIEHUS ISl dnekTpoHa [4, crtp. 203]. M3BecTHO mIpemInHTEpOBCKOE
«IpOXKaHUE» JMPAKOBCKHX 3JIEKTPOHOB, CBSI3aHHOE C KOJICOAHHMSMH IIEHTpa
TAKCCTU YaCTUIbI W IJIA TPOSABJICHUA KOTOPOTO HYXKXHO IIPUBJICYL BOJIHBI C
OoTpHUIaTeNbHO dHepruei [4, ctp. 530].
1'[01<a>1<eM, YTO PpPCHICHUE KBAHTOBBIX ypaBHeHI/Iﬁ JBH)XCHHUA B
NPE/ICTaBICHNUH IIOTHOCTH BEPOSTHOCTH C OJHeprued u3 ¢opmyns (6)
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MO3BOJISIET, MPEXE BCETO, MOIYUYUTh TUCKPETHBIN CIEKTP 3HAYEHUN CIMHA Y
KBAHTOBBIX YaCTHI] C HEHYJIEBOM Maccoil MOKOs, a TaKKe MPEACTaBJICHUS O
MPOCTPAHCTBEHHON CTPYKType IJIOTHOCTH BEPOSITHOCTU JUIi  KBAaHTOBBIX
yactull [5].

Jnst cTallMoHapHOTO MPOCTPAHCTBEHHO OTPAaHWYEHHOTO CBOOOIHOTO
JIBIDKCHUSI KBAaHTOBOW YacTHIBI cucTeMa ypaBHeHuil (2) m (3) 3amumercst B
BUJIE!

2 2 2
E:h(sz) —hA'O—:const
8mp 4mqp

(7

2
rae E= moc , P = p(r) - IJIOTHOCTH BEPOSATHOCTH

pacopeaciacHusa 4YacTulbl B IIPOCTPAHCTBE. BBeZ[eM JIMHEHHBIH MaciTad

3amaun ¥, = . OTO KOMITOHOBCKAsl JUIMHA BOJIHBI. JIsI DJICKTPOHA
0 m,c

r, = 35 10 em Torna noay4um:

8 (Vp) 2Ap
2 2
(VO) p p (8)

PacnonoxuM  cdepudeckyro CHCTEMy KOOpPAMHAT B  LEHTpE
BEPOSATHOCTHOTO PACHpEAEICHUs YaCTHIIBI M OyJeM peliaTh 3aady METOAOM

pasienenna  nepemennnix  P(7,60,9) = p,. (1) p,(0)p,(¢). s

cocrapnsiomeii O, () nonyunm Bhipaxenne

geee

N | W

P, =Cos’s- @ rre s=0,i%,1,

HazoBem panckpeTHble 4mcaa S- CIMHAMH KBAaHTOBBIX YacTHIl H
MOKAXEM, 4YTO CHUH  ONpeleNseT  MPOCTPAHCTBEHHYIO  CTPYKTYpPY

pacmpezenenns IWIOTHOCTH BepositHocTH. Pemenne ais P, (@) nmeer sux:

pu(0)=(sin 0)"
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Pewenne P, (7) I 4aCTHL] CO CIIMHOM PABHBIM HYJIIO HMEET BUL:

2 sinz(«/i-%))

r

P,

3T0 peleHnE ONMCHIBAECT OCHMIISNUYU IUIOTHOCTH BEPOATHOCTH IIO
pazuycy ¢ MakCHMyM JIOKJIM3aliK B LEHTPE C XapaKTePHBIM PajycoM 27,

¥ HAalOMHHACT HEYCTOMYMBOE paCIpelelCHHE BO BPEMEHH IINIOTHOCTH
BEPOSITHOCTH BOJIHOBOTO TIIaKe€Ta [UI KBAaHTOBBIX YaCTHI[ B MEXAaHUKE
IlIpenunrepa, puc. 1.

251Y

10 © 8 -7 & 5 -4 =3

Puc. 1. Pacnpedenenue paduanvbrot niomuocmu
8EPOSAMHOCIU OISl YACMUY C HYIeBbIM CNUHOM

JJyi 9acTHIl CO CIIMHOM OTJIMYHBIM OT HYJS NOJydaeTcs Ooiee
CJIOXHOE€ pElIeHWE B BHJIE HEKOEro TOpa C Pa3MbITON BHEIIHEW YCIOBHOM
TpaHWIled W BHYTPEHHEW OO0NacThi0 3alpelmeHHOW JJs JBWXKCHHS U
ompezensseMoit paguycom (moapodHee cM.B 1. 12):
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1
r<r,=r, %

['maBHOE TO, YTO pajMaIbHOE PEIICHHUE IS MJIOTHOCTH BEPOSITHOCTH
JTacT OTPaHUYCHHE HA BO3MOJKHBIC 3HAUCHHS CITMHA!.

ChouHBl BCEX W3BECTHBIX CTA0WIBHBIX JJIEMCHTAPHBIX YACTHII
YIOBJICTBOPSIIOT 3TOMY HEPABEHCTBY.

Takum oOpa3omM, cBOOOIHBIC YACTHIBI ¢ HEHYJICBOH MAacCOH MOKOS H
OTIMYHBIM OT HYJS CHHHOM COBEpIIAIOT BpallaTelbHO-KOJeOaTeIbHbIC
JBIDKEHUS U B OCHOBHOM JIOKAJIF30BaHBI B OOJIACTH HEKOTO MOI00HS Topa.

3Hasg pemieHHe ATOH 3aJadll B TPEACTABICHHH IUIOTHOCTH
BEPOSATHOCTH, MOXHO TIOJIYIUTh aHAIIOTUIHBIC PE3YIIbTATHI M B MIPECTaBICHUN
Ipenunrepa. A IMEHHO, HEOOXOJUMO peIllaTh YpaBHEHHE:

2 2
2m°c

A‘P(l",@,(ﬂ)'ﬁ‘h—zq] =0

EnuHCTBEHHOE OTIMYME OT CTAaHAAPTHOIO PELICHUs 3TOT0 YPaBHEHUS

METOZIOM pasjielleHns mepeMeHHhX [V = “Pr(l”)‘l’g(ﬁ)‘ﬂ,((p) JIOJDKHO

3aKJII0YaTbCA B TOM, YTO PCIICHUC IJIA l{](o HY>KHO 3allMCbhIBAaTh B IIOJIHOM

BUJC:
_ isQ —isQ
VY,=C(e""+e"") |

MOCKONBKY  HET  TPEeANOYTHTEIBHOTO HalpaBlIeHUS  JUIA
BpalaTeIbHbIX COCTOAHUI. [{pyrumMu cIoBaMH — 3TO BBIPAKEHHE ONHCHIBAET
«IpO’KaHWe» Ui BpallaTeNIbHBIX COCTOSHUH 3JIEMEHTapHBIX KBAHTOBBIX
YaCTHII.

B cBoe Bpems Jlyn ne Bpoitnem B cootBeTrcTBHU ¢ (hopMyJioi (6) He
ObUIO TIpelCKa3aHO HaJlMYMe JAWCKPETHBIX 3HAUYCHHMH CHHHA Y KBAHTOBBIX
YacTHIl C HEHYJIEBOH MacCOH MOKOs, TOCKOJIbKY B03001a/1a)1 CIOCO0 OIMCcaHus
KBAaHTOBBIX CHCTEM C TIIOMOIIBIO BOJHOBBIX (YHKIWH, B MPOABHKCHHUU
KOTOPOTO OH TPHHI camMoe akTHBHOe ydacthe. OmHAaKo TPH ONMHUCAHUU
IBIDKCHUS KBAHTOBBIX YACTHI M3HAYANBbHO C IIOMOIIBIO IUIOTHOCTH
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BEPOSATHOCTH, HUMCIOIICH (UIUYCCKUN CMBICI, TaKOE PCIICHUE SBISCTCS
BIIOJIHE JJOCTYIHBIM.

B menoM MOXHO 3aKJIIOUUTH, YTO «JPOKAHHME» KBAHTOBBIX YACTHUIl B
HEPEIATUBUCTCKON KBAaHTOBOM MEXaHHKE SIBJISCTCS OJHHM W3 CIIOCOOOB HMX
JIBIDKEHUS, a B KJIACCHMYECKOM MEXaHHKE pa3pelraeT MapagoKChl APEBHUX
MBICIIUTEICH.
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I'naBa 6. BuxpeBble (TOpCHOHHBIE) OIS
IJIOTHOCTH BePOSITHOCTH KBAHTOBBIX YACTHI

Hama 3amava - mokasarb, 4TO IpH BpallaTeNIbHOM JBH)KEHHU
KBaHTOBOM 4YacTHIBl BO3MOXKHO CYIIECTBOBAaHHE M  paclpoCTpaHEHHUE
BUXPEBBIX (TOPCHOHHBIX) BOJH IUIOTHOCTH BEPOSITHOCTH. OTO MOXKHO
JOKa3aTh, pemas  HepelnaTHBUCTCKoe  ypaBHeHume  lllpenunrepa B
NPECTaBICHUHN IUIOTHOCTH BEPOSTHOCTH.

OOBIYHO ~ HWCHONB3YeTCS  THAPONUHAMUYECKOE  IIPEICTABIICHUE
ypaBuenus Lpenuarepa B Buze [1-4]:

% +divpy =0
ot (1)
ov 1 . h(Vp) 3 nAp

2

—+(OV)yy=——V|U +
ot m

8mp 4mp

2

rjie V - MaKpoCKOMuyeckas ckopocTh yactuipl, O(7,) - mI0THOCTH

BEPOSITHOCTH, M- Macca YacTUIBI, fi- nocrosuHas IlnaHka, U -
MOTEHIMAdbHAs DJHEPrus, B KOTOPYI0 IO HEOOXOIUMOCTH BKIIOYAIOT
NIEKTPOMAarHUTHBIE  COCTaBiAIONIMe. BoO3MOXEH y4eT ©  CIHMHOBBIX
B3aUMOJIEHCTBHM [5]. DTH ypaBHEHUS] HEOJHOKPATHO MOJYYaUCh, HAYUHAS C
E. Magnenynra u Jl. boma [1], myTem mpeacTaBieHUs] BOTHOBBIX (DYHKIHHA B
KBa3HKJIACCUYECKOM BUJIE.

YpaBHeHMe Ui MIIOTHOCTH BEPOSITHOCTU U3 ypaBHeHus Lllpennnrepa
MO>KHO HOJIYYUTb U APYTUM IIYTEM, €CJIH MOJIOXKUTD [6]:

p(F.H) =¥ ¥
i = (vt v
2m

Torma umeeM, Kak M HpexJe, 3aKOH COXPAaHEHHs MJIOTHOCTH
BEpOSITHOCTH (1) M ypaBHEHHE IBH)KEHHS B BHJIC:
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— 2 2 2 2
a_v:_lv mvy +U*+h (sz) _hAp

ot m 2 8mp 4mp

€

OTo ypaBHEHME OTIMYaeTcs OT ypaBHeHus (2). Eciu momoxuts, 4to
BCET/la UMEET MECTO OE3BHXPEBOE ABHMIKEHHE IOJISI TNIOTHOCTH BEPOSTHOCTH,
T.C.

rotv =0

TOrAa U3 ypaBHeHus (3) momydaercst ypaBHEHHE (2).

Takum 00pa3zoM, B THAPOANHAMUYECKOM TPEJICTABICHHH C TIOMOIIBIO
ypaBHenuii (1) u Buma (2) OTCYTCTBYET BO3MOKHOCTH OINHCAHUSI BUXPEBBIX
JBIDKCHUI TOJISl IIOTHOCTH BEPOSITHOCTH KBAaHTOBBIX wactul. Cucremy
ypaBueHui (1), (3) Oymem Ha3pIBaTh B OTIHYHAE OT THIPOAWHAMHIYECKOTO
NPE/ICTABICHUS. NPEACTABICHUEM IIOTHOCTH BEPOATHOCTH (paHee MBI
Ha3bIBAJIM €r0 KBa3UTUAPOINHAMUIECKUM IPEACTaBICHUEM [6]).

ITycTp KBaHTOBas 4YacTHIAa COBEPIIAET BpPAIIATEIbHOE JIBIDKCHHE C
YIJIOBOM CKOPOCTBIO @ W paamycoM R. lcnomedyeM IMIMHAPHYECKYIO

CHCTeMY KOOP/MHAT, TOTJa OpOHUTasIbHAs COCTABIAIONIAs CKOPOCTH V,, = wR

U IYCTh YaCTHIIA JABUTAETCA BJOJb OCH Z C MAKPOCKOITUYECKOH CKOPOCTBIO V.
Tornaa ypasuenue (1) 3anmmeTcs B BUzE:

a_p+v_¢a_p+vza_p=0
o r Op 0z )

Pemrenne 3Toro ypaBHeHuUs PEACTaBUM TaKUM 00pa3oM:
p=p(a) a=k,+v.k)t—k,ro—k.z (5)

[lepBrIit uHTErpan ypaBHeHHs (3), yIUTHIBas TIOCTOSTHCTBO CKOPOCTEH

V(o u Vz , 3alIMIICTCA B BUJC!:
n*(Vp)* n'Ap
2
8p°m 4mp 6)

E:%(v;+v§)+

O06o3HaYuM:
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m 2 2 hz 2 2
) —— + =— (k" +k

OTO MOXHO CIeNaTh B CHIIy TOTO, YTO ITOJTHAs SHEPTUs KBAHTOBOW
YaCTHILBl COCTOMT M3 MAaKpPOCKONHMYECKOM M KBAaHTOBOM COCTaBJISAIOLIECH
sHepruii [6]. AXTUTUBHOCTH COCTABJISIONIMX MOJIHOW YHEPTUU MOYKHO BHICThH
U B 1IpaBoii yacTtu ypaBHeHu# (3) u (6).

VYpaBuenue (6) ¢ yuerom (7) u (5) Oymem UMETh BU:

L Pk 2dp

1 d 2 d*
4(k5+k;>=(k3+k;+¢2k;>[ Ly _= ”}
r pda (8)

? da pda’

Ham H606X0,I[I/IMO HAlTH BOJIHOBOC peHICHUC 3TOTO0 YPABHCHMUA.
By/:[eM peuath €ro METOAOM IOCICAOBATCIIbHBIX HpI/I6J'II/I)K€HI/II71. HOJ’IO)KI/IM,

uto @ <<l Bo Bcex ko>pduimenTax, Bxonsmmx B ypaBHeHue. Torna
HOJIyYHTCS YpaBHCHUE:
1 dp, 2d°p
i) Tpaa
P P )

Pewenne storo ypaBHeHust HallZieHo B [6] U ©UMeeT BU:

. 2
p=p,co8 & (10)

D70 pelieHne CrpaBeIuBo MPH JI000M 3HAYCHUH & , B TOM YHCIe U
@ . IlopcraBmast pemenne (10) B (8), moy4aeM anredpamdeckoe

TPAaHCUCHACHTHOC YPAaBHCHMUC!

k= tga = tg|(v,k, +v.k. ) — gk r—zk_| )

@opmyner (10) u (11) onmceBaroT pemeHus TudepeHIHaIbHBIX

ypaBHeHHH (4) u (8).
[Nepenmmem penrenue (10) B apyrom Buze:
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2
=p,cos (Xt —@k r—k.z
p pO gD 7] z ) (12)
31ech @ - 4YacToTa OCHWIISILMNA BOJIHBI IJIOTHOCTH BEPOSTHOCTH.

MMeeM nMHEWHBIN 3aKOH TUCHIEPCUU:

o=vk,+v.k =vk (13

BexkTtop MakpoCKONHWYECKOH CKOPOCTH M BOJIHOBOM BEKTOp He
COBMAJAIOT MO HampaBieHUI0. YacToTa OCUMIUIALUN BOJHBI SIBISETCS CyMMON
OCLWJULILMKA OpOMTAIFHOIO M IOCTYyNAaTeNbHOrO JABWXeHHH. Pemenue (12)
JOJDKHO YIOBJIETBOPATH YCJIOBHIO IIEPHOANIHOCTH B JIFOO0H MOMEHT BpEMEHHU
U B 1100011 Touke z . Torma

kr=n, n=123.. (14)

OpOuTaIbHBIA paguyc MOJsI IIOTHOCTH BEPOSTHOCTH KBAHTYETCS C
PaBHOYAQJICHHBIMU PACCTOSTHUAMU MEXKY OKPY>KHOCTSAMH:

rn :k_ &n = 5rn+l —5}"}1 :ki
[ @ (15)

C yuerom (15) ypaBHenue (11) 3anumrercs B BUjE:
ngo:tga:tg[a)t—gnn—zkz] (16)

VYpaBuenne (16) obecrieunBaeT  CHHXPOHHU3AIUIO  YIJIOBOU
MEPEMEHHON C TEKyIIMM BpEMEHEM B Ka)x1I0HM Touke Ha ocHu z. Hailigem u3
ypaBHeHHS (16) YTIOBYIO CKOPOCTH BpAIleHHS ITOJIS INIOTHOCTH BEPOSTHOCTH

Q.

_do _ o _ op,
dt  n(l+cos’(at—gn—zk.)) n(p,+p) 17)

n

OpbuTanbHasi CKOPOCTh BpAIUEHHS IOJS IUIOTHOCTH BEPOSTHOCTH
paBHa:
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k,(py+pP)

vV =1

nn

(18)

MoxHO BUACTHb, 4YTO Op6I/ITaJ'II)HaH CKOPOCTb Bpalll€HUs MOJIA

BEpOATHOCTH B JIOGOH TOYKE OCIWIIMpYeT B mpedenax or @/ kq, bi (o)

05w/k,.

KBanTOBOC ypaBHeHHE B Buie (8) HE 3aBUCHT OT MAacChl YaCTHIIBL
Crano ObITh, 3TO ypaBHEHHE MOXET OIMCHIBATh M IBIKCHHE 0E3MaCCOBBIX
KBAaHTOBBIX YACTHIl, NMEIONINX JMHEHHBIN 3aKOH JUCIEPCHH, B YaCTHOCTH,
JUIMHHOBOJIHOBBIX  (DOHOHOB, (OTOHOB W Jp. dHactul. bmaro, 4ro B
HEPEISITUBUCTCKUX yPABHEHUSAX HE MMEIOT 3HAYCHHS BEJIMYUHBI CKOPOCTH JIIS
6e3MaccoBbIX 4acTHL. B wactHOCTH, B [6] OBUIO MOKa3aHO, YTO IIOTHOCTH
BEPOSATHOCTM M IUIOTHOCTh IIOTOKA BEPOSITHOCTU C TOYHOCTBIO [0
0003HaUYCHUH OIHUCHIBAIOT IUIOTHOCTh 3JEKTPOMAarHUTHONH SHEPruM Ui
IUIOCKMX AJIEKTPOMAarHUTHBIX BOJIH B BaKyyMe U BEKTOp YMoBa - Iloiitunra. B
3TOM MOXKHO yOeauTbesi, ucronb3ys Gopmynst (12) u (13). HyxHo moioxuTh

V, U () paBHBIMH HYmO M V, =C, TIe ¢ — CKOpOCTh cBeTa. Jlimsi

KBaHTOBOMEXAHMYECKOTO OIMCAHUS IBIKCHUS 0E3MaccoBBIX dacTull (WiH
YacTHIl C HCYE3aIollee MallOW Maccoil MOKOS) HCIOJIB3YIOTCS KBAaHTOBBIM
UMITyJIbC M MaKpoCKonudeckass cKopocTb. OJHAKO KOHTHHYYM TaKHX
HEB3aNMOEHCTBYIONINX YACTHI], HAIPUMEp, (POTOHOB, ONHCHIBACT pa3INIHbIE
3JIEKTPOMAarHUTHBIC BOJIHBI B 3aBHCHMOCTH OT BEJIMYMHBI BOJIHOBOTO BEKTOpa
WY JUTUHBI BOJTHBI.

Vcnonp30BaHHEe CKOPOCTH CBeTa Ui OE€3MacCOBBI3X YACTHI[ B
HEpPEeNATUBUCTKONH KBAaHTOBOM MEXaHHUKE HE MPHUBOAUT K MPOTHBOPEUMSAM.
CKOpOCTh CBeTa NPUCYTCTBYET M B KIACCHYECKHUX YypaBHEHHsIX Makcpeina,
ompenenss CKOpOCTh PAacIPOCTPAHEHHUS JIEKTPOMATrHUTHBIX BOJH B BaKyyMe.
MOHO TPEeAroNokKUTh, YTO ypaBHEHHE (8) MOXKET ONMMCHIBATH KBAaHTOBBIE
CBOMCTBA MyYKOB CBETA, B YaCTHOCTH, AKCUKOHOB [7,8], TOCKOJIBKY U3ITydCHHE
B BUJE KOHIICHTPUYECKHX OKpyXHOcTed (15) BO (poHTaIBHOH IIOCKOCTH
HaroMUHaeT OOBIKHOBEHHbIE AKCHKOHBI.

JUis BUXPEBOTO JBMXKEHUS IJIOTHOCTH MOJII BEPOSITHOCTU YACTHI[ C
Maccoi IOKOs OTJIMYHOM OT HyJIsl HE00XOIMMO BBITIOJTHEHUE YCIIOBHH:

V,,V, <<€

>
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rie ¢ — ckopocTth cBera. COCTaBIIONINE BOJTHOBOIO BEKTOPA MOYKHO
OTPEeNIeISITh CIEAYIOIIUM 00pa3oM:

\2mée, L 2mde,

v h - h (19)

rac 58 , 582 - KBAHTOBBLIC COCTABJIAIOMINE SHEPTHUU Op6HTaﬂLHOFO

1 TIOCTYNATEIBHOTO JBIDKEHUS. DTH SHEPTHH OTIMYAIOTCS OT MOJTHBIX YHEPT U
coryacHo [6] 1 MOTYT OBITE U3MEPEHBI OTACNBEHBIM criocoOoM [9]. g omeHoK
BOCIIOJIE3YEMCS TE€M OOCTOSTEIHCTBOM, HYTO B TPAXWUIMOHHONH KBaHTOBOU
MeXaHUKE IOJIHAS SHEPTHsl CBOOOIHBIX KBAHTOBBIX YaCTHUI] OTOXKIECTBIISICTCS C
e€ KBAaHTOBOH BENWYMHOW, YTO 3aBBIIIACT 3HAYCHUS BOJHOBBIX BEKTOPOB.
[Tonoxum:

(20)

Hanpumep, ecnm mMeTh Ie0 C «XOJOAHBIMH» HEHTPUHO, Macca
33
II0KOSl KOTOPBIX olleHuBaeTcs kak 107°r [10], To Bemuuuna K 00 = 2/ )“q;o’

9
rae ﬁf(po - JJIMHA BOJIHBI, npu CKOPOCTAX YaCTHIL V(p ~ 10 CM/C

3
A,>6-10"cm. Dra  omemka  mOKa3bIBAET,  UTO  KOHTHHYYM

HEB3aUMOCHCTBYIOIINX «XOJIOAHBIX)» HEUTPHHO MOXET CO3[IaBaTh, B TOM
YHucle, MaKPOCKONWYEeCKHEe BUXPEBHIC (TOPCHOHHBIC) TIONSA IUIOTHOCTH
BEPOSTHOCTH.

CuctemMa KBaHTOBBIX YypaBHCHHH [IBIDKCHUS C (QU3HYCCKUMH
nepemeHHbIMH (1), (3), Ha Ham B3TJIsAI, OOJIee aJleKBAaTHO OTPaKACT MCXOTHOE
ypaBuenue Ilpenunrepa, uem cucrema ypaBHeHHH (1), (2), TOCKOIBKY
M03BOJISIET OIUCHIBATH BUXPEBBIE IMOJISI IJIOTHOCTH BEPOSITHOCTH KBaHTOBBIX
yacTull. B HepeNsTHBUCTCKOM NPHUONMKEHHH JUIS YacTHL[ C JIMHEWHBIM
3aKOHOM JIMCIIEPCHM TAaKUX KaK: HHU3KO4YacTOTHbIe (OHOHBIL, (OTOHBI,
«XOJIOJTHBIE» HEHTPHUHO BO3MOXHBI BUXPEBbIE (TOPCHOHHBIE) TOJISI MJIOTHOCTH
BeposiTHOCTH. CyIIeCTBOBAaHHE BUXPEBBIX I0JIeH ONTHYECKUX (DOTOHOB B BH[IE
AKCHKOHOB 3TO peaibHOCTh [7, 8].
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I'naBa 7. O TensoBbiAe1eHUN AJIb(Aa-UCTOUYHUKOB [4]

[lpy KOHCTPYUpPOBAHMU M SKCIUTyaTallMd MPCIU3HOHHBIX alb(a-
HCTOYHHKOB TEIUTa HEOOXOMUMO YUYUTHIBATh 3(D(HEKT CBA3AHHBIN C TEM, YTO
npu anb(ha-pacnane BBIACIACTCS TEIUIOBOW 3HEPTUU HECKOJBKO OOJBIINE, YeM
MOXKHO OXHIaTh, €CIIM KCXOJHUTh W3 3KCICPUMCHTAIHLHO H3MEPCHHOHN C
MOMOIIIBI0 MAacC-CIEKTPOMETPOB KHHETHYIECKOW SHEPTHHU YacTHll (KaK MPaBuiio
¢ O0JIBIIION TOYHOCTHIO).

@dyHIaMEHTAIBHBIM CBOMCTBOM KBaHTOBBIX YACTHI[, COBEPIIAFOIIMX
MH(OUHUTHOE IBWKEHHE, SBISIETCS TO, YTO MOMHMO KHHETHYECKO SHEepruu
YAaCTHIBl QJJUTUBHO TMEPEHOCSIT JHEPrHI0 KBAHTOBOW HEIOKAIbHOCTH

JBWXKEHUST OE . DTa JHEPrUs TECHO CBA3aHA C MPOMCXOKICHUEM YACTHIL U
MOJKET OBITh 3aMETHON BEJIMUUHON OTIpeIesIIeMON B 3KCIIEPUMEHTAX.

E=p*2m+U(F,t)+ ¢

EcTecTBEHHO, UTO HaJMYME SHEPrUM KBAHTOBOM HEJIOKAIBHOCTH Y
YaCTHUI], COBEPIIAIOINNX HHOWHUTHOE NBWKCHHE, JOJDKHO TMPOSBIAATHECS U B
JIpYTuX SIBJICHUSX, HApUMEpP MpPHU TYHHEIUPOBAHUHU 3apSDKEHHBIX YacTUL U3
saaep. B wactHocTH, mipm anbda—pacmame 3apsOKCHHBIE YacTHIBI TTOMHMO
KMHETUYECKOW  JHEPrUUM  JOKHBI ~ YHOCHUTh  DHEPrHi0  KBAaHTOBOM
HEJOKaJIbHOCTU JIBUKEHUS, KOTOPYIO MOXKHO M3MEPHUTh KaK Pa3HOCTh MEXITY
MOJIHOW DJHEpPruel 4YacTHll, TEePMOJU3YeMBbIX B Cpelle C 3aJlaHHBIMH
CBOICTBAMM, U KUHETHUYECKOH OJHEpruer Hajeraromux vactuu. Hamndue
3aps/ia TMO3BOJSIET W3MEPHUTh BEIMUMHY TOKA W KHHETHYECKYIO JHEPTHIO
YacTUI[ B MOMEPCYHOM MAarHUTHOM Tojne. TakuMm oOpasom, it aib(ha—
HMCTOYHUKOB, €CJIM M3BECTHA KMHETUYECKas HEPIUs BbUICTAIOLIUX YacTHUIl U
PACCUHUTaHO TEIJIOBBIJEIIEHNE HA OCHOBE UX KMHETUYECKON SHEPTUU B CPEIE C
3aJIaHHBIMH CBOMCTBaMH, TO TEIUIA JOHKHO BBIICIATHCS HECKOJIBKO OOJIBIIE 32
CYeT JONOJHHUTEIbHOM TEepMONM3ALMM SHEPTUH KBAHTOBOW HEJIOKAJIbHOCTH
JIBHDKCHHUS.

Hame#l 3amauell siBisieTcs OLIEHKA BEIMYMHBI 3HEPIMM KBAHTOBOM
HEJIOKAJIbHOCTH JIBH)KCHUSI, YHOCHUMO# anb(a-4acTUIIAMU U3 sIIEp.

B teopum o0 HanMuuM AJAUTUBHOM JHEPTrUM  KBAHTOBOMU
HEJOKATbHOCTA MOXKHO YOEIWTHCS, €CIIM HAmucaTh YPaBHEHHS JIBHKCHUS
KBaHTOBBIX YaCTHI] C TIOMOIIBIO BETMUYUH UMEIOINUX (PU3UIECKHUI CMBICT. DTO
TaKk Ha3bIBaEMOE KBa3WTHAPOJIMHAMUYECKOE IpEICTaBIeHUE, 3HAYNUTEIbHBIN
BKJIaJ], B pa3BuTHE KOoTOoporo B 50-Xx romax mpouuroro Beka BHec J[. bom (cm.
0030p [1]).
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I[J'IH OIPEACIICHHOCTH 6yHCM HUMCETb B BHAY, 4YTO aJ'IL(l)a-"IaCTI/IIII)I

2
JBUTAIOTCA B KyJoHOBckoM mone smpa U =2Ze” /r, rne Ze - sapan
NOYEPHETO sSApa. YPaBHEHHS IBWKEHUS B KBa3sHTUIPOIMHAMUIECKOM
MpeICTaBICHNAN 3amumieM B Buze [1, 2]:

op
—— + divJ=0 (7.1)
ot
0 2 2 2 2
m— W)y iy JSEPT A0 (g)
ot 2p° 8mp ®  4mp

rZie m- IpuBeIeHHas Macca JyacTuipl. Cuctema ypaBHeruit (7.1),(7.2)
C IUIOTHOCTBIO BEpOATHOCTH /O (r, t) M TIIOTHOCTHIO IIOTOKa BEPOSTHOCTH
yacTuusl J(r)/m sBasercs 3aMKHyTOW. Ecinu mpu onucaHuu ABHKEHUS
KBAHTOBBIX YaCTHUI[ MOKHO BBECTH MOHATHE MAaKPOCKOMUYECKOTo UMITyIIbCca p,
ToJ/ p=p/m.

ITpn MHGUHUTHOM IBW)XKEHWM YacTHIBI B CTAI[MOHAPHOM BHEIIHEM
T0JIE ¢ MAaKPOCKOIIMIECKUM HMITYJIbCOM P COXpaHseTcs e€ monHast 3Heprus E,
toraa u3 (7.2) umeem aHanor nHBapuanTa bepHymi:

2

E= p—+U+5g( r), (7.3)
2m

n*(Vp)? n’Ap

re 0§ = >

OTy BeNMYHMHY MOXHO Ha3BaTh
8mp 4mp
9Heprueil KBaHTOBOW HENOKANbHOCTH JABWKCHHS («KBAaHTOBOMEXaHUUYECKHUII»
notenuman no JI. Bomy). Hamuunme OF  NpUHIMIMATBLHO —MEHSET
IPOCTPAHCTBEHHO-BPEMEHHOE pacIpe/elieHHe IUIOTHOCTH BEPOATHOCTH. B
YaCTHOCTH, YAaCTHULA MOXET HAXOAMUTHCA B TaK HA3BIBAEMBIX «UIOJbYATHIX)
COCTOSIHUSAIX, KOTJla IONepeYHas JOKalnu3aluus cTporo ompeneneHa. [lokaxem
9TO, paccMaTpHBas ABW)KCHHE YaCTULBI BAAIU OT CUJIOBOIO LIEHTPA, KOria

U—>0

He tpusnansHoe pemenue (7.1), (7.3) MOXHO 3ammcaTh B BHJIE:
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p(7,t)= p,cos’ (Pp(F—tp/mh), E=p’/2m+6S¢, Se=(p)’/2m (7.4)

JlBmxeHne CBOOOMHON YacTHIBI HAa MPEKHEM SI3BIKE OIMCHIBACTCS
YCTOMYMBOW CyHeprno3unueil ABYX IUIOCKUX BOJHOBBIX (DYHKIHH, KOTOPYIO
HE00X0TUMO OBLITO OBl TIOCTYIHPOBATH:

1
Y (r,t)= E NPy (expi(pir—E t)/i +expi(por—Eyt)/ 1) (7.4a)

IIe UMITYJIEC CBOOOIHOI YacTHIBI p U e€ 3Heprus £ onpenemnsiorcs
CIIEIYIOIINMHA COOTHOWICHUAMU: (p; + pj) /2 = p,

(E1+E2)/2:E, O p=(p1—-p:)2

IIpocTyto cCBA3p MeXIQy OSHEprueil KBAaHTOBOM HEJNOKAJIbHOCTU

CBOOOIHON YaCTHIIBI 5€w 1 CPEeTHHUM 3HauCHHEM € KHHETHUCCKOW dHepruei
2 " .
E =P / 2m moxHoO HaiiTh U3 (7.4) B cimyyae WTONBYATHIX COCTOSHUM, €CIH

BBCCTHU XAPAKTEPHOC BpPEMsS 3adaqdun TO’ Hanopumep, nepuon OCL[I/IJ'IJ'IHL[I/Iﬁ

IIOTHOCTH BEPOATHOCTU BO BPEMECHU.

222
7°h

E=E, +d¢,,06, =—
4E, 7,

(7.5)

Ecmu B (7.5) kuHeTHUecKast SHEPIHs YacTHUIBI Maya, TO BO3MOXHO,
YTO SHEPrusi KBAaHTOBOI HEJIOKAIBHOCTH JBW)KEHHS OyJIeT NMPEBOCXOIHUTH €&
KMHETHUECKYI0 ~ JHepruio.  OTo  HaOII0Janoch,  HamlpuMep,  IpH
ABTOXJIEKTPOHHOM 3MuUCCHH [5].

IIpu TyHHENMPOBAaHUM 3aPSKEHHON YaCTULBL U3 J(pa U ABUXKEHUU €€
B TI0JI€ CHJIOBOTO LIEHTpa MPOMUCXOAMUT TOJIBKO YaCTHYHOE Mpeodpa3zoBaHue e
[IOJIHOM DJHEPruM B KUHETHYECKYHO OJHepruto. [lng 3Toro paccMoTpum
TYHHEIMPOBAaHME YACTUIBI dYepe3 KYJIOHOBCKHH Oappep B  MoOjeIH
MPSIMOYTOJIBHON TOTEHIMANbHON siMBI ¢ dHeprued E [3]. Bymem pemath
IUHAMUYECKYIO0  3a7adyy TYHHEIHPOBAHWS YacTHUII BO BPEMEHH B
KBa3UTHJIPOJUHAMHUYECKOM NpeCcTaBiIeHuu [4].

B obnactu TyHHenupoBaHus pemaeM cucremy ypasHenui (7.1),(7.2),
UCIIOJNIB3YS] HHBAPHUAHT:
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mJ* n(Vp) KA
=" v (pz)_ Y
2p

8mp 4mp

(7.6)
CunTaeMm, 9TO B CTallMOHAPHBIX NOTEHIMAIBHBIX MOISIX OCTAETCS
MOCTOSIHHOW SHEPrusl TYHHENIUPYIOIKUX 4acTull, TOraa 6/ ot (J/ p)=0,aJ/

£ 3aBHCUT OT KoopauHaTel. M3 ypaBHeHus (7.6) MOXXHO BHIETH, 4TO

TYHHEJIAPYIOIIAas 4YacTUIlAa JIBHIKETCS B HEKOTOPOM CaMOCOTJIACOBAHHOM
MOTeHIMaIbHOM Tmonie. Jlamee OyaeM ympomiath 3agady, CTPEMSCh IO
CYIIECTBY K KBa3HMKJIACCHUCCKOMY MPHOMKCHHUIO. PaccMarpuBas TOJIBKO
OTHOMEPHOE [BIDKCHME B TII0Jie IUIOCKOTO KYJOHOBCKOTO — Oapbepa,
npeHeOperasi MPOCTPAHCTBEHHON KPUBU3HOU Oapbepa (CTEMeHb MPHUOIMKCHUS
OIICHUM HIXE), HAXOJUM pelIeHne ypaBHeHU (7.1):

¢t — J’ D(H)dr

J =J( ), D(r) = p(r,t)/ J(r,1)

%o
Tornaa pemenne ypaBHeHUs (7.6) 3anMChIBacM B BUJE!
t— j O(r)dr
p(r,0)=@(r)J , exp(———)

To

Breibop 3Haka mepen SKCIOHEHTON OyJeT SCeH U3 JNalbHEHINero.
IlosnydyaeM ypaBHeHue:

0 + 200" —(¢') —49%¢'+ f(N* —a® =0 ;)
rac

p=D/7,, B(r)=(E-U@)8m/h’,a’ =4m’c] I h’
TPpUXU B ImokKasareJie ¢ IIOKa3bIBArOT MopsAa0K

muddepenunposanus o koopaunate. Ilonaras mansiMu B (7.7) Npon3BOIHEIE
10 KOOP/ANHATE, B HYJIEBOM MPUOJIMKEHUN HMEEM:
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go(r):((ﬁ2/4+a2)”2 —ﬁ/z)”2 o8

3aMeTHM, 4YTO 3TO €CTh TOYHOE pEIICHHE VI CiIydas IUIOCKOTO
HPsIMOYTOJBHOTO Gapbepa KOHEYHOW IUPHUHEL [IpHOMIKEeHHOE XKe pellieHue
aNIpOKCUMHUPYET Oapbep MPON3BONBEHON (HOPMBEI HAOOPOM OECKOHEYHO MaITbIX
IO IIUPHUHE IIOCKUX MPSIMOYTOJILHBIX 0aphepoB.

[Tponunaemocts Oapbepa ONpenenMM Kak OTHOLIEHHE IUIOTHOCTH
MOTOKA BEPOSTHOCTU B TOYKE HKCTPEMyMa CaMOCOTJIACOBAHHO IMOTEHIMANa B
HEKOTOPBIA MOMEHT BPEMEHH K UCXOAHOMY IOTOKY BeposTHOCTH. [Ipu sTOM
MPOHUIIAEMOCTD JOJIKHA YAOBJICTBOPATH NPEACTIBbHBIM ClIydasiM. Ecnu mupruHa
Oapbepa CTPEMHTBCS K HYJIO, TO MPOHULAEMOCTh €r0 CTPEMHTBCS K €AMHHUIIE.
Torma BpeMs HaXOXICHHWS 4YaCTUIBI KaKk TaKOBOW Ha BepluuHe Oapbepa
JOJDKHO OTCUUTBIBATBCS OT HyJs. ECTECTBEHHO NMpU YBEIWYCHUM INHPHHBI
Oappepa ero NPOHULIAEMOCTh JOJDKHA CTPEeMUTBCS K Hymro. Torma
NPOHHIAEMOCTh IIOCKOW NOTEHUMAJIBHOH SIMBI C KYJOHOBCKHM OaphepoM
3aMHIISTCS B BUIC KBagpaTyp:

D = exp(~[ i~ [ par)

(7.9)

3nece U(ry) =U(r,) = E. Kynonoscknii Gapbep mpuOIMKeHHO

MOXXHO CYUMTATh IINIOCKHUM, €CJIM JJJINHA BOJIHEI /1€ Bpofmﬂ /1 TYHHCJIHPYIOMINX

4aCTHUI] 3HAYUTEIFHO MEHbIIE PaJjuyca KyJIOHOBCKOro 0apbepa 7

v, =m(E)"? 1 Ze* (2m)"? <<1

3TO 0OCTOSATENHCTBO HCIOIB30BAJOCH paHee B [3] W B HameM
pEILIeHNH.

CaMocCorIacoBaHHBIH IpOLleCC TYHHEIMPOBaHUS coriacHo (7.9)
MOJKHO YCJIOBHO MpPEACTaBUTh COCTOSIIUM M3 JBYX 4YacTei: MpeojosieHus

obmactu wmmpusoit 7, — ¥, , xorna U(r)=E, u npeononenus oGmactu

r, =1 (E>U(r)), xorna yactiua GopMHPYeTCs KaK TAKOBAas ¢ HEKOTOPOIt
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3Hepmel71 KBaHTOBOI HEJIOKaJIbHOCTH ABUIKCHUA U TTOCJIC MPOXOKACHUSA TOYKA

7, MOKET COBEpIIATh MHPUHUTHOE ABUKEHUE, CM. PUCYHOK 1.

“ U
E
5& A
TS U(r) +5&(r)
/ N
A/ h N Ek
/
! 1
/ o
0 o1 ra 5£w=r

Pucynox 1. Cxemamuueckoe uzobpaicenue
MYHHEAUPOBAHUS 3APANCCHHOU YACTUYbL U3 A0Pa

Touka 7, COOTBETCTBYET MHUHHMYMY SHEPIMU IIOTOKA IUIOTHOCTH
BEPOSATHOCTH

— 2 2 = i =
E, =mJ"(r,)/2p"(r,)=mn =d¢, (7.10)

U B CHIIy 3aKOHAa COXPaHEHMs IOJHOI SHEPTHU OHAa paBHA DHEPTUH
KBAaHTOBOIl  HEJIOKAJIBHOCTH  [JBIDKEHHS YacTHUIBI Ha OECKOHEYHOCTH.

Coornomenus (7.5) u (7.10) N03BONAIOT HANTH HEU3BECTHBIE BEIMYMHBI 7, ,

1y 5800 W BBYMCIUTL [) depe3 3aJaHHYH0 KUHETHYECKYIO DHEPIUIO
JaCTHILI Ha OECKOHEYHOCTH.

Ecim B (7.8) nmpuGnmkenHo cuurare, uto 3 2(}’) >>4a* B Bo Beeit

obmact r, —r, (xota ,3(1"1)20) U y4€CTb, 4YTO ﬂ MCHSECT 3HAaK Ha

ydacTKax  uHTerpupoBanus, To u3 (7.9) cmemyer  W3BECTHBIN
KBa3WKJIACCHYECKHH pe3yiIbTaT 3aBUCHMOCTH TIPO3PAYHOCTH Oaphepa OT
SHEpruu 4vactuupl, nonydeHHbll I'. TamoBeiM, P. I'epuu, E. Konnonom [4].
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OILHaKO Ipyu 3TOM IIOJIHYKO SHEPrur0 4aCTHULbl HYXHO INOJACTAaBJIATL B BHUAC

E=F k +5€OO. Pamee mms cormacus ¢ 9SKCIIEPUMEHTOM BBIYHCILIINCH

noGaBku K E, , 00ycIOBICHHbIC TOHHKEHHEM KYJIOHOBCKOrO Gapbepa sapa

OKpPYXKaroLUMH JJIEKTPOHAMU [3]. OKcIepUMEeHTaIbHO ¢ dexr
9KpaHHPOBAHMS U3MEPHUTH BecbMa TpyAHO. TeopeTnueckue olleHKH dppeKTa B
CHJIy MHOTORJISKTPOHHOH 3a7iauil y pa3HbIX aBTOPOB ObUIM pa3Hble. B Hamem

ciyqae O&, MMeeT NPHHIUIHAIBHO APYToif CMBICT — 3TO YHEpTHs KBAHTOBOI

HEJIOKAIBHOCTH JIBW)KEHHS, YHOCHMash W3 sApa, KOTopas MOXKET ObITh
U3MEpEHa.
Tenepb MOXHO OIEHUTH BETHUNHY 3((EKTa CBI3aHHOTO C HATMIHEM

5800. Pemenne (7.8) urHopupyeT NpOU3BOAHBIE (0 10 KOOpAUHATE,

HeoOXoJUMBbIe I OTHICKaHHUsA TOUKH /', M He mpurogso. IIpennonoxkum, 9ro

B MEPBOM MPHUOIIKCHUU TPU WHOUHUTHOM JBHKCHHHM KBAHTOBAs YaCTHIA
JIBIDKETCS B TIOJIE SIpa C KIIACCHYECKUM 3HAYCHHEM UMITYJIbCa, TOTa SHEPTHsl
KBaHTOBOI HENOKAILHOCTH OCTAETCS HEM3MEHHOM. VICmonb3ys COOTHOIICHHS
(7.5), (7.10), momy4aem:

O, |E, <(8Z°e*m/n’WE,)+1)"* —=Ze*(8m)"* (x h E;'*) (7.11)
Hanpumep, tpun - pacmage ~'Po (Z=84-2) ¢ KHHETHYECKO

sHeprueit yactun 5,3 MaB 0&,, <178 k3B. OTHOCHTENBHBII «H30BITOUHBII»

HarpeB cocTaBiseT 3,3%. CormacHo [3] sMmupuyeckas IONpaBKa B 3TOM
ciaydyae cocraBisier 131,6 k3B u oHa ymeHblnaercss ¢ 3apsnom snapa. Ilpu

H606XOI[I/IMOCTI/I BCIIMYNHY 5830 MOJKHO BBIYHCIIMTH 00JIE€ TOUHO.
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I'naga 8. Tennopoii 3¢ ekt Ha aHOE
NPH ABTOYIEKTPOHHOM 3Muccun [4]

[lpuBenemM  SKcHepUMEHTaNbHBIE  JIOKAa3aTeNbCTBA B MOJB3Y
CYIIECTBOBAaHUS KBAaHTOBOH COCTABJIAIONIEH SHEPTHM YacTHIl, COBEPLIAIOIINX
MH(UHUTHOE JIBIKEHHE.

IIpn aBTOZJEKTPOHHOM AMHUCCUM BJIEKTPOHOB C Karoja B aHOAE
JOJDKHO BBIIENATHCS TEIUIO IPUHOCHMOE YCKOPEHHBIMH DJICKTPOHAMH B
COOTBETCTBHM C BEIMYMHONW TPOXOAAIIETO TOKA U  IPHIOKEHHOTO
HaNpsDKEHUST MEXIy 31eKkTpogamu. OIHAKO OKa3bIBAETCS, UYTO B aHOZAE OynmeT
HaOMIOAaThC APYroe TEIJIOBBIACICHHE 3aBHCAIIEE, B TOM UHCIE OT
cooTHolIeHui sHepruil depMu KaToAa U aHola U KOTOPOe B CHITY CHIeHU(HUKH
MPEXHUX SKCIEPUMEHTOB He HaOmoaanocs [1].

CyTp paccmarpuBaemoro 3¢ dekra 3akimodaercs B ciaenyromem. [pu
TYHHEJIMPOBAaHMM BO BHEIIHEM TII0JIe uepe3 TPEyroibHbBIA  Oapbep
(hepMHEBCKUIi 3JIEKTPOH YHOCHT C KaTO/Aa SHEPrHI0 KBAHTOBBIX (UIyKTyaluid
JBIDKCHUS paBHYI0 oHeprud @Depmu  (3NIEKTPOABI  MPEAINOIATAOTCS
MeTaIMIeCKUMHK). Jlanee Npu ABMKEHHH B YCKOPSIOIIEM II0JIE€ 3JIEKTPOH
HaOMpaeT TMoCTylaTenbHylo JHepruio. IIpM TNPOHWKHOBEHHHM BHEIIHETO
3JIEKTPOHA B @HOJ €T0 KMHETHYECKasi SHEPIHsl PEIaKCUPyeT B TEIUIOBYIO TTOKa
3NIEKTPOH He JOCTHTHET ypoBHA Pepmu anonma. Ecnu sneprus ®epmu anona
ommyaeTcss or sHeprunm depMm kaToma, TO KOJMYECTBO TeIula OyneT
OTJINYATHCS OT O’KUIAEMOTO.

Chopmynupyem HEOOXOJUMBbIE KPHUTEPUH HAOMIOJAEHHUS ATOTO
abdexra. s  obOo3HaueHHWs] peKMMaA  aBTORJIEKTPOHHOH  OMUCCUH
(TpeyronbHBIA Oaphep) NPHIOXKEHHOE HampspkeHne U JOMKHO IpeBBIIIATh
HanOoONBIIYI0 W3  paboT  BBIXOJA JJIEKTPOHA  KaToga M aHoja

eU > max(e@,,eq, ). Hanpsikernne U JODKHO HE CIMIIKOM NPEBbILIATH

sHepruio ®Depmu d1mekTpoHOB drekTpomHoi mape el <& 12€2- B

MPOTHBHOM ciydae 3¢ ¢eKT CTaHOBHTCS Hcuesaroiiee MaibiM. OObIYHO mpu
BBICOKMX  TNPWIOXKECHHBIX  HANPSDKEHUAX M NPOBOAWINCH  IPEXKHHE
oKcrepuMeHThl [1]. B Toxke BpeMsl sJEeKTpUUecKHe MoJid y KaToja Julst
OCYIIIECTBJICHHS ABTOYIEKTPOHHON 3MHUCCHM JOJKHBI OBITH He Menee 10°—
10'V/cm. [pu BHemHeM HanpskeHUH 0koJ1o U=10V Mexa/1eKTpoIHbIH 3a30p
MEXJy IUIOCKMMHU 3JIEeKTpojJaMH He JokeH mnpesbiuaTs 10 HM. Taxue
YCIIOBHS MOYKHO PEaln30BaTh B CKAHUPYIOLIEH TyHHEIBHOM MUKpPOCKONHU [2].

ITpoBenem oueHky mpennonaraeMoro sgdexra. DHeprus JIEKTPOHa,
BBUICTAIOIIETO U3 KaToJla paBHA:

E=p//2m+e¢,, (5.1)
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rae &, - oueprusi depMu B KaTole. ODHEPIUs JICKTPOHA,

JIOCTUTIIIETO aHOJa, paBHA:

E=p§/2m—eU+821 (52)

rae &,, -sueprus Pepmu B aHOIC.

Kunetnueckast 3Heprus 3JleKTpOHa, IOMABLIETO B aHOJ, KOTOpas
IIPEBPATUTCS B TEILIO, PaBHA

(p,)"12m=eU+(p)" I 2m+e,, — &y, (5.3)

ITpeneOperast TemIoBEIM pa3dpOCOM 3JIEKTPOHOB B KaTOAE IO
CPaBHEHHIO C ero »Heprueii depmMu, MOXKHO CUHTATh, HauyaJdbHbIE HUMITYJIbCHI

anekrpona p, > 0, torzga u3 (5.3) umeem:
(p,)’ /2m=eU + Ep—E&p

OTHOCHUTEILHOE TCIJIOBBIACJICHUEC B aHOJAC B 3aBHCHMOCTH OT
MPUIIOKCHHOTO HAIIPSXKCHUA 6yneT HU3MEHATHCA I10 3aKOHY!

AQ/Q=1+(&;, —¢&;,)/ eV, (5.4

rne Q = 1U . Vi3 popmyasl (5.4) criemyer, 4To BO3MOKEH TEPErpeB

WIM HEIOTPEB aHOJa B 3aBHCHUMOCTH OT COOTHOILIEHUs 3Hepruid depmu
JJIEKTPONOB, U TOJBKO B YacTOM CIy4ya€ OJMHAKOBBIX 3JIEKTPOJOB
TeIUIOBBIIeNIeHHe  OyaeT  kiaccuueckuM. Hammeid  3amaueit  siBhsieTcst
JIOKa3aTeNbCTBO ~ TOrO, YTO  IIOCJIE€  TYyHHEJIUPOBAaHUA W3  KaToja
KBa3UKIIACCUYCCKUEC DJICKTPOHBI IBUT'AOTCA BO BHCUTHEM JJICKTPUICCKOM I10JIE
1 TIEPEHOCST SHEPTHIO KBAHTOBBIX (DIYKTyanuii ABMKEHHS, B JAHHOM 9aCTHOM
ciiydae paBHYI0 3Hepruu @epmu karona.

Unes skcnepuMeHTa COCTOUT B clieAyroueM. B ogHoToueyHOM
TYHHEJIGHOM ~ YCTPOWCTBE TOMJIOXKKA TIPEACTABISACT COOOH  IUIOCKYIO
MUKpoTepMonapy. TyHHEIbHBIA 30HA MOABOJUTCS K CHAI0 TepMomapbl M
M3MEPSETCS U3MEHEHHE TeMIEpaTypbl MOJIOKKHM IPU 3aJaHHBIX 3HAYEHUAX
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MPUI0KEHHOTO HANpSOKEHUS U aBTORJIEKTPOHHOTO TOKAa Ha TOMIOXKKY.
ITockonbky pacnpeneneHue TemnepaTrypbl OT TOYEUHOIO MCTOYHMKA Temja B
NPUIIOBEPXHOCTHBIX ~ 00NAcTIX  MOUIOKKH  OyIeT  NpOHOPLHOHAIBHO
NPWIOKEHHOMY  HANpsDKEHWI0 W NIPOTEKAIOIIEMY TOKY, TO rpaduk

saucumoctn AT (IU)/IU or U sBnsetcst yHUBEpCANbHBIM ISl JAHHOTO

clydas W TposicHAeT curyanuro. Ecnum 3Ta  3aBHCUMOCTh — OCTaeTcs
HEen3MeHHOH, To 3d¢dexTa HeT. B mpoTHBHOM ciydae TOKHO HaOMIOIATHCS
KauecTBeHHOe cornacue ¢ (5.4).

B okcnepuMeHTe WCMOJB30BAIUCH 30HABI M3  BOJIB(PAMOBOM
NPOBOJIOKH IMAMETPOM | mm, 3aTOYCHHBIE JIEKTPOXUMHUYCCKHU, C PATUYCOM
octpus ~20 nm. PabGora BBIXOza 3JEKTPOHA W3 BOIb(paMa IO CIPaBOUYHBIM

JaHHBIM paBHa @ = 4.5 eV oxunaemas sueprus Oepmu He MeHee & ;) =145

eV. HampspkeHue Mexy 53J€KTpoJaMH HE NpeBbILano 8 V, 4To MeEHbLIe
sHeprun PepMmu KaToga W aHOJA. B KadecTBe aHOJa HCIIOJIB30BANACh
XpOMeIb-aJIloMeNIeBas TepMoIapa M3 MPOBOJNIOKM Juamerpom 190 4 m,

cBapeHHas BHaxjecT B BuAe OykBbl «T». COOCTBEHHO MOMJIOXKOH SIBIISIIACH
aJFoMeNneBas MPOBOJIOKa, KOTOpas MyTeM MIMH(OBKH U MOJIUPOBKH JieTanach
IUIOCKOM M [0BOAMNACH A0 ToimMH He 6onee 20 4 m. OHa pacnosaranach

HaJ KOHIIOM XpOMeJ'IeBOﬁ IMIPOBOJIOKH. O)KI/IZ[aeMaﬂ OHEPIrus (I)epMI/I ITIOJJIOKKH

u3 anoMeseBoit mposonoku (95% Ni, ocranshoe Al, Si, Mn) &€ 12 =11,7 eV,

oxujaemasi pabora BBIXOJA =45 eV. CoorHomeHue >Hepruii Depmu
2

TaKOBO, YTO JIOJDKEH HAaOJIIOIATHCSI OTHOCUTEINBHBIN MeperpeB aHoIa.

Ilpy  mpoBeaeHMHM  OKCIEPHUMEHTa  BO3HUKAIH  IPOOJIEMBI:
3HaYMTEJbHBIE (IYKTYalUH aBTOAJEKTPOHHOIO TOKA HW3BECTHBIC eIie CO
BpeMeH Tonorpadaiinepa P. Sura (Young R.) [3] u apeii¢ Bo Bpemenu IJIC
TepMoIapsl, OCKOJIBKY paboTa Benach Ha Ipejielie €€ YyBCTBUTEIbHOCTH. JTO
HOTPe0OBaIO B KaXJOM OIBITE OBICTPHIX M3MEPEHHH BCETO B HECKONBKUX
Toukax. MakcumanbHas BenuuuHa OJIC cocraBisma 4 4V, 4yro mo

TpajlyipoBKe COOTBETCTBYeT HarpeBy Bcero cmas mo 0,1K, mpu stom mon
3JIEKTPOHHBIM ITyYKOM Ha TIOBEPXHOCTH MOJIOKKH TEMITEpaTypa HOBBIIIANACH
KaKk MHHMMYM Ha HECKOJBKO JECATKOB TIpamycoB. s orpaHWYeHUs u
M3MEpEeHUsl TOKa B LieNb BKIOYaics pesucrop BenmuuHoi 100 kOm. Tok B
uenu u3MeHsAnca 1o 10 4 A npu HamnpskeHuH 7,8 VB, 4To MOIJIO BBI3BIBATH
PE3UCTUBHBIA HarpeB OCTPHUS IMPOXOAAIINM TOKOM MPOIOPIHOHATIBHO €ro
KBagpaTy. B cBI3M Cc O3TUM BO3MOXKHO JONOJHHWTENBHO HAIUYHE
TEPMOBJIEKTPOHHOTO TOKA MEXY JIEKTPOJAaMH, KOTOPHII yMeHbIIaeT 3P QeKT,
TaK KaK TEPMOIJIEKTPOHBI IEPEHOCAT C COOOH B OCHOBHOM MOINEPEUHYIO
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22
20
18
16
14
12
10

cocTaBisonyto sHeprun @epmu. Bo3MoKHBIN pasnanvoHHbII [IEpPEeHOC TeTlIa
Ha TOMJIOXKKY HM3-32 HarpeBa OCTPHUsl C MAaJOW IOBEPXHOCTHIO Ha MHOTO
MOPSJKOB MEHBLIE TEIUIOBBIJEICHUSI 3a CYET pa3HOCTH dHepruii depmu
JNIEKTPOJOB NpU u3BecTHOM Toke. Ilpm HarpeBe octpus cBeime 373 K
ajzcopbar, cocTosIIMKA B OCHOBHOM M3 MOJIEKYJ BOJBI, CIETAET C HEro U TpH
MEKDJIEKTPOJHOM 3a30p€ MHOTO MEHBIIEM JUIMHBI CBOOOAHOTrO Tpobera
MOJICKYJI BO3[yXa MOJIEKYJSIPHBIH IIEPEHOC TeIula Ha IIOJUIOKKY B XYAIIEM
cryqae (mpu Toke 50 4 A) cocraBmser He Oonee 10% oT oxmmaemoro

a¢exra.

Ha pucynke 1 npuBeeHbI SKCIEPUMEHTAILHbIE TOUKH 3aBUCUMOCTH
ortHomrenus usMenenus JJIC k MomHocTH Beiensemoii Ha anoge AE /JU
OT 0OPATHOTO 3HAYEHHS HPHIOKEHHOTO Hanpshkenus 1/U. TOYKU IOCTPOEHEI
IUI1 PasHBIX 30HIOB, B Pa3sHBIC OHM M I PasHBIX MECT Ha TOMIOXKKE. B
mpefeax MOTPEITHOCTH HM3MEPEHHI II0IydaeTcsl HeKas YHHBEpCalbHas
3aBHCHMOCTb, KOTOPYIO MOKHO alIIPOKCHMMPOBATE IIPSAMOM JIMHEHN, HMEFOIIHIA
ABHO  OTPMIATENBHBI  HAKIOH, YTO  COOTBETCTBYET  OXKHAAEMOMY
JIOTIOJIHMTENLHOMY HarpeBy aHoja. MacCHBHBIE CIIaW TEPMOIIAP HE MO3BOJIUIN
MOJIYYUTh OOJBIINI HAKIIOH 3TOH 3aBUCHMOCTH.

AE/JU(mV/mW)

elp
! U/V)

0,125 0,145 0,165 0,485 0,205 0,225 0,245 0,265

Pucynox 1

Takum o00pa3om, TermioBoH S(QGEKT HMeeT SKCHEepHUMEHTAIbHOE
HNOATBEPKJICHUE U MOKHO PacCMaTpUBATh CIEJCTBHS BBITEKAIOLINE U3 HETO.
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I'naBa 9. dpdexT oxnakneHns aHoaa
NPH ABTOYJIEKTPOHHOM 3MHCCHH ¢ KaToaa [5]

PaccMoTpuM  gpyrme  9KCHEPHMEHTBI 110 HCCIIEJOBAHHIO
TEIUIOBBIJCITICHHS HA aHOJE.

IIpn aBTOZJEKTPOHHOM AMHUCCUM BJIEKTPOHOB C Karoja B aHOAE
JNOJDKHO  BBIIENATBCS  JKOYJIEBO — TEIUIO, TPHHOCHMOE YCKOPEHHBIMHU
JJIEKTPOHAMH B COOTBETCTBHM C BEIHMYMHOM IPOXOISIIEro TOKa U
NPUIOKEHHOTO HANPSDKEHUS. MEXIY SJICKTpOJaMH M, Kas3ajoch Obl, aHOJ
JNOJDKCH Bcerga HarpeBatbCs. OIHAKO OKAa3bIBAeTCS, YTO €CIH  YYecTh
KBaHTOBYIO COCTABJISIIOILYIO SHEPTHH JABWKEHHS JJICKTPOHOB U COOTHOLIECHUE
sHepruii @PepmuM KaToja W aHOJa IO OTHOUICHHIO K IIPHIOKEHHOMY
HAIPSDKCHUIO, TO B PAZE CIy4aeB aHOJ BCerja JOJDKEH oXnaxaaTbes. Panee
aT0T 3 PexT He HAbIFOJAICSI, TOCKOJIBKY SKCIIEPUMEHTBI BEJIHCh TIPH BBICOKUX
MPUIOKESHHBIX HAMIPSHKCHUSAX, MHOTO OOJIBIIHX dHepruit DepMu 31eKTPOIOB.

Llenbro JaHHOHM pabOTHI ABIISETCS IKCIIEPHMEHTAIBHOE JOKA3aTEIECTBO
BO3MOKHOCTH OXJIXKACHHUS aHOJA NP aBTOICKTPOHHON SMUCCHU € KaTo/a.

Cytp paccmarpuBaeMoro sddekra 3axiodaeTcs B CICAYIOLIEM,
pUCYHOK 1.

Pucynok 1. Duepeemuueckasn ouazpamma myHHeIUpoSaHus 31eKmpoHo8 U3 Kamooa 6
anoo: eV, , e‘Pa - coomgemcmeeHHo pabompl 8biX00A IEKMPOHA U3 KAMooa u
anooa, © k , O o - coomeemcmeenno anepeuu Pepmu kamooa u anooa,

eU - suepaus, nabupaemas snexmponamu 6o enewrem none ¢ nomenyuanom U,
€ — 3apsi0 INEeKMPOHa, d — MeANCINeKMPOOHDbLI 3a30D.
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[Tpu TyHHENMpPOBaHUM BO BHELIHEM I10JIE Y€pe3 TPEYroJibHbII Oapsep
(epMHEBCKUIT DIIEKTPOH YHOCHT C KaroJa KBaHTOBYIO COCTaBIISIOIIYIO
SHEPTUM JIBIXKEHUs, paBHYIO sHeprun depmu (d1eKTPOABI MPEAINOIararoTcs
MeTaIn4eckuMu). Jlanee npu ABMKEHHHM B YCKOPSIOIIEM II0JiE€ 3JIEKTPOH
HabMpaeT KUHETHYECKYIO SHepruto. [Ipu NpOHMKHOBEHUH 3TOTO JJIEKTPOHA B
aHOJ €r0 IOJHAs 3HEPrusl U3MEHSAETCs, II0Ka IEKTPOH HE JAOCTUTHET YPOBHS
®epmu anoga. Ecnu sHeprus @epmu aHoja otindaercs oT 3Heprun depmu
KaTofa, TO KOJHWYECTBO TEIUIa, KOTOPOE BBIIENACTCS B aHOZE, OJDKHO
otmmyaThes ot Jxoynena [1].

UToObI OLICHUTH BETHYUHY 3 peKTa, He0OOXOAUMO MMETh BEIpaKEHHUE
JUISL SHEPTUH JBIDKCHUS JIEKTPOHOB B MEXKIJIEKTPOIHOM MPOCTPAHCTBE.

B kBazuruapoaMHaMHUYECKOM TpeAacTaBieHMM [2, 3] ypaBHEHHs
JABUXKCHUA JIs1 I/IH(I)I/IHI/ITHOFO JBHXKXCHUA KBAHTOBOM qyacTuubl MacCbl m B
MIPOU3BOJILHOM BHEUTHEM nojie W(r, ¢) 3aIIUCBIBAIOTCS B BUJE:

op
m 7 ~+ div p p=0 €))
o ? W(Vp)' hAp
—p:—V(p—+W+ - ) )
ot 2m 8mp dmp
roe P (rt) - I[POCTPaHCTBEHHO-BPEMEHHOE  paclpelereHue

IUIOTHOCTH BEPOSITHOCTH YaCTHULBL, p(Ft) - MaKpPOCKOIHMYECKHH HMITYJIbC
gacturpl. IlpM JBIKEHMH dYacTHIBI B CTAI[IOHAPHOM BHEIIHEM II0JIe
coxpansercsa e€ mojHasg sHeprus E, Torna u3 (2) uMeeM aHaJIOr WHBapHaHTa
beprysnu:

E=p@)’/2m+W(r) + 6&( r)=const, (3)

Se n*(Vp) 1Ap
Smp’ 4mp

COCTaBJIArOIas IIOJIHO M OHEPIruu JBUKCHUSA YaCTUIIBI.

rae - €CTb KBaHTOBasA aJaWTUBHasA

INockonbKy 3HEprus TEIIOBOrO ABHKEHHS HIEKTPOHOB 3HAYUTENBHO
MeHbIIas 3Hepruii depMu 37eKTposoB, TO €€ naysee HE OylIeM YYUTHIBATH.

Torma y xaroma 08(0)=®, =E (pucynok 1). Dueprus ABHKeHHs
50



OJICKTPOHA E BO BHelIHEM YCKOPSAIOLIEM SJICKTPUICCKOM II0JIC C TOTCHIIUAJIOM

U, mocturuiero anoaa v uMerouiero sxHepruto @epmu aHona, paBHa

E=p2m-eU+®, 4

Toraa oTHOCHTEIBLHOE TEILIOBBLIJCICHHUE B @HOJC B 3aBHCHMOCTH OT
TMPUIIOKCHHOT'O HAIPSXKCHUSA 6y,ueT HU3MCHATHCS 1O 3aKOHY

AQ/Q=1+(®, -®,)/eU )

rae Q=IU — JIxoyIeBo TeroBbIeneHue Ha anoae. 3z gpopmysr (5)
MOXHO BHJETh, 4TO, eciu 3Heprusi depMu kaToma MeHble sHeprun Pepmu

anoma @D, —D_ <0, To B HEKOTOPOM HHTepBale  HAIPSKCHHUIL

TCIUIOBBIACIICHUEC CTAHCT OTPULATCIIbHBIM AQ<O U aHoOJ, HCCMOTpsA Ha

JIxoyneBo Terio OyneT OXJIaKAaThCS.

ChopmynupyeM HEOOXOMUMBIC KPHUTEPUH HAOIIOMCHHUS  3TOTO
apdekra. ust  00O3HAUEHHS  pEXKHUMA  ABTOIJICKTPOHHOW  DMHUCCHU
(TpeyrosbHbIii Gaphep) MPUIIOKEHHOE HampspkeHHe U JOIDKHO IPEBBIIATH
HauOONbIIyI0 U3 paboT BbIXOAA DOJEKTPOHA M3 KAaroga W aHoja

eU>max(e¥,,eV,). B otom ciyuae Kaxplil 2]eKTPOH Kak TaKOBOH B

HEKOTOPOH 00JIaCTH MEXJIEKTPOJHOTO 3a30pa JBIDKETCS B YCKOPSIOIEM
JNEKTPUUYECKOM II0JIE U IMEPEHOCHT KBAHTOBYKO COCTABISIOIIYI0 HSHEPIHU
IBIKeHus coracHo (opmyne (3), C apyroil CTOpOHBI TPHIOKEHHOE
HaNpsDKeHHE JIOJDKHO OBITh MEHBIIE pa3sHOCTH dSHepruil depmu aHOma U

karoma, eU < (Da -d « » ITOOBI 00€CIIeUnTh OXNaxacHue. Takum oOpasom,

MHTEPBAJI TNPWIOKEHHBIX HANpPSHKEHUH, NMPU KOTOPBIX MOXKET HaOI0naThes
a(deKT oxaxIeHns1 aHo/ia, PEICTABIACTCS B BUJE:

max(e¥,,e¥,)<eU<® -0, ©)

Jnst moTydeHHs: 3aMETHOTO aBTONIEKTPOHHOTO TOKA 3JEKTPUYECKOE
moje y Kartoga MOKHO ObTh mopsaka 10'V/em. Tlpu mpHimoxkeHHOM
HaNpsKEHUU B HECKOJIBKO BOJBT MEXIIEKTPOIHBIN 3230 JOKEH COCTaBIIATh
okono 1 nm. Takue ycnoBHS MOXKHO pealnu3oBaTb B CKaHUPYIOIIEH
TYHHENBHOM MUKpOCKONHUU [4].
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Wnes »sxcrmepuMeHTa COCTOMT B cleayromeM. Mcnonb3oancs
CKaHMPYIOLMHA TyHHEJIBHbIH MHKpockorn cepun Solver P 47, B koropoMm Obuia
MOJEPHU3UPOBAaHA TYHHEJbHAs TOJOBKA, TaK YTO [UAala3OH 3aJaBacMbIX

TOKOB, KOTOPBIH HOIepKUBaIa 00paTHAS CBSA3b, COCTABIAET 10 50 ,uA .

ITonnoxkoi Cily>kuila IIOCKas MUKpoTepMornapa. TyHHeNnbHbII 30H
MOJBOJWICS K CTBIKY Pa3lIMYHBIX MIEKTPOAOB TepMomnapsl, U usmepsnace I1C
OpY W3MCHEHMHM TEMIEPATypbl IOJUIOKKUA U 3alaHHbIX 3HAYEHUSAX
IIPUIOKEHHOIO HANPSDKEHWSs M aBTOOMUCCUOHHOIO TOKA HA IIOUIOXKKY.
IloBbllIEHUE TeMIlEpaTyphl 10 PaguyCy 7 BIOJb IIOBEPXHOCTH IOJJIONKKU OT
OCH IIy4Ka 3JIEKTPOHOB IPONOPLUOHAILHO IPHUIIOKEHHOMY HAIPSIKEHUIO U
MpoTeKarIeMy Toky [4]:

AT(r):4U—ﬂiId 21(1—e*”’)—e*”’
d (7

rae U — HanpsbKeHue, MPUI0KEHHOE K IeKTpoaaM, | — TYHHEIbHbIH
TOK, k — KO3(pOUIHEHT TePMHUICCKOH MPOBOAMMOCTH TOIIOXKKH, [/ — IUTMHA
HEYIPYroro paccesHusi NIEKTPOHOB B moioxkke. CornacHo (7) OTHOLICHHE
AT /Q ocraercs nensmenHbIM Tipu J[KOYJIEBOM HarpeBe Jisl HEOOIBIIMX

W3MEHEHHH TEMIepaTypbl, KOTJa MaTepHAIbHBIE KOHCTAaHTBI MOIJIONKKH
OCTAfOTCSl MOCTOSHHBIMHU. [Ipm yuere KBaHTOBOW COCTaBISAIONICH JHEPTHUH
JBIDKEHUSI B COOTBETCTBUM ¢ (popmyrnoit (5) mpu M3MEHEHHH HPHIOKEHHOTO
HarpsokeHust U BO3MOXHO HECKOJIBKO CIydaeB: OXJIaKAEHHE aHOMA, €CIH
BBITIOJIHSACTCS. HEPaBEHCTBO (6); Temmeparypa aHoJla OCTaeTCsl HEM3MEHHOH

npu HekotopoM Hanpspkennn Uy, korma eU, =@ —®@, u, nakonen, npu

HanpspkeHuu U> U, OyIeT NporucXoAnuTh HarpeB aHO/a.

B skcnepuMeHTe HCIONIB30BATUCH MEXAHUUYECKU 3aTOUYCHHBIE 30H/IbI
u3 cepedpa, MeaW W cIiUiaBa 30J0Ta. JHeprus DepMu pacCUUTHIBAIACH MO
KOHIIEHTPAllMK BaJICHTHBIX JJIEKTPOHOB. B KauecTBe aHO/a MCIOIB30Baiach
XpoMeTb-aJIoMeNieBasl TepMoIlapa W3 TPOBOJIOK jauamerpoM 190 Lm |
COCIMHEHHBIX B CTHIK BuAe OYkBbI “T”. CoOCTBEHHO TOJUIOKKOH SBIISIACH
anmoMeneBass TpoBosioka. CTBIK ABYX NPOBOJOK ITyTeM NUTHPOBKH U
MOJIMPOBKH JETaNiCs IUIOCKUM C MHHHMAaJIbHBIMH pa3MepaMd KOHTAKTa.

Oxupaemas sHeprus PepMu MOMIOKKH W3 ATIOMEIEBOH IPOBOJOKU CDa
=11,7 eV mna Ni (95% Ni, ocramsHOe Al, Si, Mn), oxxugaemas pabora BEIXOAa
onekrpona eV, =45 eV s Ni.
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Ilpu  npoBeneHMM  HKCIEPHUMEHTOB  BO3HHMKAIM  IPOOJIEMBI:
3HAYUTEJbHbIE (UIYKTyallud aBTORJICKTPOHHOTO TOKAa W3BECTHBIE paHee,
¢nykryauun u apeiid Bo Bpemenu OJIC TepMmormapel, MOCKOJBKY paboTa
BeJIaCh Ha TMpejelie 4YyBCTBHTENbHOCTH [1]. JlomonHMTENbHBIE TPYIHOCTH
BO3HUKAIIU B CBSI3M C TEM, YTO JIEKTPOCTATHYECKOE MPHUTSHIKEHUE 3JICKTPO/IOB
B CWIBHOM D3JIEKTPUYECKOM II0JIe BBHI3BIBAET HX IUIACTUYECKOE TEUCHHE.
BenuumHy 37MEKTPHYECKOTO TOJs, NMPU KOTOPOM HAYMHAETCS IUIaCTHYEeCKas
nedopmanus 3JIEKTPOIOB MOKHO OLIEHUTH 1o hopmyie [4]:

E,=2.1-10"-7"% v/em, )

rae 7 - MeXaHM4YeCKOe HaIpsHKeHWe, NPH KOTOPOM HauMHaeTcs
IUtacTUIecKas aehopMarys.

Jns cepeOpsHOTO 30HIAa IO  CHpPAaBOYHBIM HaHHBIM £, =0,94 -
1,15*%10’V/cm, B TO BpeMsI Kak IJIs TOMJIOXKKH W3 ajmromenu (Hukens) E
=1,9% 10" V/em. [Ipu OompmmX TONAX, HEOOXOOMMBIX [UIA 3aMETHOU
ABTODJICKTPOHHOW ~ OMHCCHM,  HaOJIOAANoCh  IUIACTUYECKOE  TEYCHHUE
ANIEKTPOAOB, B OCOOCHHOCTH 30HJA, NPUBOAALICE K 3aMBIKaHHIO DJIEKTPO/IOB,
MOCJIE KOTOPOT'O OCTaBAJIMCh OTIEYAaTKH B BUAE OYrOpKOB Ha IIOJJIOKKE.
CkaHMpOBaHME YYacTKOB TOMJIOXKH B TYHHEIBHOM pEXHME MOKa3alo
HAJIMYKEC TAKUX OYTOPKOB.

Jlnst 00pabOTKH SKCIIEPUMEHTAIBHBIX JaHHBIX B COOTBETCTBHU C (5)
(7) 6pIa HcoBp30BaHa Gopmya

®=0,+ad(U, —AD/e)

e AD =D, —D,, ©-D]C repmonapsl, KOria B LEIH 30H]-

MOJJIOKKA TMPOTEKAET aBTOSJEKTPOHHBIM TOK 1, @0- HadyaJIbHOE 3HAYEHUE
BJIC tepMmonapbl, ( - 4yBCTBHUTEIHLHOCTh TEPMOIIAPHI, B HAIEM Cliydae He
menbine 0,07 4V / uW . Bennuuna @ 3aBHCHT OT MECTOTOJIOKEHHS 30HA
OTHOCHTENILHO CThIKA. [IPHIIOKEHHOE HATPSHKEHHE MEKIY DIIEKTPOIaMH Ua

CKJIaAbIBACTCSA U3 Hal'[pﬂ)KeHI/IS{ B 3a3ope U n HaacHUsA HaHp}I)KCHI/IH Ha
3JIEKTPOJIaxX C CONPOTUBIIEHHUEM R.

U, =U+IR
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IMocnennee cnaraemoe JaeT JIONOJHUTEIBHOE TEIIOBBIACICHHE B
MOJIOKKe, yMeHbIas 3ddexT e€ oxnaxaeHus. /i1 KOHTPOIs Pe3UCTUBHOTO
HarpeBa MEHSUIACh MOJISIPHOCTh MPOXOMSIIEr0 TOKa NPH TOH K€ BENUYHHE
HanpsokeHus.  [lojulokka CTaHOBMIIACh  KaTtoloM, OH(QekT oxiakaeHus
OTCYTCTBOBaJ, a TEMIIEpaTypa IOJUIOKKH KOHTPOJIMPOBAJIACH C ITOMOIIBIO
NoKa3aHui TepMornapel. [Ipu Manbix TOKax MOpsiIka HECKOJIBKUX MUKpOaMIIEp
BKJIQJIOM 3TOTO CJIaTraeMOTr0 MOXHO OBIIIO TIpeHeOpeys.

DKCreprMeHTaIbHBIE PE3yJIbTaThl CBEICHBI B TaOJIHILY.

Tabauya
o, ¥ AD AD

DneKTpoxa eV oV Y oV

pacuer IKCIIEPHM.
Ag 5.5 43 6,2 5614
CmuiaB >5,5 <5,1 <6,2 472 i 1’1
Au,58,5%
Cu 7,0 4,4 4,7 573 i 173
Aunromens 11,7 4.5 IIOJTOXKKA MOTOXKKA
N1,95%

MO0KHO BUZETH, UTO 3KCIIEPUMEHTAIbHBIE PA3HOCTU 3Hepruid depmu
AD nas cepeOpAHOro, MEAHOrO 30HIOB M ANIOMEIEBOW TOMIONKKOH B
mpezenax MOTPEIIHOCTH HW3MEPEHHUIl COTNIacyloTcs C PacyeTHBIMH. 30HA H3
IOBEJIMPHOTO CIUIaBa 30JI0Ta C COZep KaHUeM ero uyTh MeHee 60% (ocTampHOE
MeJib) ToKasan MeHslnyio Bennunay A® . B 9ToM cruiaBe BUIMMO 3aMETHBIN
BKJIa/1 B 3Hepruto depMu cocTaBiIseT Meb.

Takum 06pa3zom, MPOJAEMOHCTPUPOBAHO SIBICHUE OXJAXKICHUS aHOAA
NpU  aBTOAJIEKTPOHHOM OSMHCCHUM C Karoja, ominyaromieecs ot 3ddexra
IlenbThe TEM, UTO, HEOOXOIUM 3a30p MEXAY DJIEKTPOJAMH TaKOH BETUYMHEI,
9YTOOBI 3JIEKTPOHBI CMOTJIN IPOTYHHEJUTUPOBATh U3 KaToja ¢ sHeprueit depmu,
mocyie  3Toro HaOpaThb SHEPTHUI0 BO BHENIHEM 3JIEKTPUYECKOM  II0JIe
HEO0OXOMMYIO JUIsl TIepeHOca 3apsoB U COBOKYITHYIO SHEPTHIO JJOCTaBUTH Ha
aHOJI.

OKCNIEPUMEHT MO TBEPKAACT AIUTUBHOCTh KBaHTOBOH
COCTaBJIAIONIEH PHEPrMU YacTHUIl, COBEPIIAIOINX MH()UHUTHOE JBH)KEHHE, B
cooTBeTCTBHH ¢ (hopmyioi (3).
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I'naBa 10. AToM BoaOpoaa — 4TO HOBOTO?

MoskHO 71 y3HaTh 4TO-HHOYIb HOBOe 00 aTome Bogopona? Kaxercs,
B KBaHTOBOW MEXaHHKE OH M3YY€H CaMbIM JIETAIbHBIM 00pazoM, TeM Ooiee
4YTO MHOTHE 33Ja4d O IPOCTPAHCTBEHHOH CTPYKTYpEe W COCTOSHHSX 3TOTO
aToMa pemiarTcs aHanuTHdecku. OJHAKO MOXKHO I10Ka3aTh, YTO IUIOTHOCTH
BEPOSATHOCTH HAXOXICHUE DJIICKTPOHA, IBHIAIOIIETOCS BOKPYT sApa, B
OTJIMYHE OT TPAAULNOHHBIX IPEICTaBICHUI CTPYKTYPHPOBaHa, a 3TO JOJDKHO
NPUBOOUTh K YTOYHCHHIO M3BECTHBIX O3(Q(EKTOB M, BO3MOXHO, K
NpecKa3aHulo  HOBBIX. JI  [OOKa3aTenbcTBa — TaKOro — yTBEPIKICHUS
1eecoo0pa3Ho PeINNTh 3ajady o0 aToMe BOAOPOAA B IPEACTABICHUH
IUIOTHOCTH  BEPOSITHOCTH,  HEMOCPEICTBEHHO  OIMCHIBAIOUIYIO  €¢
pacopeacicHue BO BCECX BO3MOXHBIX KBAaHTOBBIX COCTOSHHUAX
paccMaTpHUBaeMOro aToMa.

ypaBHeHHH IJIA  HEIIPEPBLIBHOI'O JABHMKCHUA KBaHTOBOM HYaCTHUbI

MaccChI mo B NPOU3BOJbHOM BHCHIHCM IIOJIC W(I", Z) B NPCACTABICHUHN

IUIOTHOCTH BEPOSITHOCTU MMeroT Bua [1-3]:

m a—’O+ah'v,of’:O
°9
4 (1)

P P’ (Vo) #»’A
a—z—V —+W+h ( '02) _IAp
ot 2m, &m,p 4m,p 2
rae p(?,t) - NPOCTPAaHCTBEHHO-BPEMEHHOE  paclpeesieHue

IUIOTHOCTH BEPOSATHOCTH YaCTHLIBI, P(? , ) - €€ MAaKpPOCKOIIMYECKUI UMILYJIbC,

W(7,t) — npoussonbHas noTeHIMATbHAS SHEPTHUS.

[ns aroma Bomopoja B TPaAUIMOHHOW KBAaHTOBOM MEXaHUKE
BBIYMCIIEH CIIEKTPp OSHEPruil W HaiaeHsl BoJHOBble GyHKiuu. Jlis
CTaIlMOHAPHOTO MPOCTPAHCTBEHHO OTPAHWYEHHOTO BI)KEHHUS JJIEKTPOHA B
ToJie siIpa ¢ 3apsaoM Z cucreMa ypaBHenui (1) u (2) 3anumercs B Buje:

2 2 2 2
gl (sz) _Wap ze
8m,p dm,p 1

)
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BoHOBBIE (YHKIIUY [T aTOMa BOJIOPOJIa HAWICHBI, HaIpuMep, B [4].
Mx MOHO 3amucaTh B BUJE:

l//nlm (7", 97 ¢) = Wnlm (7", g)e'W’ (4)

3neck n,l,m - kBaHTOBBIE 4HCHa. [lockomeky ¥/, (r, 6’) — $yHKUIUSA

BCHICCTBCHHAs, TO BbIPAKCHUEC IJId MJIIOTHOCTHU BEPOATHOCTU UMECT BU:
2
pnlm =Y nim (V, 0) (5)

KBanToBas Benuunna pnlm MMOKAa3bIBAaCT HAJTMYHE OCEBOM CUMMCTPUN

atoma. [loxcraBmsas (5) B ypaBHeHuwe nBwkeHus (3) W TpoBeas Bce
HeoOxoaumble Iu((EepEeHINPOBAHUS W COKpAICHUS TMOJOOHBIX HYIICHOB,
MOJydyuM craHgapTHoe ypaBHenue IlpeauHrepa i 3IEKTpOHA B
KyJIOHOBCKOM TIOJIE:

n’ Ze’
2 A!//nlm - _Wnlm = El//nlm
mo r

(6)

Pemenne ero TO3BONSET TOJNYYHUTh OJHEPIETUUECKUH  CIIEKTp
3JIEKTPOHAa B aTOME M YIJIOBOE paclpeliesieHHe IIOTHOCTH BEpOSITHOCTH. B
o011eM Bu/ie ypaBHEHHE UMEET BU]I:

Hy =Ey

rae oneparop T'amunsToHA PaBCH:

=-o—A-— ™

Jnst oTbICKaHUsI COOCTBEHHBIX 3HAUEHHH PHEPIHU K aHAJIOTUYHOMY
BUY MOXXHO NPUBECTH ypaBHEHHE (3):

K(p)p=Ep. (®)
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r/ie HeJIMHEeWH bl oneparop ['aMunbTOHA paBeH:

Hi(p)=———p4 VPV _ 2 ©
4m, &m,p r

CpaauBas (7) u (9) MOXHO YyBHICTh, YTO ]IS AHAIUTHYCCKUX
peLIeHUH 3a7a4 O NMPOCTPAHCTBEHHO OTPAHMYEHHOM JIBHMXKEHHUHM KBAaHTOBBIX
YaCTHUII IPEMOYTHTENbHEe THHEWHBIN otiepaTop (7).

OpHako pemenne ypaBHeHHS (8) c omeparopom (9) mo3Boiser
MOJTyYUTh HOBBIC MPEACTABICHUS O IBIDKCHHH 3JIEKTPOHA B aTOME BOJOPOJA.
PaccmarpuBast (4) u (5) MOXHO BHIETh, 4TO (haza BOIHOBOIM (QYHKIIUH C
MarHUTHBIM KBaHTOBBIM YHCJIOM HCYE3aeT IIPU OMHCAHWU NPOCTPAHCTBEHHO
OTPAaHWYIEHHOTO IBIDKCHUS C MOMOINBIO INIOTHOCTH BEpOSTHOCTH (5) M, Kak
Ka)KeTCsl, U3 PELICHUs! JJOJDKHO UCUE3HYTh CAMO MarHUTHOE YUCII0. DTO HE TaK.
Pemas cucremy ypaBHenuit (8) u (9) MeTozoM paszjieneHus ePeMEeHHbIX, Kak
3TO Jienaercs JUISL YpaBHEHHUS ) u, IIPEATIOJIOKUB

p(r, 0, (/)) =p, (r)pa (49),0 v ((0), yhaeTcs IIOOYYUTh CBA3aHHBIE MEXKIY

co00ii 1Be KOHCTaHTHI Pa3JIeNeHU U CICAYIOINE YPABHEHN:

d d’
%(&)2 _ i—pz‘” = % = const (10)
p(p d¢ p¢7 d¢

= const

2
.ﬂz +L2(dﬂ)2_#i(sin g%):f
sn° 8 p, do posin @ dO deé (11)

3aMeHUM nepeMeHHbIe B ypaBHeHHH (11):
Py =7"(6)
¢ u & =cosb,

U CBEJIEM 3TO YpaBHEHHE K MU3BECTHOMY YPaBHEHHIO, PELIEHHOMY IS
aToMa BOJIOPOAA C YIJIOBOW IepeMeHHOH 6 . Pemenue Takoro ypaBHEHHS
MOXXHO TIPEICTaBUTh B BHJE monmHOMa Jlesxxanmpa [4]. [yis Hac BaKHO, YTO
KOHCTAHTHI pa3/ieJICHHs B 9TOM YPaBHEHUH KBaHTYIOTCSI:

A =4l(1+1) e [=0123... u LP=4m* m=pB/2=0+£12.. %1 (12)
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rac lHaSLIBalO O0OBIYHO 0p6I/ITaJ'ILHbIM KBAHTOBBIM YHCJIOM, 1 -
MargiuTHBIM KBaHTOBBIM YHCJIOM.

.1 dp,
VYpaBrenune (10) pemraeM MOACTAHOBKOM —— :u(go). Torma
p, do
P, = cos? 7(p Yrobrr O ' OpLTa OHO3HAYHOHM (PYHKITHEH I KOHCTAHTHI

ﬁ , IOJDKHBI BBIIONHAThCs cootHomenns f3 = 0,£1,32,+3..... Onnako ue

Bce 3HaueHus [ y/nOBIETBOPSIOT cooTHomeHusM (12), a TOJbKO HOMb U

qeTHbIC 3HaUYCHUA. OKOHYATEIBEHO HMEEM
= COS2 m
Py = @

M3 nonyuyeHHBIX pelIeHHI cileayeT, YTO B aTOME BOAOpOJa MOTYT
CYIIECTBOBATh: CUMMETpH C m=( M OCH CHMMETPUH IIEPBOT0, BTOPOTO,
TPETBEr0 M MOCIEAYIOIIEr0 MOPSIAKOB. ODTO €CTh CTPYKTYPUPOBAaHHOE
pacnpezienieHHe IJIOTHOCTH BEPOSITHOCTH IO yINIy (@ C COXpaHEHHEM
M3BECTHBIX 3HAYCHHWI MAarHUTHBIX YHCEJl, OTJIMYAIOIIeecss OT TPaAULMOHHBIX
pemenwnii (4) u (5). OHO MOKA3BIBACT, YTO I BO30YKICHHBIX aTOMOB HAPSIY
C  CYIICCTBOBAaHMEM OpPOUTANBHBIX TOKOB  JOJDKHBI HMETb  MECTO
CTPYKTYpPUPOBAHHE ICKTPOHHOM MIOTHOCTH BEPOSITHOCTH HPH JBMKCHUH I10

yry ¢ (puc.l): ana m ==xl B Buge «iByxiMCTHMKAy, a1 M =12
«4eTHIPEXJIUCTHUKA» U T.JI.
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Puc. 1. Cmpyxmypuposanue s1eKmponHol RIOMHOCMU 8EPOAMHOCIU NO YLy @

B TpammmmoHHON — MozmemM  aToMa  BOJAOPOAA  OTCYTCTBYET
MPOCTPAaHCTBEHHO  CTPYKTYPHPOBAaHHOE  pACHpENeNeHHE  DICKTPOHHOH
IUIOTHOCTH BEPOSATHOCTH IPU JBIDKCHUH IO YIIy (@ W MOXHO IyMaTh, 4TO
NPUBEJICHHBIE BBIIE PACCYKICHUS 3TO MaTeMaTH4ecKUil (POKyC W TaKoro
ObITh He MOXKeT. OJHAKO 3a ITUM CTOWT BIIOJHE OMpEIC/ICHHAs (HHU3UKa
SIBJICHUM. }Ieno B TOM, YTO KOTI'JJa KBAaHTOBas YaCcTuUla ITOMHMO COOCTBEHHO
KBAaHTOBOTO JIBIXKCHHS COBEPINACT emlé KaKoe-TO MEXaHHYeCKOe JBIDKEHHE,
HallpuMep, MNOCTYMNATEIBbHOE, TO q)aKTI/I‘IeCKI/I gacTtuia Y4aCTBYECT B ABYX
JIBDKEHUSIX M B 3TOM cllydae €€ IUIOTHOCTh BEPOSITHOCTH CTPYKTYPUPYETCS B
npoctpancTBe (cM. momapoOHee B [3]). DnekTpoH B aToMe BOAOpOAa B
BO30Y>/ICHHOM COCTOSIHMM NTOMHMO KBaHTOBOTO JIBIDKCHMS COBEpIIAET eIlé
BpalllaTeJIbHOE MEXaHUIECKOE JIBHKECHHUE C BIIOJHE OIPEAEICHHBIM MOMEHTOM
KOJIMYECTBA JABW)KEHHS M, CII[IOBATENIbHO, €r0 3JIEKTPOHHAs IUIOTHOCTD
BEPOSITHOCTH JIOJDKHA OBITh CTPYKTYPHPOBaHa B IPOCTPAHCTBE.

ITpoBepka MOMy4EHHOTO pe3yibTaTa Ha 3KCIIEPUMEHTAIbHOM (hakTe
MOKa3bIBacT cieayrouiee. M3BECTHO, YTO CPEHUI JUIIOJIBHBIM MOMEHT aTOMa
BOZIOpoJia paBeH Hyio [4]. KoMIOHEHTa 3JIEKTPUIECKOTO MOMEHTA DJIEKTPOHA

B [IPOEKLMH Ha ocb z paBHa D = ez = er cos @ . Torna

=e-”l// nim r H)r drcos@sn 4 - d@Icos me-dp =0
00
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Bropoii naTerpan mo dé - paBeH HyIro, MOCKOJIBKY HOIBIHTETPAIbHOES
BBIPAKCHUE SABJIACTCS HEUCTHOH (yHKIUEH cosO B CUMMETPUYHBIX IMpeeiiax.
Ot0 1 TpedoBanoCh JOKa3aTh.

Takum oOpa3oM, B aToMe BOAOPOAa JOJDKHO CYIIECTBOBAThH
CTPYKTYPHUPOBaHHOE paclpelieieHUe MIOTHOCTH BEPOATHOCTH JICKTPOHA TPU
JIBIDKCHUH 110 YTIy @ A7l BO30YXKJCHHBIX COCTOSHHI, YTO BO3MOXKHO OyaeT
CKa3bIBaThCSA NMPHU €r0 B3aMMOJCHCTBHM C BHCIIHUMH TOJSIMH M JIPYTHMHU
KBAaHTOBLIMHU O0BEKTAMH.

JIuteparypa

1. Ghosh S.K., Deb B.M. Densities, Density-Functionals and Electron
Fluids // Physics Reports (Review Section of Physics Letters). - 1982. V. 92,
NI1. - P. 1-44.

2. AnexceeB b.B., Abakymo A.l1. O6 ogHOM TOAXOIE K PEIICHHUIO
ypaBueHus Illpexmnrepa // dokmamer Axamemun Hayk - 1982. T.262. - C.
1100-1102.

3. Heonuu B.K. KBaHTOBEIN TpaHCTIOPT B YCTPOHCTBAaX 3JEKTPOHUKH
// M.: Texnocgepa. - 2012. - 87 c.

4. Jlaumay JLJ., Jlupmmn E.M. KsaHToBas MexaHHUKa.
Hepenarusuctckas teopua. M.: Hayka 1974. C. 130.

61



I'naBa 11. KBaapynoJibHble MOMEHTBI aTOMa Boaopoaa [1]

B npeasinymem paspene ObUIO IOKAa3aHO, YTO IUIOTHOCTb
BEPOSATHOCTH HAXOXJEHHE D3JIEKTPOHA, JBUrAIOIIErocs BOKPYT sjapa, B
OTIIMYKE OT TPAJULIMOHHBIX NPEICTAaBICHHH CTPYKTypHpOBaHa B OOJbIIEH
Mepe, YeM 3TO M3BECTHO paHee, a 3TO JOJDKHO MPUBOAMTH K OoJiee NeTalbHBIM
NPEACTABICHUSM, B YacTHOCTH, YTOYHCHHIO 3HAYEHHH KBaJPYyIOJHEHOTO
MoMeHTa atoma. OTiandme 3JIEKTPUYECKHX KBaJIPYMOJIbHBIX MOMEHTOB OT
M3BECTHBIX PaHee, NOJDKHO IMPUBOANTH K HAOIIONCHUIO OO0Jice CyIIeCTBEHHOMH
AQHM30TPOIHNU KBAJPYMOJBHOTO H3IYyYEHHS, WIN K OompmmM (QIyKTyanusm
MHTCHCUBHOCTH H3IY4YCHUSI pPa3peKCHHOTO Ta3a BO30YKIAECHHBIX AaTOMOB
BOJOpO/a B 3aJaHHOM TOYKE W K OOJblIed cpeJHeld WHTEHCHBHOCTH
U3Ty4eHus.

J1s noka3aTenbCcTBa TAKOTO YTBEPXKACHUS 1I€IE€COOOPa3sHO PEIIUTh
3agauy o0 aToMe BOAOpPOAA B IPEJCTABICHHM IUIOTHOCTH BEPOATHOCTH,
HETIOCPE/ICTBEHHO OIHUCHIBAIOLIYI0 €€ paclpeleleHHe BO BCEX BO3MOXKHBIX
KBaHTOBBIX COCTOSTHHSIX [2-4], uTO M OBLIO chenaHo. 3ajady MOXKHO peliaTh 1
B npeacrasineHuu Llpenunrepa [5]. EnuHcTBEHHOE OTAMYME OT CTAaHAAPTHOTO
peUIeHUsT  3TOTO  YpaBHEHUS ~ METOJOM  pasfelieHHusl  MEePeMEHHBIX

VY=Y, (nY,(O)Y,(¢) nomxuo saxmouarscs B Tom, UTO pemienme i

le HYXHO 3allMChIBAaTh B IIOJIHOM BHJC!:

img + e—im(p )

; (1)

\P€0

L
N

IIOCKOJIBKY HECT NpeAnOYTHUTEIIBHOTO HaIlpaBJICHUA JJIA
BpalaTeJIbHbIX COCTOSTHUM.

B BO36y>K,Z[eHHBIX COCTOSAHHUAX  CTPYKTYPUPOBAHHEC IIJIOTHOCTHU
BEPOATHOCTH IIO YIITy (0 JAOJDKHO MPUBOJAUTH K PA3JIMYUIO KBAAPYIOJbHBIX

MOMEHTOB, BBIYHCJCHHBIX C IOMOIIBIO MPEKHUX BOJHOBBIX (DYHKIMH IS
aToMa BOIOpPOJAa M HOBBIX BBIPAKEHHH [JISI IUIOTHOCTH BEPOSTHOCTH.
KBaapynonsHble MOMEHTHI OyIeM BBIYHCIATH IO (hopMyIiaM [6]:

Q" = e[ (7, 0,0)(3x,x, — 5,77 )drd Odep
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KOHerTHLIe BBIYMCJICHHA IIOKa3bIBAKOT, 4YTO B l'[pHHSITOfI CUCTCMC
KOOPpAUHAT HCEAWAroHaJbHBIC KBAJAPYIIOJBbHBIC J3JICMCHTBI BO BCEX Clly4dasax

~

nlm

nilm
PaBHBI HYJIIO. I[I/IarOHaIIBHBIC 3JIEMCHTHI 110 OCH Z COBIIAAAKOT Q = Q

zZZ zz

nlm o
3mece sz BBIYUCIICH C TMOMOIIBIO0 BOJHOBBIX (YHKIHH aromMa BOAOPOJA,

Anlm
sz BBIYMCJIIEH B NPEACTABICHUHU IUIOTHOCTH BEPOATHOCTH, KOTrJa HMEET

MECTO CTPYKTYPUPOBAHHE MO Yty ¢ . KBaapynonbHble MOMEHTBI TI0 OCSIM X,
nlm __ Anlm nlm __ Anlm .

copmazator Q" = Q1" n Q)" = Q)" npu m=0 u m>1. Keanpynonshsie

MOMEHTBI TIpH m=1 pa3iuyaroTCs:

~

oy =0y'/2-0"8 Q) =301"+30"/4 @

®
e Q" :eJ.Rf,(r)r“dr. MHTerpanm HMEeT CMBICT CPEIHEro

0
KBajipaTta pajuyca paclpefeieHUss O>JICKTPOHHOM IUIOTHOCTH B aTOMe.
Pa3nmuuue  KBaJpyHOJBHBIX ~ MOMEHTOB  NpU  m=I]  COOTBETICTBYET
«IBYXJMCTHOMY» paclpeeleHUI0 INIOTHOCTU BepOSITHOCTH, (cM. puc.l, B [1]),
KOrja HMEeT MECTO OCh CHMMETpPHM BTOpOro mnopsgka. B astom ciyuae

o Anll ~nll
TOTIEPEUHbIE  COCTABIAIOIIME HE pPaBHbl Mexay coboii m Q. mn ny

nll __ nll
CYIECTBCHHO OTJIHYAKOTCA OT Qm = ny Paznuune BJICKTPUYCCKUX

MOMEHTOB JIOJDKHO HMEThb MECTO W ISl MYJBTHIONEH Ooiee BBICOKOTO
HOpsi KA.

Pa3Hnna B BenmmunMHaX KBaAPYMOJBHBIX MOMEHTOB NPH /=] MOXET
HOPOSIBJIATECSL TNPH  UCCIENOBAHMM KBAAPYINOJIBHOTO U3Iy4EHUS aToMa
BOJIOPOJIa, BOJOPOJONOAOOHBIX HOHOB U BOAOPOAONOAOOHBIX aTOMOB B
COOTBETCTBYIOIIUX KBAHTOBBIX COCTOSIHUAX. NHTEeHCUBHOCTH H3JIy4YCHUA
JIMHUH paBHa:

I1(4,B)=N(a)27hv-4,

g~ %Z‘<a‘e(3xixk - 5fkr2 )‘b>‘2
ab
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rae Ag— BEPOATHOCTD DJICKTPUYCCKOI'0 KBAaJAPYHNOJBHOI'O IEPEXoJa,
N(a) — KOJIMYCCTBO aTOMOB, HaAXOAALIUXCA B JaHHBIE MOMEHT B HayaJlbHOM
COCTOSIHUH A, b-xoHeuyHOE COCTOSAHHUC, A ¥ B — coCTOSIHUS BEICIIEr0 U HU3IICTO

9HEPreTUYECKUX YpPOBHEH, MEXAY KOTOPBIMH IMPOHCXOAUT IEPEXOs, Z‘ -
a,b

0003HaUaeT, 4YTO MHTEHCHBHOCTh JUHMH (A, B) paBHAeTCI CyMMe
MHTEHCUBHOCTEHl €€ KOMIOHEHT, V - uacrora JuHHU. COCTaBISIOLIYIO
BOJIHOBBIX (pyHKIMH 1O yrioy ¢ HyxHO Opats B Bune (1). KBampymomsHoe
W3JIydYeHHE  MOXET  IPOSIBISATHCS,  HANpUMEp, TMpPH  HCCIIEJO0BAHUH
MOCJICCBEYCHUS METaCTa0UIIBHBIX YPOBHEH [7].

CTpyKTypHpOBaHHE  JJIESKTPOHHOH  IJIOTHOCTH  BEpPOSTHOCTH IS
BO30YXK/ICHHBIX aTOMOB BOJOPOJA JIOJDKHO MPOSIBIATHCS M JUIS JAMIOIBHBIX
nepexozoB. [IpaBmia or6opa OyneM BBMHUCIATH UIS ONTHYECKOTO AJIEKTPOHA
¥ TOJIBKO JUISl ABHXKEHUS 110 YTy (P, TIOCKOJBKY OCTaJbHBIC COCTABIIAIOIINE

MATPUYHBIX DIIEMEHTOB IMEpexoja COBIAIAlOT. BBIYHCICHUS MPOBOIUM
corjacHo [5], umeeM:

2z
ez i ~
z _ n'l'm’,nlm ' _ z
Dn'l’m’,nlm - T ICOS m@-cosm @ - d¢ - Dn’l’m',nlmé‘m,im’
0 3)
2
ex oo
l / .
Dy nim = % J-sm @-cosm@-cosm'p-dp =0
0 4)
&Y twtim 5y'1" I
) n'l'm’ ;nlm n'l'm' ,;nlm
rlll'['m',nlm = J‘COS (/’ + COS m’q) : COSWZQ) : d(D = (5m,m'tl+5m;m'il )

2

0

®)

o v z
B cootBercTBUE ¢ (opmynoi (3) MaTpUYHBIA 3IEMEHT Dn'l’m',nlm

o !
OTJIMYHBIA OT HYJIA JUIA TIEPEXOT0B M —> L' ABISAETCS BBIPOXKIECHHBIM IO
3HAaKy MarHUTHOTO YHCJa M JUIS YTIIOBOW COCTABIIAIONICH BOJTHOBOH (DYHKIIUU
(1). B otnuuue ot [5], rae oAHa U3 MONEPEUYHBIX KOMIIOHEHT, HamlpuMep,

X o o x —
Dn'/'m',nlm ABJIICTCA MHUMOUW BCJIMYWHOU, B HAIIEM Cliy4daec Dn'/'m',nlm — 0 . C

MHHUMBIM MaTpU4HBIM 3JIEMEHTOM CBA3BIBAKOTCA NEPEXOABI CO CMCIICHHBIMH

4aCTOTaMH W C KPYrOBOW mnojspusanuen. Jlms D;’l'm' BO3MOXKHBI J1Ba

nlm
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JUMONBHBIX Iepexosa ¢ U3MEHEHHEM MAarHUTHOIO YUCNla Ha €AMHUILY, U /Ba
CBSI3aHHBIX C M3MEHCHHMEM 3HaKa MarHUTHOTO 4HCa m, KOTOpBIE, OMHAKO,
SIBIITIOTCSI BBIPOKICHHBIMU.

[TpumMeHuM mMosy4eHHbIE MaTpUYHBIE 3JIEMEHTHl W TpaBHia OTOOpa
st mpocroro 3¢ ¢exra 3eemana [5]. M3BecTHO, YTO KBAaHTOBBIE YPOBHH
aTOMOB pacLIeIUIII0Tcd B MarHUTHOM 1oje. IlycTe MarHutHoe mose
HAaIpaBJIEHO BJOJIb OCH Z , a 3JIEKTPOH 00I1a1aeT CIHHOM U COOTBETCTBYIOIUM
MarHUTHBIM MOMEHTOM. Torga WMeeTcsl BBIACICHHOE HAIPABICHAE IS
BpaIaTEIbHBIX COCTOSHHUN. IS M3IydaTenbHBIX HEPEXOA0B C MATPHUUHBIMH

z
OJIEMCHTaMH Dn’l’m’ B CHIIy 3aKOHOB COXpPAaHCHHUSA DSHEPIrur BO3MOKHBI

nlm

TOJIBKO TIEPEXOIBI 0e3 M3MEHEHMsS 3Haka MAarHUTHOIO 4Yucia #l —> m'.
I/I3yqu1/Ie 6y,Z[CT pacopoCTpaHATbCA NOMNCPEK MAHUTHOIO IMOJIA, U IJIIOCKOCTH
JIMHEHHON noJjisApu3anu HeCMeH.[eHHOfI HaCTOTBhI 6y;[eT IpoOXOoaAUTh 4Yepe3
HalpaBJICHUEC MArHuTHOrO  IOJIA. HJ’IX H3JIYy4aTCIbHbBIX TIEPEXOA0B C

MAaTpUYIHBIMU 3JICMCHTAMHU D;’l'm’ BO3MOJKHBI YCTBIPE THUIIA IEPEXOAO0B CO

nlm

CMEIEHHOH YacTOTOil: JBa IHMHEHHO monspm3oBanEbeix M —>m' £1 ¢
IUIOCKOCTBIO TOJISIPU3AIMH TIEPHIECHIUKYJIIPHOW HANpaBICHUIO MarHHUTHOTO
TIOJIA U /IBa BPAIIATEIbHBIX NIEPEX0/la CO CMEIICHHON YacTOTOH U M3MEHEHNUEM
smaka M —> —m' + | u Hanpasnennem u3nmyueHus BIONL ocH z. Ilomydaercs,
ISTh BO3MOJKHBIX TMKOB M3JTy4eHHs: J[Ba MKA CO CMEIEHHOI YacTOTO BIOJIb
HaIpaBJIeHUs] MarHUTHOTO TIOJI M TPU MHKA U3TyYeHUs MONepeK MarHUTHOTO
TMOJISL ¢ MMHEHHO nossipu3anyeil (3eeMaHOBCKUI TPHIJIET).

Takum  o6pa3oM, B MarHMTHOM IIOJIe  CTPYKTYpPHUpOBaHHE
JIEKTPOHHOHN IUIOTHOCTH BEPOSTHOCTU JUISI BpallaTeIbHBIX COCTOSHUM B
BO30YX/ICHHBIX aTroMax BOJIOPOAa HE HW3MEHSET TIpaBWiIa oTOOpa s
JUIIOJIBHOTO M3JIyYeHHUS U YTOUHSCT BEIMUMHBI MATPHYHBIX SJIEMEHTOB.
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I'mapa 12. CniMH ¥ IpoCTPAHCTBEHHAS
JIOKAIN3A1Usl CBOOOIHBIX KBAHTOBBIX YACTHIY

HeoTbemiieMbIM CBOMCTBOM KBaHTOBBIX YacTHI], KaK CJIEAYeT W3
NpEeABIAYIINX pa3/eNioB, SBISIETCS HaJM4YME «COOCTBEHHOH» OIHEPruu
JBIDKCHUSI KBAaHTOBBIX 4YacTHI[ COBEPIIAIONINX WH()UHHUTHOE JBIKEHHE.
WHTepecHO paccMOTpeTh COOCTBEHHOE ABHMIKGHHE KBAHTOBBIX YacTHI, HE
COBEPIIAIOIINX MOCTYNATEIBHOE JBHKEHUE U BEPHYTHCS K TOJKOBAHHIO CIIMHA
YaCTHII.

K npobGiieme ToNKOBaHUS CIIMHA I KBAHTOBBIX YACTHUI] MOIXOIAT C
pa3IMYHBIX TOUeK 3peHus. Tak B padore [1] aBTOp MPUXOAUT K 3aKITIOUCHHIO,
YTO CIIMH HE CBSI3aH C BHYTPEHHEH CTPYKTYpOH KBAaHTOBBIX YaCTHII,  CBS3aH C
BOJIHOBBIMHU  MOJIAMH, OKpYXKAOIMUMHU O3TU 4YaCTULbl MW, B YaCTHOCTH,
aNeKTpoHa. B aT0ii paboTe mpuBeneH 0030p NpenblayiuX NOAX0A0B K TEOPUH
CIIMHA, B TOM YHCJI€ AUPAKOBCKas Teopuss. TOuykKy 3peHHs, pa3BUBAEMYIO B
padote [1], MO)XHO OOOCHOBATH C MOMOIIBIO HEPEIATUBUCTKUX KBAHTOBBIX
ypaBHCHI/Iﬁ JABWXCHUS, YTO NPEACTABIIACT MeTO}II/I‘IeCKHﬁ HUHTEPEC U ABJIACTCA
OCHOBOW /ISl PEIICHHS U3BECTHBIX KBAaHTOBBIX 3a/a4 (CM. 3aKITI0UCHHE).

Ha 3ape co3maHus KBaHTOBOW MEXAaHWKU BENHKHU (HpaHITy3CKHUMA
¢usuk Jlyn ne Bpoiine Hamucan He TOJNBKO BBIPXKEHHE JUIS BOJHBI, HOCAIIEH
€ro MMs 1 ONHMCHIBAIONIECH JBIPKCHNE KBAHTOBBIX YAaCTHII, HO OAWH U3 MEPBBIX
NPEIOKIII B CBOCH JOKTOPCKOH JHUCCEPTALMM HAYyYHOMY COOOIIECTBY

bopmyny [2]:

E=myc’ =how

(M

Cwmbicnt 3TOW (OpPMYIBI 3aKJIIOYAaETCS B TOM, YTO JJIeMEHTapHas
9acTHIIAa C MACCOM IIOKOS /1, IIPEACTABIAET COOOM «CryCTOK» BHEPIHUH,

KOTOpBIM JOJDKEH [BUTaThCsl II0 3aKOHAM KBAaHTOBOW MexaHMku. B cuiy
dhopmynsl (1) 11t KBAHTOBBIX YaCTHIIBI IOJDKHO CYIECTBOBATH I10JIE€ CTOSIUUX
BOJIH IUIOTHOCTU BepOSTHOCTH. Jlyn ne Bpoiinro yaanoce HaWTH BOJIHOBYIO
3JIEKTPOMArHUTHYIO aHAJOTHI0 3TOro SIBJIEHMs AJis 3JekTpoHa [2, cTtp.203].
M3BecTHO MIPpEIMHINEpPOBCKOE  «IPOXKAHUE»  JHPAKOBCKHX  3JIEKTPOHOB,
CBSI3aHHOE C KOJIEOAHMSMM LEHTPA TSHKECTH YaCTHLBI W JUIS IIPOSIBICHUS
KOTOPOT'0O HY’KHO IIPUBJIEYb BOJIHBI C OTPULIATENLHOU 3Hepruei [2, ctp. 530].
[Tokaxkem, dYTO pelIeHWE KBAaHTOBBIX YpPaBHEHWH [BIDKCHHS B
MPEACTAaBICHUN IUIOTHOCTH BEPOSITHOCTH ¢ JHeprued w3 ¢opmymns (1)
MO3BOJISIET, IPEK/E BCETO, MOIYYUTh TUCKPETHBIN CIIEKTp 3HAYEHHWH CIHMHA Y
KBAHTOBBIX YACTHI[ C HEHYJIEBOM MAacCOH IOKOS, a TaKKe MPEACTABICHUS O
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MPOCTPAHCTBECHHOM PACHPECACIICHUN INJIOTHOCTU BEPOATHOCTHU IJIA CBO60,HHI)IX
KBAaHTOBBIX YaCTHILI.
ypaBHeHI/Iﬂ JUIsL I/IH(i)I/IHI/ITHOl"O JBIDKCHUS KBAHTOBOM YaCTHIBI MACChI

M, B IPOU3BOIBHOM BHewHeM mone W(7 , {) B IPECTABICHAH ILIOTHOCTH

BEPOSITHOCTH UMEIOT BUf [3-7]:

moaa—l;+divpﬁ:0

2
D 2 2 2 2
o _ [P T (sz) _RAp
ot 2m, &m,p 4m,p
A3)
I'ne p(? ,t ) - INPOCTPAHCTBEHHO-BPEMEHHOE  paclpelesicHue

IUIOTHOCTH BEPOATHOCTH HACTHULIbI, P(;:, t) - €€ MaKpOCKOHI/I‘IeCKI/Iﬁ HUMITYJIBC,

W(7,t) — npousBosnbHas noTeHMAIbHAS SHEPTHSL.

s cTalmoHapHOTO MPOCTPAHCTBEHHO OTPAaHHMYCHHOTO CBOOOIHOTO
JIBIDKEHHSI KBAaHTOBOW YacTHIIBI cucTeMa ypaBHeHU# (2) u (3) 3ammiercs B
BUJIE:

2 2 2
E:h(sz) —hAp—:const
8mqp 4m,p

“4)

2 —
rae E= moc , pP= p(l’) - IIJIOTHOCTH BEPOSATHOCTH

pacopeaciaceHusa 4YacTulbl B IPOCTPAHCTBE. BBC,I[GM JIMHEWHBIA MaciTab

3agaun F, = % c OTO KOMNTOHOBCKasi JJIMHA BOJHBL. sl 3JIEKTpOHa
0

-11
= 3,5 107 'em u oma NPOSBIISICTCS, HAIIPUMEDP, MPHU PACCCIHUH ITy4Ka

(oToHOB Ha CBOOOIHBIX 3JeKTpoHax. Toraa us (4) momy4nm:

8 _(Vp) 2Ap
(ro)2 102 P (5)
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Pacnonoxxum cq)epnquKon CUCTEMY KOOpAUHAT B LCHTpE
BEPOATHOCTHOI'O paclupeAcJICHUA YaCTULbI, TOJTYyUUM:

8 1 0 1 0 1 0 2 0 0 2 o’
=y (-2 D)2
(ry)> p~ or prosin” @ Oop pre 00 r p or or° ripsin- 0 dp
-——— 0%(@1 9%)
p -1 sin (6)

Bynewm pemrats 3T0 ypaBHEHHE METOIOM Pa3/ICICHHS TIEPEMEHHBIX:

p(r,0,0)=p,(r)p,(0)p,(9)

Torna
2 2 d d2
8%_% @)2 +ii(,ﬂ2@ = .12 LZ pw)Z_i pzcv T
ry p. dr p, dr dr sin“ 6| p, do p, do
il L@y 2 (g Pyl g
p, do p,sin @ do do
(7
U3 (7) nosmyuum cucteMy ypaBHEHHIA:
8 d 2 d d
<N _'Or)2 +——(r2—’0’) = 1’ = const
vy o p. dr p, dr dr
(®)
1 d 2 d’
—( Po )? ———pz"’ = f* = const
p, dp  p, do
9

u MOCJCAHCC YPABHCHUC!

“sin’6  p2 o dO’  p,sin6do do

2
12_ 18 + 1 (dp9)2_ 2 d (Smgdpe)
(10)
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OOpatumMcs Kk ypaBHeHUIO (9), KOTOpOe pelaeTcsi IOJICTaHOBKOH
1 dp 2 ﬂ(o
——r= u(@). Torpa P, =COS” —— uurobsl P, ObLIA OJHO3HAYHOM
0 9
¢ynkumeii a1 koHCTaHTl [ JOKHBI  BBINONHATECS COOTHOIIEHHUS

L =0,£1,£2,43,.... BeesieM kBaHTOBOE UMCIIO

COOTBCTCTBYIOIIEC CHHMHAM DJJCMCHTAPHBIX YaCTHL, I[pHU 3STOM

2
P, =C0S S Q@ nu ’,3| =2s. CnuH SsBJIfETCS CTENEHBIO CBOGOMBI

KBAaHTOBBIX YaCTHMI[ M, Kak OyJdeT TI0Ka3aHO HIDKE, OMpPEIeIsieT
MIPOCTPAHCTBEHHYIO CTPYKTYPY paclpenesieHus IJIOTHOCTH BeposTHOCTH. Ha

puc. 1 mpeacTaBIeHB! pacHpeneNiCHNs] TNIOTHOCTH BEPOSTHOCTH L (p((o) pu

Ppas3IMYHbIX 3HAYCHU CIIMHA YaCTHILI.

Puc. 1. Pacnpedenenue nnomunocmu 8eposmHoCmu npu 08UNCEHUU NO YTy @
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O6patumcst k pemennto ypaBHenus (10). Byaem uckare pemenue
3TOrO YpaBHEHUS B BUJE:

p, =sin 0%

HOJIy‘-II/IM CIEAYIOIMUE COOTHOIICHMA JUII KOHCTAaHT pPa3ACiICHU
IIEPEMEHHBIX!

2 2
p~=4s A =4s+4s?,

Ha pI/IC.2 MOKa3aHbl 3aBUCUMOCTHU IJIOTHOCTH BEPOATHOCTU pe(e)

IpY pas3IMYHbIX 3HAYCHUAX CIIMHOBOT'O YHCJIA.

Puc. 2. Pacnpedenenue nomnocmu éeposimiocmu. O, (9)

npu pasiudnblx 3HAYEHUAX CNUHO06020 YUCd

U3 pPUCYHKAa MOXXHO BHUJACTH, YTO YEM OoJIbllIe CITHMH qaCTulbl, TEM

MeHbIIIE 00]1aCTh PACTIPE/IENEHUs UIOTHOCTH BEPOATHOCTH 10 yrity O .
Obpatumcst k pemennto ypaBHeHus (8). Cpemaem 3ameHy
MEPEMEHHBIX:

I/I r=Xx-r,



ITomyunm ypaBHEHUE

d’a
dx?

* an

[MpubmmxenHoe pemenne ypaBHeHust (11) g paguanbHOU
COCTaBJIAIOLIEH IUIOTHOCTU BEPOATHOCTH 3alUILIEM B BUAE KYCOYHO-TVIQIKUX

cyneprio3unuid. Cynepro3uiuy acCUMITOTHK X —> 0 uw x>, KOTOpBIE

d’a(x,)

obecreunBalOT PaBeHCTBO BTOPON MPOU3BOJAHON T =0 B Touke
X
s(s+1
2_(_2) -0.
xC
. [s(s+1 [s(s+1

azsmx\/z QSx—)oo X, = g (12)

2 2

X’ sin x.A/2 s(s+1
o=——— —( ) >x—>0
X

JUIs 4acTUIl ¢ HYJNEBBIM CIHUHOM CYNEPHO3HIUS PELICHHUN SBIISETCS
TOYHOM U B PasMEpPHBIX BCIMYUHAX 3alMChIBACTCA B BUAC MPOU3BECIACHUA
OCLMJUIMPYIOLICH U 3aTyXarolei (HyHKIHHA

_rozsinz(\/z-%))

r (13)

P,

Ha puc. 3 mnokasaHo pacmpeneneHue paaHadbHOM IJIOTHOCTH
BEPOSITHOCTH YaCTHI[ C HyJIEBbIM clTiHOM. OHO HAITOMHHAET M3BECTHBIN MaKeT
JUISl TUIOCKUX BOJH Jie¢ Bpoiins, KOTOphIA, Kak M3BECTHO, PACIUIBIBAETCA CO
BPEMEHEM.
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251y

-0 -8 -8 -7 -6 5

Puc. 3. Pacnpedenenue paduanbHot niomHocmu
8EPOSAMHOCIU OISl YACMUY C HYI€BbIM CNUHOM

XapakTepHbIi paanyc 00JacTH JOKAIU3aUN YaCTHIIBI PAaBeH

P
r,=—=n=22r
V2 (14)

Jnst dacTWil C HEHYJEBBIM CHMHOM pemieHue ypasHeHus (11)

apnstietcst  pacxonsmumcs 1pu X —> O u He wunTerpupyeM mo o6memy
JIOKOJIM3AIMM YacTUIBl. Torma cieayeT NpeAroyIoKUTh, YTO YacTHIBI C
OTIIMYHBIM OT HYJS CIHHHOM HMMEIOT 0OJiee CIIOKHYIO IPOCTPAaHCTBEHHYIO
CTPYKTYPY IBWXEHHUS, HANPHUMeEpP, UMEETCS «IOJOCTh» C OJIM3KOH K HYIIO
IUTOTHOCTBIO BEPOSTHOCTH HaxoKAeHus yactu. Ha mepudepnn gacTuipl, Kak
U Opexnae, HUMeeTcss  MPOCTPAaHCTBEHHO  CTPYKTYPHUPOBaHHOE U
OCLIWJLIUPYIOLIEE paclpeaeacHre IUIOTHOCTU BEPOSTHOCTH B COOTBETCTBUU C

¢dopmynoii (13).
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XapakTepHbIil BHCIIHUN PAJNyC JOKAIM3AIHUKA YACTHI[ C OTIAYHBIM
OT HYJIsI CTUHOM MOXKHO OIICHUTh B COOTBETCTBUU ¢ (12) mo popmyire:

Jo

p \/57[ (15)

Kak BHIHO M3 mpenaplayInero, CBOOOMHBIE YACTUIIBI C OTIMYHBIM OT
HyJIs CIMHOM  COBEpINAIOT  BpallaTelbHO-KOJIeOaTeIbHbIE  JBH)KCHHUS.
[okaxem, 4to B ypaBHeHHH (11) TOMHKHO BBIIOJIHATHCS COOTHOLICHHUE:

IR

2_S(S—-:1)>1
X

JelicTBUTENBHO, IepeiieM K (GU3NUECKUM IIEPEMEHHBIM, TOTYIUM

2 hs(s+1)

E=m,c >
2m,r

(16)

CootHomienue (16) moka3bIBaeT, YTO €CJIM KBaHTOBAs YacTHUIA, KaK
«CTYCTOK» DJHEPIMM JBWXKETCS IO 3aKOHAM KBAHTOBOH MEXaHUKH, TO
BpalaTejibHas COCTABJISIONIAs JBMXKCHHS HE JOJDKHA TMPEBBINIATH MOJHYIO
SHEPrui0 4acTUIlbl. [I0CKOJIbKY CIIMH YaCTUI[ OTPAHUYCH, TO B COOTBETCTBUH C
HepaBeHCTBOM (16) monydaeM 00JacTh ¢ PagMycoM 7, HEIOCTYIHYIO s
JIBIDKCHUSI YaCTHIIBI («TEMHOE ITPOCTPAHCTBOY):

r<r.=r, S(STJFI)

IMockonbKy BHYTpEeHHHH paguyc 00NacTH HEAOCTYITHOCTH JBM)KEHUN
JOIKeH Beeria ObITh MEHBIIC BHEWIHETO pajuyca JoKanusamuu I,

(bopmyna (15)), To momydaercss orpaHMYEHHE Ha BCE BO3MOJKHBIC 3HAYCHWSI
CIIMHOB

Js(s+) <z (18)
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CraOuibHbIE 2JIEMEHTapHbIC YaCTUIIBI C OTJIIMYHON OT HYJISI MacCod U
W3BECTHBIM psiioM 3HaueHuil cruna s= 0, Y4, 1, 3/2, 2, 5/2 ynoBiaeTBopsoT
3TOMY HEPaBEHCTBY. 3HaueHue s=5/2 3TO HauOoOJbIlee 3HAUCHHE
YIOBJIETBOPSIIOIIEE ITOMY HEpaBeHCTBY. BO3MOXKHO, OHO HECKOJIBKO HETOUHO,
MOCKOJIBKY HCTONb3yeTcs NpubmmkeHHoe pemieHue (12). AnamuTHueckoe
pemienne ypaBHkHMY (12) B Buzme ¢yHkumii beccens mpencraBui
J.B.®Owiunmnos, Korja peLeH3upoBan 3Ty CTaTbl. TOUYHBIE DPELIEHUS HE
MEHSIOT 00J1aCTh KBAHTOBAHHS CIIHOB.

Takum oOpa3omM, cBOOOIHBIC YACTHIEI ¢ HEHYJICBOH MAacCOH MOKOS H
OTIMYHBIM OT HYJS CHHHOM COBEpINAIOT BpallaTelbHO-KOJeOaTeIbHbIC
IBIDKCHUS ¥ B OCHOBHOM JIOKAJIM30BaHBI B O0JaCTH HEKOTO MOJOOHS Topa.
Ecnun y kBaHTOBOM uacTHMIBl HMMeEETCs 3apsi, TO 3a CYEeT BpalaTelbHBIX
COCTOSIHUM BO3HUKAIOT 3aMKHYThIE€ TOKM M COOTBETCTBYIOIIMI MarHUTHBIN
MOMEHT, CBSI3aHHBI CO CIIMHOM YacTULbl. PenieHne KBaHTOBBIX YpPaBHEHUI
JIBIDKGHUSI B IPEJACTABICHUM IUIOTHOCTH BEpPOATHOCTH Ml YacTHI[ C
HEHYJIEBOIl Maccol MOKOsA JaeT M3BECTHYIO IOCJIEN0BATENbHOCTh UX CIIMHOB.
[Tepudepuiinas mpocTpaHCTBEHHAs CTPYKTypa IUIOTHOCTH BEPOSITHOCTH
3aBHCUT OT UX CIHMHOBOTO YHCIIA U UMEET PaAHaIbHYIO 00IaCTh «IPOKaHUM.
XapaKTepHbI paguyc JIOKAIW3allii YacTUI] MOXHO OIEHHTh O (opMyIe
(15). Hanpumep, B 3Tol Momenu o0JacTh JIOKATMM3AIMA SJIEKTPOHA SBISICTCS

. _ -10
«IyXnoi» = 1,4-10" "cm [0 CPaBHEHHIO C OOJACTHIO JIOKAITU3AINU

npotona 7, = 7,4 107" em.

3Hasg pemieHHe ATOH 3aJa4ydl B TPEACTaBICHHH IJIOTHOCTH
BEPOSITHOCTH, €CTECTBEHHO IIOJYYUTb AHAJOTUYHBIE pE3YyIbTaTbl U B
npezncrasiaeHnu [lpeannrepa. A UMeHHO, HEOOXOAMMO pemIaTh ypaBHEHHE:

2m’c?
AT(V,G,(D)'F—Z\P =0
h (19)
EnuHCTBEHHOE OTIMYME OT CTAHAAPTHOIO PELICHUs 3TOT0 YPaBHEHUS

meronom pasmenenms nepemennnix V=Y, ()Y, (O)Y, () nomxmo

3aKJII0YaThCd B TOM, YTO PCHICHUEC JJIA LP@ HY>XHO 3alMuChIBaTb B IIOJTHOM

BU/JIE:
\P — C eiS(p +e—is¢7
¢ ( ), (20)
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MOCKOJIBKY ~ HET  MNpPEIIOYTHTENFHOTO  HalpaBieHHs  JUls
BpalllaTeJIbHBIX COCTOSHUH. DTO €CTh «ApoXKaHHe» sl BpallaTeJbHBIX
COCTOSIHMH. }cnonb3oBaHWE OJHOTO CJIaraéMoro B BOJIHOBOH (DyHKLUH
O3HAYaeT, 4TO 3aBEJIOMO 33aHO HAIIPaBJICHHE BPaIleHHs U MOJI0)KEHHE CIMHA
B MpOCTpaHCTBe. TeM He MeHee, B0300Jajgaso ONKMCAaHHE BPANIATEILHOTO
JIBIDKCHHUS C TIOMOIIBIO OJIHOTO CJIaraeéMoro B 3Toi (opMyiie, Harpumep, i
IBIDKCHUS DJICKTpOHA B aToMe Bonopona [8]. McmonszoBanue dhopmymst (20)
UL aToMa BOJOpPOJa IPHUBOAMT, HANpHMeEp, K OTIMYUIO 3HAYCHHH
KBaJPYMONBHBIX MOMEHTOB JUIi BO30OY)XKACHHBIX COCTOSIHUM OT IIPEXKHHX
BBIYHCIICHUH [9].
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I'maBa 13. ATombl Bo1opoaa Ha ocHoBe rumnote3bl Jlyu e bpoiias [8, 9]

B oatom pasgene UW3M0KEHO OOOOINEHHOE MPEACTABICHUE O
BO3MOJKHBIX COCTOSIHMSX aToMma BOJOpoaa ¢ ydetoMm uuaeu Jlym nme Bpoiiis.
PaccmarpuBaetcs BO3MOKHOCTE 9KCIEPUMECHTAITBHOTO HaOII0ICHUS
cybaToMOB BOJIOpOIA.

Bripatommiicss ¢panmy3ckuii ¢usuk Jlym me Bpoiine Hammcan, mo
MEeHbIIIe Mepe, [IBe BEIMKUX (OPMYIIbl: BhIpaKEHHE U1l BOJIHOBOU (DyHKIIMH
cBOOOTHOM KBaHTOBOM YaCTHIIBI, HOCAIICH €ro MMsL, Tie 000OIINIT BEIPAKESHUS
JUISL IMITYJIbCA M DHEPTHU KBAHTOBOW YaCTHIIbI HA CIydall KOrJga macca MoKos
HE paBHA HYJIIO U COOTHOIIICHHUE

2

E=ho=m, c
0 (D

CMbICT 3TOW (OPMYJIBI 3aKITIOYACTCS B TOM, YTO 3JEMCHTapHas
gacTtula C MaCCOI>'I ITIOKOs mo nuMeeT CO6CTB€HHyIO KBaHTOBy}O 3Hepl"PIIO

JBIDKCHUSI ¢ 4acTOoTOW @ . Dta (opmyna mpemioxeHa ae bpoinem B 1923
TOAy B CBOEH JOKTOPCKOW IHMCCEpPTALMM B BHAE TMHOTE3bl. B mocienyromem
OH TIOKa3al, 4To 3Ta (opMyja SIBISETCS WHBAPUAHTHONH M YIOBIETBOPSET
M3BECTHBIM PEJSITUBUCTCKUM MPeoOpa3oBaHMsAM, MOCKOJIBKY YacToTa M Macca
YaCcTHLBI MPeoOpa3yloTcs MO0 OAMHAKOBBIM 3aKOHAM M CIIPaBEIJIMBA, B TOM
YHCIIe, U TIPH OTCYTCTBUH MOCTYIATENLHOTO ABHKEHUsI KBAHTOBBIX YacTuiy [1].
Iepenmmem cooTHomeHue (1) HECKOIBKO B IpyTOM BHJE:

E=ho=m-c*

2 2
rae m= mo \ 1- A4 / C - DPeISITHUBUCTCKOE BBIPAKEHHUE IS

Macchl yacTupl. Torma

myc’ /(\/l—vz/cz)= hkv=hv27r//1=hv27r/lo(\/1—v2/c2 )= hao, /(le—vz/cz)

Hmeer mecto PEIATUBUCTCKAA NHBAPHUAHTHOCTD.

Ucnone3yss ypaBHenue [Ip&€muarepa u ¢opmyny (1) MoxHO
MOJIYYUTh OMHCAaHUE JBYX KBAHTOBBIX COCTOSIHUM JJIsi aToMa Bojopoaa. OgHo
TPaaUIIMOHHOE OIFCAaHHE aToOMa BOJAOPOJA, M3JlaraeMoe B Y4YeOHHKax IO
KBAaHTOBOI MeXaHHUKE, Ipyroe — HOBOE, CyOaTOMHOE COCTOSIHHE.
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3anumem ypaHenue llp&muHrepa ans aroma BOIOpoAa C yYETOM
dhopmynbl (1) B COOTBETCTBHH C PUCYHKOM 1.

n’ IR & n’ I 4
_EAO\P(%”]’rZ)_%AIT_iAZ\P

—————=(E,+E,-&)¥
2M 7, +7 7| (B4 =)

@)

31ech MEpBOE ClIaraéMoe OIMCHIBAET JBM)KEHHE BEPOSTHOCTHOTO

IIEHTPa ICKTPOHA OTHOCHTEIHHO BEPOATHOCTHOTO LIEHTPA MPOTOHA, KOTOPBIA

NPUHAT 33 Ha4Yalo KoopAumHAT. Bropoe ciaraemoe OMHMCHIBAET COOCTBEHHOE

JBIDKCHUE 3JIEKTPOHA OTHOCHUTEIHHO CBOETO BEPOSITHOCTHOTO LICHTPA 3a CUET
2

sueprun £, = mc” . Tperbe craraeMoe OIMNMCHIBACT COOCTBEHHOE IBIDKCHHE

MPOTOHA OTHOCHTEIHHO COOCTBEHHOTO BEPOSTHOCTHOTO IIGHTpa C JHEPTHUCH
E= Mc?. Tocnennee cnaraemoe B JeBoii acTu YpaBHEHHsI ONHUCHIBAET
KYJIOHOBCKOE B3aUMOJICHCTBHE JJIEKTPOHA C MPOTOHOM. B ypaBHeHHMu (2)
NPUHATBEL O00O3HAYEHWS: & - OJHEPTHs CBA3M aToma Bojopoxa, M, M -
COOTBETCTBEHHO MACCHI ITOKOSI 3JIEKTPOHA M IIPOTOHA.

S=%

Puc. 1. Koopounamvl amoma 6000poda

W3 ypaBHenust (2) u puc.l MOXHO BUIETH, YTO OBl MOTEHIMAIBHASL
SHEprusi B3aMMOJCHCTBHS 3apsDKCHHBIX YacTHIl B KaKJOH Touke Obuia
OJTHO3HAYHA, HY>KHO ITOJIOXKHUTH BO BCEM IIPOCTPAHCTBE:

A3)

Torna B ypaBHeHnH (2) MOXHO IPOBECTH pa3zieieHue NePEMEHHBIX U
3aIucaTh €ro BUJE:

" . - I " SV Y
—— AN () V(7)Y (5) - —— AV Y, - AW WY, - —_—
m 2m 2M

> =(E,+E -o)¥,VY,

7|
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W3 atoro ypaBHeHMs moityuyaeM TpHU ypaBHeHus. IlepBoe ypaBHeHHUs
SIBIIICTCA CTAaHJAPTHBIM JUIS ONUCAHMSA aToMa BOAOPOJA B HEPEISTHUBUCTCKOM
NPUOIMKEHUH U €ro pelieHne MPUBOAMUTCS BO BCeX ydeOHHMKax 10 KBaHTOBOM
MeXaHHKe:

* IR
—— AN (7)) _e_,—o =(—¢)¥,
2m |r0| @)

Bropoe m TpeThe ypaBHEHHs ONMCHIBAIOT COOCTBEHHOE [BIDKCHHE

. 2 2
3JIEKTPOHA 1 IPOTOHa 3a cuet suepruii £, =mc”, E, = Mc

K h?
-—AY,=EY, -—AY¥Y, =E,Y%,
2m , 2M (5)

Pemenuem »3THX YpaBHCHHUA SABJIAIOTCA CTOAYHUC HCOAHOPOIHBIC
BOJIHBI, 3aTyXarome Ha OCCKOHEUHOCTHU U OIIUCBIBAIOIINEC MTPOCTPAHCTBECHHYIO
JIOKAJIM3alU0 € y4€TOM CIIMHA YaCTHUIL [2] I[J'I)I DJICKTPOHA B HalleM Cly4dac

npunaTo §=1/2:

Y, (7,6, ¢1)=Mcos£sm”26’

‘/71 2 (6)

3pecs J,- dynkums Beccems mepBoro mopsika. 3aMeTHM, 4TO

cornacHo (3) u (5) cnuHBI 3apsDKEHHBIX YACTHUI] B aTOME BOJOPOJA JOJHKHBI
OBITh KOJITMHEApHBIE W MMETh OJIMHAKOBOE HampaBiieHHe. Takum o6pazowm,
CYMMApHBIH CIIMH aTOMa BOJOPOJA PAaBEH CIUHULIE.

PaccMoTpuM Apyroil 4acTHBIN Cilydaid, KOIla BEPOSATHOCTHBIE LICHTPBI

JIOKaJIn3allu COBIIAJAroT, l’b :O. 2710 BO3MOJXXHO, IIOCKOJIbKY BOJIHOBBLIC

(yHKIMH COOCTBEHHOTO JABMIKEHHMS KBAaHTOBBIX YaCTHII B BEPOSTHOCTHBIX
LEHTpax JIOKAJIU3aUK paBHbI Hy 0. Toraa u3 (2) momyyaem ypaBHEHHe:

K n’ e’y
—— AYGF,E) -—AY———=(E, +E —&)¥
21’)’1 1 (1 2) 2M 2 ‘71_’72‘ ( 2 1 )

(7
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VYpaBuenue (7) MOKHO HPEACTaBUTH B BUJE IBYX YPaBHEHHUH, ecin
cnenats 3ameny nepemennsix V(7,7,)=Y(7,r) =Y, (F)¥, (%), e

|

7 =7, —F, ¥ IPOBECTH Pa3/e/IcHAE TIEPEMEHHBIX, TIOTYUNM:
72
- ALY, () = EY, ()
n’ S A -
G )—ﬁ() —(E,— )% (F)
©)
VYpaBHeHue (8) aHAIOTUYHO OJHOMY W3 ypaBHEHHH (5) M OMICHIBACT

COOCTBEHHOE JBIDKCHHE MpPOTOHA 3a cuer dHeprunm F,. Vpasrenue (9)

OIIMCHIBAET Cy0ATOMHBIE COCTOSIHHUS BOZOpoa coraacHo [3]. PaccmoTpuM str
COCTOSIHHSI OoJiee TTOAPOOHO M BHECEM HEKOTOpPHIE M3MEHEHHS B OTJIMYHE OT
pe3ynbpTaToB paboTs [3].

Pemenne ypaBHeHus (9) nmeeT BUI:

¥ (r,0,0)=C,r'"* exp(—rar) cos sin'2 @
2 (10)

OHeprust £, paBHa:

, 2e’
g, =mc¢ +9— (1D
a

2 2
3nech Goposckuii paguyc d = h'/me” o SHEPTHsi COCTOUT

2
n3 COOCTBEHHOW KBAHTOBOW »HEpPruu 3JekTpoHa /M C  u KyJOHOBCKOH
2 2
e
9a

JarpaMMa 3JIeKTpOHa B Cy0aToMe UMeeT HeOOBIUHBIN BU, pUC.2:

OHEPrun CBA3U DJICKTPOHA C TIMPOTOHOM 80: SHCPFGTI/ILICCKEIH
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0 T

Puc. 2. Duepeemuueckasn ouazpamma cybamoma 600opooa

2
MOXHO TpEeACTaBUTh, YTO CBOOOIHBII AMEKTPOH ¢ dHeprueit MC
«3aXBaTbIBAET» IPOTOH M 00pa3syeT CBA3aHHOE COCTOsAHME C JHepruedl &,. B

L[EJIOM 3TO COCTOSHHE YCTOWYHMBO K B3aWMHBIM CMEIIEHHSM BEPOSTHOCTHBIX
LIEHTPOB TMPOTOHA W dJEKTpoHA [4] W SABISETCS CHUH-OPUEHTHPOBAHBIM B
OCHOBHOM COCTOSIHMH. 3aMETHUM, 4YTO IT0J00HOTO THIA 3HEPreTHYECKYIO
Juarpammy npezckassiBai B. IrnatoBud 11 MogenpHOro aroma [5].

Cy06aToMBl BOZOpPOZA MOTYT NPHONIDKATBCA K siIpaM  APYTHX
JJIEMEHTOB KaK HEHTpaJibHbIC YAaCTHILBI HAa JIOCTATOYHO OJIM3KHE PAacCTOSHHS,
MOCKOJIbKY TPOTOH JKPaHHPOBAH SJICKTPOHHOH 000J0YKOH ¢ OOJBIIOH
coOcTBeHHOH sHeprueil. [IposcHuM 3Ty cutyauuo 6oiee moapooHo.

3anuieM ypaBHEHUE JIB)XKEHHUs cybaToMa BOJOpO/a B MoJe siapa ¢ Z
- HOMepoM B Tabnuiie MeHeneesa, B COOTBETCTBUH C PHUC. 3.

2 LV TPLA SESyA U
—h—A‘P(?,FO)—ea Ly - =(E —-&)¥ (7,7
2m F noo |7 R

(12)

81



Puc. 3. Koopounamui cybamoma 6000pooa

3mech - paccTOsSHME OT ILIEHTPAa MHOTO3apAJHOTO MOHA [0

BEPOATHOCTHOTO IIeHTpa cybatoma, F = mc’ . Bynem cuwmrath }70 -
napaMeTpoM 3a/auu U nepedopmarupyem ypaBaenue (12) k Buny:
n &Y ez¥y ez o
—omt ¥ )= =B ————e())¥ (7.7%)
" P %o (13)
B cmywae % >>r wu3 (13) momydaem ypaBHEHHE JUIl ONMCAHUS

CIIEKTpa dHEepruid cydaToMoB Booposa [2].

K’ R 4 =
A (F) = (B —o)¥ ()
m r (14)
Pemenue ypapHenus (14) naer:
2 e’
E=mc +—
9a (15)
2¢°
3neck Goposckuii pammyc a =h"/m e’ & = 9—
a

Paccmorpum ciyyait 7, << 7. Toraa
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1 1 1

~

~

|’7+’70|_\/r2+r02—2rrocos® r a6)

31ech yuTeHo, 4To B cybaTomax Bogopoga ® ~ 77/2 [2], a umenno,
OTHOCHTENIHHO OCH CHMMETPHHM ~Cy0aTOMa BOJOPOJa pAacrpesecHue
5JIEKTPOHHOI TUIOTHOCTH HMMEET B TMEPBOM TNPHOIMKEHMH BHUI TOPOMIA,
OPTOTOHAJILHOTO OCH CHMMETpHH . [IpUHMMas BO BHUMaHHE COOTHOLIEHHE
(16), nepenuiem ypasHenue (13):

n I (R L ¢ e’z .
-——AY (ra’b)_iz(El _7_5(”()))\11 (r,l’())
2m r A (17)

VYpaBrenne (17) MoxHO cBecTH K BHIy ypaBHeHusa (14),
HiepeonpeIeNiB apaMeTphl 3aJ1a41 U Cpa3y HAIKCaTh OTBET:

2 2
& =mc* P2aezp ez
9 a r, (18)

W3 dopmynsr (18) MOXHO BHIETh, YTO CYLIECTBEHHO BO3pacTaeT

2
KyJIOHOBCKasl COCTaBIIsromas SHepruu ceszu cybatoma B (1+2Z)° pas. Unaue

TOBOpS, CWJIBI TPUTSKEHUS] BHEIIHEro sJpa JJIEKTPOHHOH 000JI0YKOii
cybaTomMa BOJOpOJia CYIIECTBEHHO COMMXKAIOT sAnapa. Hampumep, ans saep
TUTaHa ¢ Z=22 KyJIOHOBCKas COCTaBIIAIONIAasi Cy0aTOMOB BOJOPOJa COCTABIISIET

3,2 xoB. IlpenenbHeli paguyc cONMmKeHns cybaToMa ¢ SIPOM COCTaBJIET 7, ,

ImocCJI€ 4Y€ro OH C HeKOTOpOﬁ BEPOATHOCTBIO MOKET HOHU30BATHCA BO
BHCIITHEM DJICKTPUYECKOM I10JIC:

I e’Z
" mc®+2e*(1+ 2)* /9a

®)

BTOpLIM claraeMblM B 3HaMEHaTelle JTOU (I)OpMyJ'IBI MOXHO
npeHe6peqL JaXKe IPpU CaMbIX OoypINX Z IO CpaBHCHUIO C MEPBLIM,TOTAA
MOJyYnM:
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OrneHMM MUHUMAJIBHBIA painyc CONMMKECHUS ¢ IPOTOHOM, Korma Z=1,
-12
nonyuaem 7, =0.280107 7 cm, uTo MeHbIIe XpakTepHBIX pa3MepoB sixep. B

9TOM ciydae IMpH CONMDKEHMH cy0aroMa C MPOTOHOM BO3HUKAET HMMILYJNb
OTAa4M NMPOTOHA U HauboJiee BEpOIATHO 00pa3oBaHUE 3apsHKEHHOW MOJIEKYIIbI
Bomopona H,'.Jletanu o6pa3oBaHus TakuX MONEKyl OyayT oOCYXJIEHb B
creyronieM naparpade.

3aMeTHM, YTO /JJs pacyeToB HCIIONB30BaHA OCEBasi CHMMETPHs
cy0aToMOB BOJOpONA, YTO O3HAYACT MPUMEHCHHE MAarHUTHOTO TIIONS ISt
OpWCHTAIlNM CHMHOB YACTHII, YTO  BEChbMa IOJE3HO I YBEIMYCHUS
BEPOSTHOCTH SACPHBIX PEAKIIHA.

Takum  oOpa3oMm,  CyIIecTBOBaHHE  Cy0aToMoOB  BOIOpoja
MPHUHIUIAATEHO peIIaeT BOMPOC O MPEONOJICHHH KYJIOHOBCKOTO Oaphkepa, B
TOM YHCJIC U1 BOSHUKHOBCHHUS SICPHBIX PEaKINi PH HU3KUX TeMIIepaTypax.

O cymecTBoOBaHUU Cy0aTOMOB BOJOpOJa B CHCTEME MeTaln +
BOJIOPOJI MOXHO CYOUTh 10 KOCBEHHBIM NpPHU3HAKAM: IIOSBIICHHUIO HOBBIX
3JIEMEHTOB M YJIbTPa(QUOICTOBOMY H3JIYUCHHUIO C dHEpruei kBantos 6,02 3B,
KOTOpble BO3HMKAIOT IpHU 00pa3oBaHUHM Cy0aTOMOB BoJopoja. Pe3ynbraTs
MEepBBIX JKCIEPUMEHTOB OMNHCaHbl B 003ope [6]. C mnocnexyromuMu
IKCIIEPUMEHTAJIBHBIMU Pa0OTaMHU B 3TOM HAIlPAaBJICHUH MOXHO O3HAKOMHTHCS
B 0030pe [7].
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I'naBa 14. Kommiekcnnie nonst H," , H;" cy6aTomos Bomopona [4]

[Tpu pexoMOMHALIMK MOHOB BOJOPOAA HA TIOBEPXHOCTH MPOBOASIINX
TEJl BOBMOXHO C HEKOTOPOH BEPOATHOCTHIO 0Opa3oBaHUE aTOMOB BOAOPOJA B
cybaTtoMHbIX cocTostHusiX. CyOaToMbl BoJIOpoAa OO0JIaAlOT YHHKaJIbHBIMH
CBOHCTBaMH, B TOM YHCJIE, MOTYT 00pa30BbIBATH MHOTOSJEPHBIC HOHBI THIA
H,", H;". Cybatom B0ojOpO/a, KaK MOKa3bIBAIOT PACUETHI, MPEICTABIAETCS
crenyrommM obpazoM. Bo BHyTpeHHIOIO 00J7acTh MPOCTPAHCTBEHHOU
JOKaJM3allMd 3JEKTpOHAa ¢ DSHeprued obOpasosanms 500 k3B  moxer
NPOHUKHYTh TPOTOH © o0Opa3zoBath cybaTtoM Bomopoxa. IIpotoH B
CBEPXIPOYHOM BEPOSTHOCTHOM 3IEKTPOHHOM «KapKace» MOKET JTOCTATOTHO
ONMU3KO MOCTaBIATHCA K AApaM JPYrUX JJIEMEHTOB M BCTyNaTh C HHUMHU B
sJIepHble peakuuu. Takyl YacTHUIly MOXKHO YCJIOBHO HAa3BaTh «TSIKENBIMY
3JIEKTPOHOM, XOTS OHa B CpPEAHEM JJIEKTpUYECKH HeHTpanbHa. Beino panee
YCTaHOBIICHO B psifieé SKCHEPHMEHTOB, 4YTO Cy0aToMbl BOJOPOAA H3IIydarOT
CBOIICTBEHHOE UM XapaKTepHOE yNbTpaduONeToBOE M3IydeHHE MpH
¢doTocuHTe3e pacTeHui, HaOmomaeTcs IpelcKa3aHHOe paHee Hal(OHOBOE
raMMa W3JIydeHHE NpH MeTaboin3Me APOXIKEH, a TakKe IPH 3IEKTPOIIN3E
HHUKEJsI B pPacTBOPE CEPHOM KHUCIOTHI, HaOMIOaeTcs M3MEHEHNE HW30TOITHOTO
COCTaBa IUICHOK HAHECCHHBIX MAarHeTPOHHBIM METOJOM B arMmocdepe
Bomopona [1]. Bo Bcex STHX OJKCIEpHUMEHTaxX MEXaHH3M O0pa30oBaHUS
cy0aToMOB BOmOpOJa OBIT «IMOBEPXHOCTHBIN». [l oOpazoBaHus cydaToma
BOJIOPO/Ia HEOOXOIMMO OBLITO, YTO OBI TEIUIOBOI HOH BOJOPO/A CTOIKHYJICS CO
cnaboCBsA3aHHBIM Ha TIOBEPXHOCTH TeJa OJIEKTPOHOM W IPOHHK BO
BHYTPEHHIOIO  00JIaCTh ~ IPOCTPAaHCTBEHHOW  JIOKAIM3aLUM  3JIEKTPOHA.
BeposaTHOCT TakuX MpOIEeCCOB HEBeNUKa. TpeOyroTcs crelraIbHble yCIOBUS
JUIL CO3JaHMsl CNabOCBSI3aHHBIX 3JEKTPOHOB C IIOBEPXHOCThIO Tesa. B
YaCTHOCTH, TpeOyercsi, 4YTo Obl BHEIIHWE JJIEKTPUYECKHE TMO0Jsl ObUIH
HE3HAYNTEITbHBIMH.

Teopust cy0aTOMHBIX COCTOSHHI BOJOpOAa HM3JIOKeHa B KHuUre [1].
3nmeck NPEACTaBUM HECKOJBKO Ppe3yJIbTaToB, HMMEIOIINX OTHOIIEHHE K
00pa30BaHHIO KOMIUIEKCHBIX HOHOB BOIOPO/Ia.

Teopust cybaroMoB BOZOpoOJa 3aKimiodaeTcs B ciexyromeM. Kak
MOKA3bIBAIOT MHOTOJIETHHE HMCCIIEJ0BAHUS, KBAaHTOBBIE YacCTHIIBI C OTIMYHOH
OT HyJs Maccod MJOIDKHBI OO0NamaTe COOCTBEHHOW KBAaHTOBOHM SHepruen
IBIDKEHUS. Eciau cpemHss mocTymarenbHas SHEPTHs IBIKEHUS paBHA HYIIO,
TO YaCTHUIIA JIOKAJIN30BaHa OKOJIO BEPOATHOCTHOTO LIEHTPA U UMEET SHEPTUIO

mCQZha)ZE (1)
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Cwmbicn 3TOW (OpMyIBI, KOTOPYIO Ha 3ape CO3/aHHs KBaHTOBOM
MexaHuku Hamucan Jlyn ne bpoiuis, 3akmiouaercs B TOM, YTO JIEeMEHTapHas

JacTHIA C MacCcoW MOKOst 7721 TIpeicTaBisieT COOOH «CTr'yCTOK» 3HEPTHH,

KOTOPBIH IBUraeTcsl 10 3aKOHaM KBAaHTOBOW MEXaHUKHU. 3aMETHUM eI, YTO 3TO
YpaBHEHHE pEISITUBUCTKA HWHBAPHAHTHO, T.C. CIPABEAJIMBO MPU JHOOBIX
CKOpPOCTSIX KBAaHTOBBIX dacTHI. B cummry ¢opmynsl (1) sHeprus cBs3u
3JIEKTpOHa B Cy0aTroMe BOAOpPOJAa HAXOAWTCS W3 PEIICHHUS YpPaBHEHUS
[lIpeaunrepa.

Jnst oOIIHOCTH 3amuIIeM ypaBHEHHE JIBIDKCHHSI CyOaToMa BOZOPOZA
B TI0JIE HOHA C 3apsAA0M Z B COOTBETCTBUH C pucC. 1.

2 62\}'1 A SaVA
+ —

=(E ~&)¥ (7.7)

)

r+r

@)

Puc. 1. Koopounamer cybamoma 600opooa

31eck ¥y~ pacCTOSHME OT IIEHTPa MHOTO03apsJHOTO HOHAa JO

2 -
BEPOSITHOCTHOTO IIEHTpa cy0aToma, E=mc". Bynem cuutath 7 -
napaMeTpoM 3aJa4u U nepedopmaTupyeM ypaBHeHHE (2) K BULY:
7 &Y ezy ez .
-——AYF, ) —- =(E,————e(p)¥ (*.1)
2m r 7 3)

7 +7)
HoH ¢ 3apsnoM Z Bceraa NpUTATUBAETCS CBEPXIPOYHON 3JIEKTPOHHOM
000104KOli cybaTOMa BOJOpOJa, M OHA MPAKTHUECKH HE JIeOpPMUpYETCS NPH

HX COMMDKEHNH.
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JleHCTBUTENEHO, B CIydae %, >> ¥ u3 (3) momydJaeM ypaBHEHHE I

OTIMCaHMA CIEKTpa SHEPTHi cybaToMoB Bomoposa [1].

2

n’ ., e¥ .
—2—A Y(#F)-——=(E ¥ ()
m r (4)
Pemenue ypaBHenus (4) gaer:
, 2’
E =mc +—
9a 5)

e’
a=h"/me* ¢,="—
9a

3aecb OOpOBCKU paguyc,

Cnyusait 7 <<r paccmotpen B knure [l]. Hac nanmee Oyner

HHTEepEeCcOBaTh CIy4ail, Korga WOH Bojopoxa Z =1 HaxomuTcs Ha
PaBHOYJAIEHHOM PACCTOSHHU OT S/Ipa

cybaToMa BOJOPOIa OTHOCHTENBHO 3JEKTPOHHOUW 000y0uku. B 3ToM
clydae dJIEKTPOH C pPaBHOW BEPOSITHOCTBIO MOXKET HAXOAWTHCS B paloHE
JICBOTO WJIM TpaBoro siapa. KyJoHOBCKast SHEPTHS OTTAIKHUBAHHUS SIICP B 3TOM
ciydae OynmeT B JiBa pa3a MEHbBIIE OT MCXOJHOTO 3HaueHus. Torma u 3Heprus
CBA3HU «IIPUIIMIIIET0» HWOHA 6y}1€T COCTaBJISITh TIOJIOBUHY OJHEPTUU CBA3U
cybatoma Bomopoaa. Ey, =3.013B. Ilpomecc pacmaja COCTAaBHOTO MOHA
MO>KHO TIPEICTaBUTh B cieayronieM puje [2]

H, >H+H" -3.01 (6)

CrpaBodYHBIC JaHHBIC JJIsI MOHA BOJIOPOJA B OOBIYHOM COCTOSHHH
nator Ep, =2.65 3B [2]. Takas pa3HuUa 3HAUEHUH €CTECTBEHHA, MOCKOJIbKY
BOJIOPOJI B €CTECTBEHHOM COCTOSHHU SIBIISICTCS «IIYXJBIM» C OOIBIIAM
XapaKTepHBIM PaIIycoM, 4eM cybaToM BOJOpOJA.

Hanee paccMoTpuM 00pa3oBaHUE HMOHA H;' s 3JIEKTPOCTATHYECKOM
NpuOIKeHNH, KaKk ¥ B MpeaplAylieM ciydae. Jlemo B TOM, 9TO CyOaTOMBI
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BOJIOpPO/Ia HE MOTYT OOpa3oBBIBATH MOJIEKYJIBI, ITOCKOJIbKY KaXKIbIil aTom
o0naaeT CBEPXMPOYHON 3JeKTpoHHOU oOomoukoit (500 k3B). OOMmenHas
SHEprust 3a CYET B3aMMOJEHCTBUS CIIMHOB  Mana, 4To OBl IEpPEeCTPOUTH
JJIEKTPOHHBIE 000JI0YKH Cy0aTOMOB AJIsi 00pa3oBaHUsl MOJIEKYJIbl. Bo3MoOKHO
ciaboe IpUTSHKEHHE Cy0aTOMOB 3a CUET CHJI, OOYCIIOBIICHHBIX IIEPEKPBITHEM
9KCIOHEHIMAIBLHO 3aTYXaIOIUX 3JICKTPOHHBIX MJIOTHOCTEH, TPUHAIJIECKALINX
B3aMMOJCHCTBYIOLIMM aTOMaM.

[IpencraBuMm cebe OCEBYI0 CHMMETPHYHYIO CHCTEMY, COCTOSIIYIO U3
IBYX Ccy0aToMOB BOJOpPOJa, MEXKAYy KOTOPBIMH HAa pPaBHOYIAICHHOM
PacCTOSHUU HaXOJHUTCA HOH Bojopoxa. Ilon meiicTBHEM 3IIEKTPOCTATHYECKUX
CHJI YacTHUITH OyOyT COMMKATRCS MeXIy coboif. [Ipm HEKOTOPOM pacCcTOSIHUU
MEX1y MOHOM M Cy0aToMaMH 3JIEKTPOHHasi 000JI0YKa OJHOI0 M3 HHUX MOTJa
OBl C HEKOTOPOIl BEPOATHOCTHIO HAXOJUTHCS B paiioHe MOHA, 00pa3ys ¢ HUM
cybatom. B 3TOM ciyyae nBa cyOaTomMa OKa3bIBAalOTCS Ha CaMoOM OJHM3KOM
pacCTodIHUN MEKIY coboili u HaYHYT OTTAJIKUBATbCA 3a CYET 3apsAd0B
ANIEKTPOHHBIX 000J104eK. DTO U OyAeT HEKoe pPaBHOBECHOE COCTOSHHE. DTOT
MPOLIECC MOXKHO TIPEJICTABUTD B CICAYIOIIEM BUE:

H+H +H— H; (7)

JloCTaTO4YHO TOYHO OIEHUTH SHEPTHUIO CBA3M CHCTEMBI COCTOSIIECH U3
TpeX sIep B 3JIEKTPOCTATUYECKOW MojenH mpodiaeMaTndHo. OIHAKO Takue
MOHBI 06HApykeHsI B pupose. Monsl Bogopona H;' 3aMeueHsl B aTMochepe
aHeTsl YpaH M onucaHel B paborte [3]. ATMocdepa IUlaHEThl COCTOUT B
OCHOBHOM U3 TelMs M BOAOpOJa. B mpuHIMIE K MOJEKyle BOJOPOAa,
COCTOSIIEH M3 OOBIYHBIX aTOMOB, MOYKET TAKXKE C HEKOTOPOH BEPOSITHOCTHIO
«IIPUIIUIATE)» XOJIOAHBIH HOH BOJIOPOJIA.

Ha namr B3rmsiza, yaanoch moxasark, 4TO CyOaTOMBI BOJOPO/A MOTYT
00pa3oBBIBATh KOMIUIEKCHBIE MOHBI H,' , H;', KOTOpble HabmofaloTcs B
npupoge. OZHAKO B OTIMYME OT KIACCHMYECKOTO BOAOpOJa CyOaTOMBI He
00pa3yloT MOJEKYyJl, 4TO CIOCOOCTBYET WX TIOBBIICHHONW pPEaKIMOHHOM
CIIOCOOHOCTH, B TOM YHCIIE SAEPHOM.

89



JIuteparypa

1. Hesomun B.K. CybGaromsl Bomopona B 3KCHEpPUMEHTax
(M.:Texnocoepa. 2021)

2. PabunoBuu B.Sl., XaBun 3.51. Kpatkuii XuMU4eckuil cripaBOYHHK
M.: Xumus 1991, 432 c.

3. Encrenaz, T.; Drossart, P.; Orton, G.; Feuchtgruber, H.; Lellouch,
E.; Atreya, S. K. The rotational temperature and column density of Hf in
Uranus // Planetary and Space Science : journal. — 2003. — Vol. 51, no. 14—
15.—P. 1013—1016. —. d0i:10.1016/].pss.2003.05.010.

4. Hesommn B.K. Kowmmnekcmie womst H,” , H;  cy6atomos
BoJIOpoa. MexkITyHapoaHBIH Hay4HbIH xKypHaT «[IyTe Haykm» 2023, Ne3. C.6-
9.

90


http://www-personal.umich.edu/~atreya/Articles/2003_Rotational_Temperature.pdf
http://www-personal.umich.edu/~atreya/Articles/2003_Rotational_Temperature.pdf
https://ru.wikipedia.org/wiki/Planetary_and_Space_Science
https://ru.wikipedia.org/wiki/Doi
https://dx.doi.org/10.1016%2Fj.pss.2003.05.010

I'napa 15. Bonopoanasi TpaHcMyTanus HUKeJIsl B TJIe0IIeM paspsie

Cunraercsd, 4TO sAepHas TPAHCMYyTallUsl SJIEMEHTOB («XOJIOIHBIEY»
SJIepHBIE pEaKIUM) SKCIepUMEHTanbHO jokazaHel [1]. Ha ocHoBe storo
SBJICHHUSI CO3/aHbl T'EHEPAaTOpbl OJHEPIWH, B KOTOPHIX HAOJIIONAETCS
JOITOBPEMEHHOE  BBIJICJICHHE  TEIUIOBOM  JHEpPruM,  MpeBbIIAIOIIEe
3aTrpaynBacMyio SHepruio [2]. M3 MHOTOYHMCIEHHBIX 3KCIIEPUMEHTAIBHBIX
HCCIIEIOBaHMH CIEIYeT, 9TO BOJOPOJ B 3THX PEAKLHUIX UIPACT CYIIECTBEHHYTO
poNb W B PEAKIHOHHYIO 30HY JOCTaBIIICTCS C TIOMOINBIO PAa3ITHIHBIX
XMUMHUYECKUX COCOMHCHHUH, HamNpHMep, HCHONB3YETCSl aTfOMOTHAPAT JUTHUS
LiAlH,. Ananu3upys NpOAYKTH SACPHBIX peakiuii, B padoTax [3] BrICKa3aHa
uzes 0 BO3MOXHOCTH OJJHOBPEMEHHBIX MHOTOYACTUYHBIX PpEaKIUi SAepHOro
cuHTe3a U pacmaga. OmHAKO A0 CHX IOpP I BCeX BO3MOXKHBIX BapHaHTOB
SJICPHON TpaHCMYTAIMH 3JIEMEHTOB HE PelIeH OJHO3HAUYHO NPUHIMITHAIBHBIN
BOIIPOC O MPEOJOJICHUH KYJIOHOBCKOTO Oapbepa sapamH, BCTYMAOUIMMH B
peaxIuIo.

Ha Ham B3rian, TakKUMM MHULIMATOPAMHU PEaKIMi MOTYT SIBJIATHCS B
psizie KOHKPETHBIX CIIy4aeB aTOMbI BOIOPOAA (JeHTepHs) B HEM3BECTHBIX paHee
Cy0aTOMHBIX COCTOSIHMSIX, TIpeICKa3aHHbIX B pabore [4], Ha OCHOBe
WCTIONB30BaHUs (yHAaMeHTanpHOH wupen Jlym ne Bpoitns o cBsi3m maccel
YacTUIBl C COOCTBEHHOW WacToToi Konebanuit [5]. Cyb0aToMHOE cOCTOsSHHE
3TO CHHMH-OPHUEHTHPOBAHHOE COCTOSIHHE BOZOpPOJa B OCHOBHOM COCTOSHHH B
OTIIMYKE OT KJIACCHYECKOTO BOJOPOAA WM ISl €ro BO3ZHHKHOBEHHS HMEET
3HaYeHHE HAJIMYHEe MarHUTHOTO MoJisi. B CyGaTOMHBIX COCTOSHHSIX NPOTOH
HaXOAMTCSI B DJIEKTPOHHOM «111y0e», C MEHBIIUMU XapaKTEPHBIMH pa3MepaMmHy,
cocrapmsitomumMu B cpenHeM 0,75 a, tme a — OOpPOBCKUU pajguyc, 4YTO
CrocoOCTBYeT MeEHbIIeH  moisipusyeMocTH cybartomoB. Pacmpernenenue
ANIEKTPOHHOH TUIOTHOCTH B cybaTroMe BOAOpOJA CXKaTo 10 PaJUuyCy 3a CYeT
KYJIOHOBCKOTO TIOJISI IPOTOHA MO CPABHEHHUIO C PACIPEeTICHUEM NIEKTPOHHOMH
IUIOTHOCTH  BEPOATHOCTH Al  CBOOOJHOTO  3JIEKTPOHA.  YTJIOBBIE
pacrpeseneHus IUIOTHOCTH BEPOSTHOCTH, CBSI3aHHBIE C JBIDKCHHEM CIIMHA
3JIEKTPOHA OCTAIOTCS HEU3MEHHBIMH, KaK W B CBOOOJHOM 3JIEKTpOHE. JTO
pacrpesieneHne CyIECTBEHHO OTIMYACTCs OT W30TPOITHOTO paCIpeleIeHUs
IUIOTHOCTH BEPOSTHOCTH B aTOME BOJOPOAA B OCHOBHOM COCTOSIHUH, YTO
SIBIISIETCSL TIEPBOTIPUIMHON BBICOKOH DJIEKTPUYECKOW TMPOYHOCTH CyOATOMOB.
Tem He MeHee, dHEPrUsl MOHHM3ALIWK CyOATOMOB B 3JIEKTPOMArHUTHOM IIOJIE
cocraBmsgeT Bcero 4/9 OT ’HEPTMM MOHU3AIMHM aTOMa BOAOPOJA, YTO PaBHO

&, =6.02eV. Dra sHeprus COOTBETCTBYET SHEPIUU BOZOPOAONOLOGHOTO

MOHA (MOHA TeNus) C 3apsAaoM Z=2 B BO30YKICHHOM COCTOSIHHH C TJIABHBIM
KBaHTOBBIM YUCJIOM 1=3.

91



Jyii BO3HMKHOBEHHS Cy0aTOMOB BOJIOpOJA COTJIACHO [4] HYKHBI
WOHBI BOJIOPOJIa B MPUIIOBEPXHOCTHBIX CIIOSIX METallla, HapUMeEp, HUKEIs C
HyJIeBOM TOCTyNaTenbHOW SHEpruei U 3HAYUTEIBLHOE KOJUYECTBO

OJIEKTPOHOB C JHeprued &, . Ilpum dToM oOueBMmHO, 4YTO paboTa BBHIXOAA

anekTpoHa u3 Meramia e <&, = 6.02 eV. B cBoro ouepens
ep+e, <V,

rac 8., -OHCPIrus cDCpMI/I QJICKTPOHOB B MCTaJliax, Vz - INOTCHIHAJI

MOHM3aLMK Bofopona, V;=13.55 eV .

Hambonee mnoaxonasmumu O peanu3aniyl MOJOOHOW CHTYaINH
SBIISTIOTCSL  MCCJICMOBAaHMSA TICIOMMX pa3psmoB B atMocdepe Boaopoma
(mefiTepust) ¢ MetayumdeckuMu Katomamu. OpHTHHAJIBHBIE PE3YIbTaThl IO
SICPHON TPAHCMYTAIMH JJIEMEHTOB Ha 3TOM IIyTH IOJYYeHHI B padote [6] ¢
MauIaJueBbIM KaTOJAO0M.

s 9KCTIEpUMEHTANILHOTO JI0Ka3aTeNbCTBA CYIIECTBOBAHUS SIEPHOM
TPaHCMYTAIlMM AJIEMEHTOB [7] MO MOTHMBaM HpeAroyiaraeMoi Mojenu Obul
BbIOpaH OpUTAHCKUI MarHeTpOHHbIH pacnbuinTenb Emitech K575X. Mumniens
OblTla W3rOTOBJIEHA W3 HHKENS, B KauyeCTBE TMOMJIOKEK HCIOJIb30BaJINCh
KPEMHHEBBIC TIOJMPOBAHHBIC TUIACTHHEI, HCTIOIb3yEeMbIE B MUKPOAIIEKTPOHHBIX
texnonorusax (Si KJB-7,5 (100)). Pabournm razom siBisiicst aproH. Hukenesas
MullleHb ToimuHOW 300 Lm OpuTa BBIOpaHAa Kak MeTaynl, Hambolee

WCIIOJIb3YEMBIA B TeHepaTropax TeIsIoBod sHepruu [2]. Wnes skcnepumeHta
3aKJIF0YAeTCS B CPAaBHEHHM H30TOIHOTO COCTaBa MOJUIOKEK M MUIIEHEH mpu
HaHECEHHM HUKEJ B paspsje aproHa W B paspsjie aproHa ¢ BojopoaoM. B
CMeCH KOHIIGHTpaIusi Bojopoja cocTtaBisuia He Oonee 10%. B ycraHoBke
peanu3yercsi MPOTOYHBIN PEXUM TEUEHHS Ta30B C KOHTPOJEM IaBlICHHUS B
paspsaHoi kamepe. MarueTpoH paboTal ¢ MepUOIUIECKUM BKITIOUCHHEM.

B cirydae HaHeceHHs HUKeEINS Ha KPEMHHUEBYIO TTOAJIOKKY (C IMOACIOEM
XpOM JUTS JYYIIeH aare3uy HUKENsT) TICIOMUN pa3psa B aproHe MPOBOIUIICS
TpH MUHYTHl UM Ha IATHAAIATH MUHYT pa3psl BBIKIIOYAJNCS IUIS OCTHIBAHUS
MUIIEHH U pa3psAaHOil kaMmepsl. [IpoBOAMIOCH MATh IMKJIOB HAaHECEHUS
HUKeNeBOM IuleHKU. Toku pa3psaoB cocTaBmsuid ~125 mA, BakyyMHbIE
YCIJIOBUS BO BpeMsl HaHECEHUs IIeHOK cocTaBisuin ~0,85 Pa.

B cimygae pa3psmoB B CMeCH aproHa ¢ BOJOPOIOM CHTYaIlHs
HECKOJBbKO M3MeHmIack. Habmomamncst OonmpInii HarpeB paspsaHOl KaMepsl.
[Tay3a mexny paspsimamu ObuTa yBEJIMYEHA [0 ABAANATH MHUHYT, BAKYyM HpHU
paspsae cocraBmsut ~0,9 Pa. Tok paspsma coctaBimsin 125 mA, M3Menenue
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TEIUIOBLIZCIICHUS. ~ MOKHO  OBUIO OBl OOBSCHUTH  BO3HUKHOBEHHEM
TEPMOXUMHUUECKUX peakiuii — obpazoBaHue ruApuaoB Hukens. OIHAKO 3TH
COCJIMHCHUS HEYCTOMUYMBBI, TeM OoJice TMpPH BBICOKHX TEMIIEpaTypax
HUKEJICBOW MUIeHH. B Macc-criekTpax 0OHApyKHUBAIOTCSI TOJIBKO MX CIICIBL.
W3MeHeHrEe TCIUTOBBIZICTICHHUS B paspsic MOXXHO OOBSCHUTH HM3MCHCHHEM
HM30TOIIHOTO COCTAaBa B IUNICHKAX HUKEJIS.

JleficTBUTENBPHO, NOTEHLMA] HOHM3aUUMM  BOJOpPOJA  MEHbILE
MOTEHLIMAaJa MOHU3alUU aproHa, IO3TOMY B IIIa3Me pa3psla BOAOPOA MOXKET
HaXOAUTbCSI NPEUMYIIECTBEHHO B HMOHU30BAaHHOM COCTOSIHMM. VIOHBI
BOJIOPOJIA, 3aMEIISISICh B HUKEJIEBOW IUIEHKE Ha HEKOTOPOU TiryOmHe, OyIyT
PEeKOMOMHHAPOBaTh. BalleHTHBIE AJIEKTPOHBI MEPEBOMAT HOHBI BOAOpPOAA B
OOBIYHBIC COCTOSHHSA. [IpOTHBOCTOSTH 3TOMY IpoIlieccy OyaeT H3IydYCHUE
HarpeTod MeTauIMuecKoil MUIIEHH U IUIa3Mbl TJICIOIIETO pa3psja ¢ SHEpruei
(OTOHOB, B TOM 4YHCIJIE MPEBBILIAIONINX MMOTEHIIMAJI HOHU3AMHU Bojopona. B
CBSI3M C 3THM B CTAllMOHAPHOM COCTOSIHMM YacTh BOJOPOJa MOXKET OCTaBaThCsI
MOHM30BaHHOK. JTa 4acTh MOHOB BOJIOPOJAA 3a CUET DJIEKTPOHOB MeTajlia

BaJICHTHOM 30HHI ¢ 3Heprueh g, = 6.02 eV MOKEeT ¢ HEKOTOPOH BEPOSITHOCTHIO
A

MEPEXOJUTh B CyOaTOMHBIC COCTOsiHHSA. V3ydeHue (OTOHOB OT ITHX
npoueccoB OyneT Bo30yXIaTh 3JEKTPOHHYIO MOACUCTEMY METaTHYECKOM
muieHn. TakuM oO6pa3oM, I BOSHUKHOBEHHSI Cy0aTOMOB BOJIOPOIA JOJDKHA
CyIIeCTBOBATh  IOPOTOBAas  TeMIeparypa MUIICHH, HIKE  KOTOpPOU
BO3HHKHOBEHHE Cy0AaTOMOB BOJOpPOJa MAaJOBEpOsATHO. ScHO, dro »9Ta
TeMIeparypa He MOXET OBITh BBIIIC TEMIIEPATypPhl IDIACTUYCCKOTO TECUCHUS
HUKeIs. B cimywae Tieromero paspsga mmapaMeTpoM, ONpeAeISrOIINM
TEeMIIepaTypy MUMICHH, SIBIISICTCS TOK pa3psiaa MPH 3aJaHHOM HANPsHKEHUH.

Cy0aTOMHBIE COCTOSTHHSI BOAOPO/Ia CYIIECTBYIOT KOPOTKOE BpeMS - OT
POKIEHHSI 10 BPEMEHHU JIOCTABKH cybaTtoma B 001acTh JEHCTBUS SAEPHBIX CHIL.
CpaBHUBasi MacC-CIIEKTPhI JIETIO3UTOB HAa KPEMHHUEBBIX MOJJIOKKAX U
MHUIIEHSIX, MOYKHO YCTAHOBUThH HATMYUE U3MEHEHHUH U30TOMMHOTO COCTABA.

Macc-CrieKTpOMETpUYEeCKHe U3MEpPEeHHs TMPOBOJWINCH Ha JIBYX
pasubix npudopax TOF-SIMS u IMS-4f B nByx opranmsanusix. OcHOBHas
mpoOieMa, BO3HUKINAS TPH aHAIW3E M30TOITHOTO COCTaBa, COCTOSUIA B
HAJIMYAA HEKOHTPOJIHMPYEMBIX «KaMEpHBIX» IpHUMecel, HaXOISIIUXCsS Ha
CTEHKaX MarHeTpoHa W JpYruX AETallsiX, IEPEeHOCUMBIX B IUIa3Me paspsja Ha
MOJUTOKKH W MUIlleHb. [locie cepuu paspsmoB OBLTH TaKkkKe OOHAPYKEHBI
W30TONBI HATPHUS, aIFOMUHHS, KA B JIOKAJBHBIX 00IACTAX HAa MOBEPXHOCTH
MumieHn. B cBs3u ¢ 3TMM Obula Cy)XeHa O0JIACTh HWCCIIENOBAHUS CIEKTpa
M30TOMOB OTHOCUTENLHO HUKEJIEBON MHIIIEHH.
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I[J'IH OOBSICHEHUST HM3MEHEHHMS M30TOIMHOIO0 COCTaBa  3allMIIeM
BO3MOJHBIC PCAKIHNU. 06pa30BaHHe CY63.TOMOB BOJOpOJa HOPOUCXOAUT IO
pCakuun:

"H+ee> H tAg
(D

3pecs  H - cybatom Bomopoma, Ag&=6.02 ¢V - sueprus

W3Ty4eHUS (MOTJIOIIEHH) YyIbTPA(pHUOIETOBHIX KBAHTOB, CBSI3aHHBIX C
MepexoZoM B CyO0AaTOMHBIE COCTOSIHMS WM pacrnaioM HX. B mome saep
MHIIEHN Cy0aTOM MOXKET paclialiaTbCsi Ha 3JIEKTPOH U HPOTOH, M SIEpHbBIE
pCakiu BO3MOJKHBI IO ABYM KaHaJIaM: 3aXBaT JJICKTPOHA AApOM MHIICHH,
TYHHCJIMPOBAHUEC U 3aXBaT NPOTOHA AAPOM MHUIICHH, a TAKXKC IPAMOEC y4acTHUC
cy0aTOMOB BOJIOpOAa KakK HEUTpPaNbHBIX YAacTUI[ B SACPHBIX PEAKIHUAX.
SlnepHble peakuuu C 3JIEKTPOHAMU U IPOTOHAMU IPUBOJSAT K U3MEHEHUIO
9JIEMEHTHOI0 COCTaBa. VICTOYHMKOM 3THX YacTHL MOTYT OBITh HE TOJBKO
cybaToMbl Bomoponma. B cBs3M c 3TH Hac Janee HHTEpPEeCYeT H3MCHCHHE
M30TOITHOTO COCTaBa HHUKEIIS,, KOTOPOE MOXKET IPOMCXOJUTh 3a CUET SIIEPHBIX
peakuuii ¢ cybaToMaMu BOZOPOAA.

ITocKkoJIBKY B MPHPOIHEIX METajUIaxX HHUKENS OTCYTCTBYIOT H30TOIIBI

590 AT: 63 AT:
Ni u ”° Ni, paccMOTpUM BapHaHT TPaHCMYTALUH [0 LENOYKE SIEMEHTOB:
60 A7+ 61 p7: 62 A7
Ni uepes ° Ni B "“Ni c¢ momompio cy6aToOMOB BOAOpOAA 3a CUET
HAPHBIX CTOJKHOBEHHIA:

“Ni+ H —° Ni(“NiH )+ H —% Ni+Ag +Ag, 2

37ech OSHEProBbIIENEHUE 33 CHET IIEPBOH pPEaKIMU COCTABISET:
Ag, ~67.5keV , 3a cuer BTOpOH Ag, ~94keV . 3amerum, YTO CIIEBI

obpaszoBanus  °° NiH HaONIONAIOTCA B Macc-CIEKTpax. JHEepreTHYecKHMii

BBIXOJ[ 9TUX peakuuii He mpepbimaeT 100 kel, 9to cormacyercs ¢ OIEHKaMU
pabort [3]. Peaknuu (2) ¢ BOZOpOIOM NPHUBOJAT K YBEIMUCHUIO 3HAYECHHS ITHKA

2Ni mo cpaBHeHmoo c mmkoM ‘°Ni OTHOCHTENEHO TAKOTO e
COOTHOIIICHNS B KOHTPOJBHOU IUIEHKE, chopMupoBaHHOH Oe3 Bomopona. s
CPaBHEHHS MacC-CIIEKTPOB HY)KHO YUECTh, YTO a0COIIOTHBIE 3HAUECHUS ITHKOB

H30TOIIOB DJJEMCHTOB B Pa3HbIX JKCICPHUMEHTAX pPa3HBIC. B mnpounecce
IUIa3BMEHHOI'O PACIbUUICHHA, TaK MU B HPOLECCE aHaJiu3a IMPOUCXOAUT MacCC-
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(I)paKHI/IOHI/IPOBaHI/IC, YTO MOXKCT HCKa)XXaTb H30TOIMHOC COOTHOIICHUC.
ﬂeﬁCTBHTeﬂLHO OTHOHICHHUEC BCIMYHMH TIIMKOB  H30TOIIOB MHMIICHHU K
COOTBETCTBYIOLIUM BCJIMYMHAM IIMKOB IIJICHKH, nonyquHoﬁ a aTMocq)epe
aproHa, pasjn4aroTcs. HpHMaH, coCauHAOmAasAs BCINYUHBI IIMKOB H30TOIIOB

62 . 60 .
Nl u Nl , AO0JIDKHA UBMCHATH HAKJIOH 3a CUCT YMCHBIUICHUSA IMUKAa U30TOIa

60 AT 62 AT
Ni u yBenuuenns nuka usorona Vi . Mmeem mns paspsaga B 10% cmecu

aproHa C BOJOPOJIOM:
("Ni - " Ni /(" Ni - Ni )p, = - 182332.98/- 190811.36=0.95 3)

OTO paBEHCTBO IOKAa3bIBaeT HW3MEHEHHME COOTHOIICHHS H30TOIOB B
IJICHKE HHKeJs, IOJMy4eHHOU B aTMoc(epe BOAOPOAA, YTO CBHICTEIbCTBYET

62 AT: .
00 OTHOCHTENILHOM YBEJIMYEHHHM H30TOma /NI B IUIEHKE MOJy4eHHOH B
CMECH aproHa ¢ BOIOPOIOM. B TemoBoM reneparope Poccu, IpopaboTaBium
62 AT:
Oosee To/1a, OOHAPYKEHO 3HAYMTEIBHOE YBEJIMUeHHe u3oToma  INis3a cuer

CHIDKEHHS JIOJIU APYTUX U30TOMOB [2].

Tennoreneparop A. Poccu TecTHpoBajcs MEXIyHapOIHOW Tpymmoit
9KCHEPTOB. Pe3ynbTaThl 3KCIEepPTU3bI MOKA3aId, YTO YCTPOUCTBO BecoM 450 T,
coaepkamee 1 rpamm torumBa Ni+LiAlH, HenpepbiBHO paboTaio B TeYCHHUE
32 nueit, mpousBens 1,6 MBr-uac TemmoBoil »Hepruu CBepXIOTPeOICHHON
anekTpuueckoil. I[Ipn 3TOM TUIOTHOCTH HEPrOBBIIEICHUS B COTHHU THICSY Pa3
GoJpIIe TOTO, YTO MOKHO TOJNYYHTh NpPH CXKUraHuK HedrempomykTtoB. Kak
MOKA3bIBAIOT OLIEHKH, Ha €IMHHUIY MacChl TOIUNIMBHOW CMECH, NCITIOJIb30BAHHOM
A.Poccn, mpoM3BOIMTCS SHEPTUM NPUMEPHO CTOJIBKO JK€, CKOJBKO Ha
ATOMHBIX NIEKTPOCTaHIMAX [8]. TOIIMBOM SBIsIETCS CPaBHHUTEIHHO JEUIEBOE
BEIIIECTBO, 3aMackl KOTOpOro Ha 3emie Benukd. PesynpraTer A.Poccu 6butn B
OCHOBHOM HE3aBHCHMO BocIipou3BeaeHsl A.l.ITapxomoBeM [2].

3ametuM, 9TO 00 M3OBITOYHOM TEIUIOBBIACICHUM HUKENS HpPU €ro
TEPMHUYECKOM HACBIIICHUH BOJOPOJOM OBUIO COOOIIEHO 3HAUUTENIFHO PAHBIIIE,
B TOM 4Hcie OJHUM u3 coaBTopoB Poccu [9,10], yem coOCTBEeHHO O
Teriorenepatope Poccn [2].
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I'naBa 16. Poan cy6aToMOB BOA0OpPOa B TPAHCMYTALMH H30TONOB
B OHOJIOTHYEeCKHUX CHCTeMAaX

Cy0baroMbl BOIOpOJa B OCHOBHOM COCTOSIHUM OTJIMYAlOTCS OoJjee
KOMITaKTHOW JIOKAJIN3ale, MO3BOISIIONIEH COMMKATHCS C SApaMH DIIEMEHTOB
Ha CYILECTBEHHO OoJiee OJM3KHME PACCTOSIHUS, YTO IOBBIIIAET BEPOSITHOCTH
SIEPHBIX peaKkuii Ha MHOTO TOPSIAKOB [ 1, 2].

Ha mam B3rism, pe3ynbTaThl MHOTOJETHHX 3KCIICPUMEHTOB IIO
OCYIIECTBIICHHIO YNPABISIEMOrO SAIEPHOTO CHHTE3a H30TONOB B PACTYIIUX
MHUKpPOOHOIOTHYECKNX KyJIbTypax 3aciyXKHBAIOT MPUCTAIBHOTO BHUMAHUS H
HETPOTHBOPEUNBOTO 00BsicHeHUS [3]. TakoBBIX OOBACHEHHWH CYIIECTBYET
MHOXXeCTBO. B wacTHOCTH, aBTOpBI MOHOrpaduu [3] mpemiararoT MoJENb,
OCHOBaHHYIO Ha cneuuduke O0e30apbepHBIX  SIIEPHBIX  pEaKkUUid B
HECTAallMOHAPHBIX SIAEPHBIX CHCTEMax. OTa MOJEIb KBAHTOBOI'O JBHIKECHUS
JIBYX HE3apsDKEHHBIX YaCTHI] B MapaboIMuecKoil siMe, 00pa30BaHHON BHELUIHUM
OKpYKEHHEM, C IMCKPETHBIM CIIEKTPOM KBAaHTOBAHHMSI.

MbI XOTHUM IOKa3aTh, YTO MPHU JBW)KEHHU JIBYX 3apsDKEHHBIX siiep B
nosie cybaTomMa BOJOpPOJa BO3MOXHO CYIIECTBEHHOE COMMKEHHUE 3THX sep,
YTO MOJXKET IIOBBICUTH BEPOATHOCTh SICPHBIX pPEaKIUH TPH OOBIYHBIX
KOMHATHBIX TEMIIEpaTypax.

3amumeM ypaBHEHHE JBIDKCHUS cyOaToMa BOAOpOJaA B IIOJIE sIIEp C
HOMepaMu Z; U Z, B Tabimnie MeHeneeBa, B COOTBETCTBHH € pHC. 1.

Puc. 1. Koopounamwl cybamoma 6000poda 6 noie 08yx 3apsoos

n &Y &8ZY SZY
—EA‘I‘(r,rm,roz)—

=(E" —&)¥ (7T 75)

747, "’“’oz‘

(1)

e’Z, &’Z, 77,

o1 T2 Tor T 702

2
E*=mc” —
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3necy ¥ ,7,,- CUMTAlOTCA MapameTpaMu 3ajadd. B ciydae

%y1> ¥y, >> 1 u3 (1) momydaem ypaBHEHUE JUIS ONMCAHMS CIIEKTpA DHEPTHH

cybaroma Bomopona [1]

h’ ey 5 .
LAY (F)-———=(mc® —&)¥ (F)
2m r
2)
Pemenne ypaBHeHus (2) maet:
, 2e’
E=mc +—
9a 3)

Ha pucynke 2 mpexacraBieHa sHepreTHueckas guarpamma cybaroma
BOJIOPO/IA.

| mc2

= I

Puc. 2. Duepeemuueckas ouazpamma cybamoma 6000pooa

Paccmorpum ciyuait 7%y, <<r . Torza

1 1

P ~

= ~

4 2
|7+ 7] \/rz+r01 —2r1,, cos®
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31ech yuTeHo, 4To B cybatomax Bogopoga ® ~ /2 [1] (rmasa.13).
AHaNIOrMYHOE BBIPAKEHHUE MOTydaeM s 'y, << F .
Torna ypaBaenue (1) MOXHO CBECTH K BHIY
W - e(+Z,+Z,)¥ .
———AVY (Pl ————————=(E* =&)Y (F,7,,7)
2m (5)

DTO ypaBHEHHE aHAJIOTMYHO YypaBHEHHIO (2) W MOXKHO Cpazy
HamucaTh €ro pelieHue.

2¢° e’z, &z, e’ZZ
e=mc*+—(+2Z,+2,) ——L -2~ T2
9a To1 T Tor T 1y (6)
DJeKTpOH OyAeT CBOOO/ICH, €CJIH BBIMOIHACTCS PABEHCTBO:
2e° ez, e’Z, e’Z7
—(+Z,+2,) =2 12
9a Tor Too Tor T 7

W3 3TOro COOTHONICHHS MOXXHO HAWTH MHHHMAIBHOE paccTossHuc
BO3MO3KHOI'O COIMKEHHUS AAep.

9aZ,7Z,
Toy t1p = 2
20+ Z,+Z,) =9a(Z, /vy, + Z, /1) ®)
B ciydae Z;, Z, >>1 uMeeM NpuOIMKCHHOE BEIPaKEHUE
9a(2Z,+2Z,+Z 2
r > a(2Z, 2 212)
2(0+2,+7,) ©)

TOI‘Ha KYJIOHOBCKasi JHCPIrud OTTAaJIKMBaHUA, COOTBETCTBYIOIAA
CONMMKEHUIO aaep Ha TaKo¢€ paccTosiHue, OKBHBAJICHTHA OHEprumn
CTAJIKMBAIOIINXCA AOCP:
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AE < 2e°2,2,(0+ Z,+Z,)
9a(2Z,+27Z,+2,Z,)

(10)

Hanpumep, ans  smep  MarHus leg U KHCIOpOja ‘0,
CTAJIKUBAIOIMXCA ¢ Cy0aToMoM Bogopoaa, mmeeM AE =~ 1,9 k3B, 4to momkHO
CYIIECTBEHHO MOBBICHTh BEPOSTHOCTH SCPHBIX PEakilnii. 3aMeTHM, 4TO, KaK U
paHee, 37eCh HUCIOJB3YETCS OCEBas CHMMETpUsS Cy0aToOMOB BOJIOPOJIA, YTO
CBUJICTCIILCTBYET B MOJb3Y JOMOJIHUTEILHOW OPUEHTAIIMN CIIMHOB Cy0aTOMOB
BOJIOPOJIa B MATHUTHOM TIOJIC JIJIsl YBEITMYCHUS UCKOMBIX 3(h(HEKTOB.

[Ipu mOJOOHBIX TPEX YACTHYHBIX CTOJKHOBEHHSIX Cy0aTOM BOJIOPOIA
MOJKET BBICTYNATh KaK 3JICKTPOHHBIM JKpaH («KaTalu3aTopy), CTUMYJIUPYS
H}IeprIe peaKLlI/II/I, y‘IaCTByH NI U HC y‘IaCTByH B HUX. B CI/IJ'Iy COOTHOLIICHUA
(9), yem Oonblie 3apsa saep, TEM HA MEHBIIME DPACCTOSIHUS OHH MOTYT
COMMKATHCS, YTO COTNIACYETCS C MPEAICTABICHUsIMU B MOHOTpaduu [3].

Hdust  obpazoBaHusi cy0aTOMOB  BOAOpOJa B OHMOJOTMYECKUX
CTPYKTypax HEOOXOIMMO HaJu4Yhe HOHOB BOJOPOJA H CTEHOK C
3aMOJHEHHBIMU 3JICKTPOHAMHU C JHEprusiMu 4yTh Oojee 6 3B. Torma HOHBI
BOJIOPOJIa, HAXOMSCh Y CTCHKH, MOTYT 3aXBaThIBAThCSA JJICKTPOHAMU
TYHHEJIBHBIM 00pa3oM Ha cy0aToMHbII ypoBeHb. Ciebl Cy0baToMOB BOAOPOAA
JOJIPKHBI HpO)IBJ'I}ITI)C)I B yJ'II)Tpa(bI/IO.HeTOBOM JAUara3oHe HyTeM 143J1yqu1/1;1 HIIn
TIOTJIOICHUA KBAHTOB C 3Hepr1/1e171

2e?
Ae=—-=6.025B

9a (11)

B Owuomormueckmx cHCTEMax BO3MOXHBI «IapHBIE) PEaKIHH
HEMOCPECTBEHHO OJHOTO U3 SAep CTAJIKUBAIOLIETOCs ¢ cyOaTOMOM BOIOpOJa

* 7l
H |, nanpumep:

K"+ H'= Ca”+e+Ac (12)

3/1ech PHEPrOBbIIEICHHE 3a CUET 3TOH peakuuu coctapuser Ag =
9,96%10°k>B. Takoro THHa peaKkuMu HAGMIONAIOTCA SKCIEPHUMEHTAIBHO H
onucansl B [3].

Takum oOpa3oMm, HE TONBKO BHEIIHEE OKPYXCHHE Cpensl B
COOTBETCTBHH ¢ [3], HO M €€ coCcTaB, HAIPUMEP, HAIWIHE CyOaTOMOB BOJIOpOa
MOTYT OKa3bIBaTh 3aMETHOE BIMSHHE Ha B3aWMOJICHCTBHE CTAIKHBAIOIINXCS
anep.
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HI/I3KOTCMHCpaTypHa$I TpaHCMYyTallust HU30TOIIOB B OHOJIOTHYECKUX
CHUCTCMaX, KaK OTMCYACTCA B [3], MOXET OBLITh HCIOJIE30BaHa npu peUICHUU
OYCHb MIMUPOKOro Kpyra 3agady — B TOM YHCJIE, MHOIHME€ BOIPOCHI
SKA3HE00ECIIEUeHHS 1 JKHU3HCOACATCIPHOCTH YCJIOBCKA.

JIuteparypa

1. HeBomma B.K. Atoms! Bogopoaa. Uto HoBoro? M.: ]I «Akagemus
EcrectBo3nanmsa» 2017, 71 c.

2. Nevolin V.K. Hydrogen Subatom in a Multiply Charged Ion Field.
IJAER 2017. V.12. N.9. p. 1883-1884.

3. Briconkmit B.M., Kopamnoa @.®. SMnepHeiid cuHTE3 W
TpaHCMyTallMsl H30TONOB B OMOJIOTHYEeCKHX crcTteMax. M.: MupH, 2003, 302 c.
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I'napa 17. XapakrepHoe yabTpadguoieToBoe H3TyYeHHe
npu GoTocuHTe3e B KOMHATHBIX PACTEHHSAX

PuckHeM npennoioxuTh, 4TO B MUpPE PACTeHUH mpH (hoToCHHTE3E
JIOJDKHBI TEHEpUpPOBaThCS Cy0aToMbl BOJOPOJA, KOTOpBIE, Ha Hall B3IJIAL,
JKM3HEHHO  HEOOXOJWMMBI Ul  3allUTBl W Pa3BUTHS  pacTeHHH —
BOCIIPOM3BEACHUSI HEOOXOAMMBIX 3JEMEHTOB IIyTEM TPAaHCMYTAIlUU sIIEP.
Hampumep, B OHONOTHYECKHX CHCTEMax BO3MOXKHBI «IIApHBIEY PEAKINU
HETIOCPEZICTBEHHO OJTHOTO M3 AJEp CTAIKMBAIOIIETOCS € Cy0aToOMOM BOJOpOAA

“H':
K41+*H1: Ca42+€+A6‘ (1)

3/1ech SHEPrOBBIIENIEHUE 3@ CUET 3TOH peakiuu cocTapisier Ag =
9,96%10° keV. Takoro THma peaKIMM HAGIIOJAIOTCH IKCIEPUMEHTANHHO U
omucansl B [1].

3anmimeM peakuuio (GOTOCHMHTE3a C  SBHBIM MPEICTaBICHHEM
CBOOOJHBIX 3JEKTPOHOB W IPOTOHOB, KOTOPHIC BO3HUKAIOT B KJICTOYHBIX
CTPYKTypax B OCHOBHOM 32 CYET IUCCOLMALUH BOABI M BOCCTAHOBJICHUH
OTpPHULIATEBHBIX HOHOB KHCIOPOJa 10 MOJICKYJISPHOTO COCTOSTHHMSA [2]:

6CO, +8H,0+ho —>CH, 0+ 70, +4H +de

B crannoHapHBIX YCIOBHSX TPU CTYNEHYATOM pPEKOMOMHAINH
CBOOOJTHBIX ANEKTPOHOB U MPOTOHOB B BOJAOPOAHBIE COCTOSHUS BO3MOJXKHBI, B
TOM YHCIIE, TIEPEXO/Ibl B CyOaTOMHBIE COCTOSIHUSI C YaCTUUHBIM 00pa3oBaHHEM
cy0aToMOB BozIopoJia ¢ dHeprueii cs3u [3]:

2 2
Ae=25—6.02eV

9a (5)

Torma mnpum  QorocwHTe3e  AODKHO  HabmIomaThest  ciiaboe
yIbTpadroIeTOBOE U3ITyUSHNE C XapaKTEPHOH JITMHON BOJIHBI 206 HM.

Jnst  SKCrepuMeHTOB OBbIIO  BHIOpaHBI KOMHATHBIE pAacTeHHs -
«IEHeXXHOE 1epeBo» (crassula ovate), KOTOpOE XapaKTepU3yeTcs TOJCTHIMHU
JMCTBIMH, KakTyc (cleistocaktus) B BUIEe KyCTHKa W TepaHb (pelergonium).
HUcnone3oancs cnekrpomerp FSD-10 v6.1 ¢ 200 MKM BOJIOKOHHBIM KabeneM
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JAIOIIUM TOTPEIIHOCTh MO JUIMHE BOJHBI He Oosiee 2.25 HM, HOMHHAJIbHAs
9YBCTBUTEIBHOCTE 160V/Ix*s mis mmunael BomHbl 550 HM. CroekTpoMeTp
merotoBieH OOO «HayyHO-TeXHHMYECKUHA UEHTP BOJIOKOHHO-ONTHYECKUX
ycTpoicTB». PacTeHne n ToprieBol BOJOKOHHBIH TAaTYMK HOMEIAIHCh B OOKC
U3 YEpHOTO IIACTHKA, KOTOPBIA MOT T€pPMETUYHO 3aKPhIBAThCA OT MaJaroIlero
cBeTa. IHTEHCUBHOCTh THEBHOTO PACCESIHHOTO M3Iy4eHMs PETyIHpoBajach ¢
[IOMOLIBI0 OKOHHBIX JKajto3ed. BOJOKOHHBIM JaT4uK pacrnojarajics
NPUONM3UTENIFHO TMApaUICNIFHO IDIOCKOCTH OKHAa UL IPEIOTBpPAIICHHUS
IpSAMOTO TIOMAJaHUs THEBHOTO CBeTa B maTduk. I HaKOIUIeHHWS Ci1aboro
CHUTHaJIa BpeMs OJKCIO3UIMHA OJHOTO CIIeKTpa cocTaBsuio 60 CcekyHI.
OnTHyeckue CIeKTPhl CEMUKPATHO PETUCTPUPOBAINCH B OONACTH UTHH BOJH
ot 190 um no 1080 HM, K fanee MPOBOAMWIOCH UX YCPEIHEHUE 110 aMIUIUTYAaM
curHanoB. HyXHO OTMETUTh, UYTO pacTeHUS BeCbMa YYBCTBUTEIbHBI K
MaHMITYJISAIUSAM CBETa, KOTOPBIM HX OCBEINAIOT. B CBA3M C 3TH HpHUIIIOCH
OTKa3aTbCs OT CBETOJUOJHOTO OOJydeHHs, KOTOPOE BHI3BIBAECT OTBETHBIC
yCcuieHHble (IYKTyalMd W3Jy4eHHus pacTeHuil. Pemakcanmsi CBETOBBIX
BO3MYIICHUH MOXET IIPOJO/DKAThCS B TEYEHHE JECSITKOB MHUHYT. s
UCKJTFOUCHHS Pa3IMIHBIX ITYMOB, B TOM YHCIIE CIIEKTPAIBHBIX 0COOCHHOCTEH
(hoTopHEeMHO MAaTpPUIIBl, PacCMATPHUBAIICH PA3HOCTHBIC CHEKTPHl — U3
CIEKTpa C OJHUM WHTCHCUBHBIM JHEBHBIM M3IYYCHHEM BBIYHTANICS CHEKTP C
IpyruM u3nydeHneM. Ha pucyHke | mpuBeneH pa3sHOCHBIN CHEKTP M3TyUCHHUS
«IECHEKHOTO JepeBay.

580 [\
380 A—ra

150 Wa\ v,/ \V/\‘\.QULH_‘

-20 T T T T —s T ]
190 195 200 205 210 215 220

Puc. 1. Pasnocmuwiil cnekmp OHe8HO20 U YIMPEeHHe20 U3NYHeHUs «OeHeNHCHO20 Oepesday

B paitone mmHbBl BOJMHBI 206 HM Kak W 0XHIAIOCh, UMEETCS UK
M3ydeHusl. AHAJIOTUYIHASI CUTYaIlHsi IMEET MECTO IS KakTyca, puc. 2.
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190 200 210 220

Puc. 2. Kakmyc. Pasnuya cnexmpos OHe6H020 U ympeHHe20 U3iyYeHus

XOT4 JHCThsI TepaHN 3HAYUTENILHO TOHBILE, YeM Y ACHE)KHOTO JepeBa,
TEM He MeHee, (OTOCHHTE3 Ha ITHEBHOM CBETY NPHBOIHT K CIaboMy
YIBTPaQHOICTOBOMY H3ITYICHHUIO B 00JIACTH JUTMHEI BOHEI 206 HM, pUCYHOK 3.

|

390

190 Avhv/\ VoW I Ff\

I e W
195 5 210 215

190 200 20

220
Puc. 3. I'epans. Pasnuya cnexmpoe Onegno2o u ympenne2o usiy4eHust
Konrtypsl nuHuii cnekrtpa B obnactm 206 HM HMEIO NPHUMEPHO
OJMHAKOBBIN BUJ JIJIsl BCEX MCCIENOBaHHBIX pacTeHui. He ecTh nu 3Ta Kakas-
TO 0coOeHHOCTh crmekTpomerpa? [lnsi ycTpaHeHHs COMHEHHH Obun

3apETUCTPUPOBAHBI PA3HOCTHBIE CHEKTPHI JHEBHOTO M3IIyYeHHMS OT YepHOU
CTEHKH IUIaCTHKOBOro 6okca. Ha pucyHke 4 nmpuBeneH 3TOT CHEKTP.
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Puc. 4. Paznocmmubiii cnekmp OHE6HO20 U YmMpeHHe20 U3yyeHus CneHKU 60Kca

B nmanazone mmuH BomH oT 200 HM 10 215 HM ypOBEHB (QIIyKTYaIlwid
He mnpeBblmaeT 10 YCIOBHBIX €AWMHMI[, YTO HAa MHOTO MEHBIIEC YPOBHS
CHTHAJIOB B 3TOM JMANa30HE OT MCCIICIOBAHHBIX PACTECHHH.

Takum o0pa3oMm, u3TydeHHE B 00NacTH UIMHBL BONHBI 206 HM
Ha3BaHHBIX KOMHATHBIX PAaCTEHUH NPH OCBEUICHUU UX THEBHBIM CBETOM, Ha
Halll ~ B3MUIAA, SABSIETCS  OJHMM U3 BO3MOXKHBIX  IOATBEP)KICHHUN
CYILLECTBOBAaHUA Cy0aTOMOB BOAOPOAA.

Jlutepatypa

1. Beoicoukuit B.M., Kopaunosa @&.®. SnepHslii cuHTe3 H
TpPaHCMYTAaIls H30TOIIOB B OMOJIOTHUECKUX cucTeMax. M.: Mup, 2003, 302 c.

3. Nevolin V.K. Hydrogen Subatoms in the Transmutation of
Isotopes. . IJAER. 2017. V.12 N.20. P. 10423-10425.

2. Tomenm B.M., T'aeBckuii H.A., T'omoBmoBa T.U.,beonor H.IL.,
T'op6anera T.b. ®usnonorus pacrenuit. Kpacuospck. UTIK COVY. 2008. 148 c.
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I'naBa 18. Cy6aToMbl Bogopoaa u (POTOCHHTE3
B PACTEHHMAX ¢ MATHUTHBIM 1oJieM [4]

Cy06aToMbl BOJIOpPO/ia 3TO HEOOBIYHBIE aTOMBI BOJOPOAa B OCHOBHOM
COCTOSIHUH, OTJIMYAIOIIMecs 6olee KOMIAKTHON JoKaIu3anueil, no3Bosstomei
cOMmKaTbCs C sApaMH DJIEMEHTOB Ha CYIIECTBEHHO Ooiyee OJM3KHUE
pacCTOSIHNS, YTO TIOBBIIAET BEPOATHOCTh SEPHBIX DPEAKIUH Ha MHOTO
TIOPSIKOB TIPH OOBIYHBIX TeMmepaTypax [1].

B wmupe pacrenmii mpu (OTOCHHTE3e OIDKHBI TEHEPHUPOBATHCA
cybaToMBbl BOJOPOZa, KOTOpPBIE, HA HAII B3I, )KU3HCHHO HEOOXOAMMBI AT
3aIUTHI U Pa3BUTHUS PACTCHUH — BOCIPON3BEICHUA HEOOXOIUMBIX HJIEMEHTOB
MyTeM XOJIOJHOW TpaHcMyTauuu sjep. Hampumep, B OHONOrHYECKHX
CUCTeMaX BO3MOJXKHBI «IIapHBIE» PEaKLUU HEMOCPEACTBEHHO OIHOTO U3 A1ep

cTanKuBarowerocs ¢ cybaromom Bogopona H' | manpumep:
K"+ H'= Ca*+e+Ac (1)

3/1eCh SHEPTOBBIIEIEHAE 3a CYET 3TOH peakuuu coctapuser Ag =
9,96*10° keV. Taxoro Trma peaxyu HaONIOJAI0TCS SKCIIEPUMEHTAIBHO U
ONHUCaHHI B [2].

IIpu ¢orocuHTE3e B  CTAIMOHAPHBIX  YCIOBUSX  HJICKTPOHBI
ci1ab0CBsA3aHHBIE CO CTEHKaMM KIIETOYHBIX CTPYKTYpP MOTYT «3aXBaThIBATH)
MOHBI BOJIOpoJia (IIPOTOHBI), 00pa3ys ¢ HEKOTOPOU BEPOSITHOCTHIO CyOaTOMBI
BOJIOpOJia ¢ YHeprueil ca3u [1]:

2
Ae =26 _6.00ep

9a (2)

Toraa n0mKHO HAOMIOMATHCS Ci1aboe YIbTPa(GHOICTOBOC H3TyUCHHE C
XapakTepHO! AHHOI BostHEI 206 HM B HecKoJbKo 6oiee [1].

H3BCCTHO, YTO MArHuTHBIC IIOJISI OKA3bIBAKOT 3HAYUTCIIBHOC BIIMSIHUC
Ha POCT W pa3BUTHE DPa3HBIX BHIOB pacTteHuil [3]. B Hamem ciydae, eciu
BKJIFOUHMTH CJIa00€ MOCTOSHHOE MarHUTHOE TI0JIe, TO BO3MOXHO HACTYILICHHUE
CIIHOBOTO PACIIEIUICHHsI YPOBHEH SHEPTHU CIa0OCBS3aHHBIX JIICKTPOHOB,
YTO JOJDKHO TPHUBOIWTH K YBEIMYECHUIO IUIOTHOCTH COCTOSHUH W
WHTEHCUBHOCTH H3ITydeHHS. J|eCTBUTEIBHO, N3MEHCHHE YHEPTHHU JICKTPOHOB
COCTaBUT
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ehH
s
2mc 3)

rae H- Hanps>keHHOCTh MarHuTHOro nods. Ilpu A=0,1 Tin usmeHeHuun
sHeprum cocraBiieT ~l10"el, UTO OCTaBIsET SHEPreTHUECKHil CHEKTp
MPaKTUYECKH HETPEPBIBHBIM.

TakuM 00pa3oM, BKIIOUYEHHEM M BBIKIIOUYCHHEM MAarHUTHOTO IIOJIS
MOXHO JIOTIOJIHUTEJILHO TTOATBEPANTD CYIIECTBOBAaHUE Cy0aTOMOB BOJJOPO/IA.

Jnst  SKCrepuMEHTOB OBIIO BBIOpaHBI KOMHATHBIE pacTeHHs -
«IEHeXHOE 1epeBo» (crassula ovate), KOTOpOE XapaKTepU3yeTCs TOJICTBIMHU
JMCTBHSIMU U TepaHb (pelergonium). Panee ObUIO MOKa3aHO, YTO W3JIyYCHHE B
oOnacté UMHBL BOJHBI 206 HM Ha3BaHHBIX KOMHATHBIX DPAacTEHUH IIpU
OCBELICHHHM UX JHEBHBIM CBETOM SABISETCA OJHUM M3 BO3MOXHBIX
TOATBEP KIICHIH CYIIECTBOBAaHHUS cy0aTOMOB Bojopoxa [1].

HUcnonp3oancs cnekrpomerp FSD-10 v6.1 ¢ 200 MKM BOJIOKOHHBIM
KabeneM JafolluM IOTPEIIHOCTh IO JUIMHE BOJNHBI HE Oomee 2.25 HM,
HOMUHAIIFHAs YYBCTBUTENBHOCTh 160V/Ix*s mma pmuabl BomHBI 550 HM.
Cnekrpometp usrorosieH OOO «HayyHO-TeXHHMYECKUH LEHTP BOJOKOHHO-
ONTUYECKUX YCTPOHCTB». PacTeHMe U TOpUEBOM BOJOKOHHBIM JaTYUK
noMemaiuch B OOKC M3 YEpHOro IUIACTHKA, KOTOPBIH MOTI' T€pPMETHYHO
3aKpBIBATBCS OT IAJaloIlero cBeTra. MIHTEHCHMBHOCTh JHEBHOTO PACCESHHOTO
W3JIy4eHHUsl PETyJIHpOBajach C MOMOUIBI0O OKOHHBIX Kairo3eil. BomokoHHBIN
JATYUK pacIoyaraics NMpUONM3UTENbHO MapajuieNIbHO IUIOCKOCTH OKHA IJIs
MPEJOTBPAIICHNS MPSIMOT0 TONaJaHWs [HEBHOTO CBeTa B JAaTduk. s
HaKOIIJICHUS CJIa00T0 CHI'HAJIa BpeMsI SKCIIO3UIIMU OJHOTO CIIEKTPa COCTABIISIO
60 cexynn. OnTHyeckue CIEKTPhl CEMUKPATHO PETHCTPUPOBAINCH B 00IACTH
JUMH BOJH OT 190 HM o 1080 HM M Jajnee NMpoBOAMIIOCH UX YCPEIHEHHE I10
aMIUTUTYAaM CUrHayoB. J{JI1 MCKIIIOYEHUS Pa3IM4YHBIX LIIYMOB, B TOM YHUCIIE
CIEKTPAIBHBIX OCOOEHHOCTEH (HOTONPHEMHONW MaTpHIBI, paccMaTpHBAINCDH
Pa3sHOCTHBIE CIEKTPBl — W3 CHEKTpa € OJHUM WHTEHCUBHBIM JIHEBHBIM
W3Ty4eHHEM BBIUHUTAJICA CHEKTp C JAPYrUM H3IydeHHeM. MarHuTHas
IUIACTHHKA € MaKCHUMajJbHON HampsbkeHHocThio 0,177 kpemmiace Ha
MOBOPOTHOM phlYare M MOTJIa IMOABOAUTHCS IO MOBEPXHOCTh HCCIEAYEMOTO
mucta. Ha puc. 1 mpencraBieH pa3sHOCTHBIM CHEKTP H3IY4YEHHS TEpaHd B
obmactu mymH BoaH 190-240 HM.
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Puc. 1. I'epanv. Paznocmmuviii cnekmp usnyuenust 6 ouanazore 190-240 wm

Ha puc.2 npeacraBineH pa3HOCTHBIM CHEKTP M3IYUEHHs] I'€paHU B
MarHuTHOM IIOJIE.
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Puc. 2. I'epans. Pasnocmuwiii cnexmp usnyyeHus 2epanu 6 MazHUmHoM noie

Ha mepBbIif B3TI1511 MOJKET TIOKA3aThCS, YTO €CIIH CIEKTPHI H3ITy4SHHS
B MAarHATHOM Iojie W 0€3 MAarHUTHOTO TIOJS pa3IH4daroTcs, TO OYEHBb
HEe3HAYUTEeNbHO. Jlemo B TOM, YTO HMHTCHCHBHOCTh THEBHOTO W3IYYCHUS
HecTanuoHapHas. OHa YBEIHYMBACTCS K TONYAHIO U YMEHbBIIACTCS K BeUepy.
Kaxxmprii sKcrieprMeHT ATUTCS HE MEHee JBYX 4acoB. B cBs3um ¢ 3TUM ObLia
ciaenana papyras oOpaboTka SKCIepUMEHTANbHBIX JaHHbIX. Ha puc. 3
MPUBCACHO OTHOMICHUE CIIEKTPOB U3JTYUCHUS JIUCTA T'€paHu B MArHUTHOM I10JIC
K CHeKTpy W3NydeHus Oe3 MarHuTHOro moyisi. Yto Ol HE OBUIO
HEOIPE/ICICHHOCTH TP JISICHHU HYJIEBBIX 3HAYCHHi, K BCEM 3HAYCHUS
aMmuTya no6aBneHa nmoctosaHas BenuanHa 0,01.
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Puc. 3. I'epans. Omnowenue cnekmpos usnyyenus
6 MASHUMHOM NOJIe K CHeKMpPAaM usyueHus 6e3 nous

W3 pucyHka MOXKHO BHJIETh, 4YTO HauOOJbllEe HU3ITyYCHHE
HabmrogaeTcs B obnactu AByxcoT HM. Ha puc.4 mpexcraBieHa AeTanu3anus
OTHOIICHHSI CIIEKTPOB M3JIyueHHs1 B 007acTH ANKH BoJH 190-240 HM.
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Puc. 4. I'epanv. Omuowenue cnekmpog usnyuenus 6 ooracmu 190-240 um.

PesynbTarel uWccleqoBaHHUS CHEKTPOB M3IYUEHHUS  «JICHEKHOTO
JIepeBa» B MAarHUTHOM TIOJI€ AHAJOTUYHBI CIEKTpaM W3JIy4YeHHs] TepaHu.
NmeroTes pasnuuusi B JeTaNM3AallMM OTHOIICHHUS CIEKTPOB H3IYyYEHUS B
obmactu umH BomH 190-240 HM. Ha puc.5 mpexacraBieHO OTHOILICHHE

CIIEKTPOB M3IyYEHUS ISl «IEHEKHOTO JIepeBay B JMarna3oHe IIUH BoiH 190-
240 M.
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Puc. 5. «/[enedicnoe depesoy. Omuouienue chekmpog uiydeHus
6 MASHUMHOM NOJIe K CHeKMpam 6e3 MasHUmMHO20 NoJs

JletanbHbple KapTHHKH CIIEKTPOB Ha puc.4 M pUC.5 OTIMYAIOTCA IO
MOCIIEIOBATEIbHOCTH MUKOB W WX ammuuTyiae. OJHako TJIaBHOE, y OJTUX
KOMHATHBIX PAcTEeHHH HMHTEHCHUBHOCTh IHKOB 3aMETHO YBEJINYUBAETCS B
MarduTHoM mosie B oOmactu 200 HM, YTO, HAa HAII B3IVISA, B TOM YHCIIE
MOJTBEPIKIACT CYIICCTBOBAHUE CY0aTOMOB BOJOPO/IA.
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I'nasa 19. Cy6aTomMbl Boopoaa U MeTad01u3M MHKPOOPTraHU3MOB [4]

Cy06aToMbl BOJIOpPO/ia 3TO HEOOBIYHBIE aTOMBI BOJOPOAa B OCHOBHOM
COCTOSIHUH, OTJIHYAIOLIMecs 601ee KOMIAKTHON JoKanu3anueil, no3Bosstomei
cOmmKaTbCs C sApaMH DJIEMEHTOB Ha CYIIECTBEHHO Ooiyee OJIM3KHUE
paccTosiHUS, 4YTO TIOBBIIIAET BEPOSTHOCTh SAJEPHBIX pEaKIUil Ha MHOIO
mopsiakoB [1].

Ha mam B3risg, pe3ynbTaThl MHOTOJETHHX 3KCIICPUMEHTOB IIO
OCYIIECTBIICHHIO YIIPABIAEMON TPAHCMYTAI[H W30TOINOB B MHOTOYHCIICHHBIX
pacTymux MHUKPOOMONOTHYECKHX KyIbTypax OT pPaJHalliOHHO-CTOHKUX 0
JIpOXOKEH 3aciy’KMBAIOT TNPHUCTAIBHOTO BHUMAHUS U HEMPOTHBOPEUUBOTO
oO0bscHenust [2]. TakoBbIX OOBSCHEHWH CyLIECTBYET MHOXECTBO. B
YaCTHOCTH, aBTOpbI MOHoOrpaduu [2] mpeliaraioT Mojesb, OCHOBaHHYIO Ha
cneudurke O6e30apbepHBIX SACPHBIX PEaKIUi B HECTAI[MOHAPHBIX SIEPHBIX
cucTemMax. Orta MOJ€CJIb KBAHTOBOT'O JABMKCHUA NBYX HE3APSIKCHHBIX 4aCTHUILL C
JUCKPECTHBIM CIICKTPOM KBAaHTOBAaHUSA B HOTCHHHaJ’ILHOﬁ AME C PE3KUMHU
rpaHuliaMy, oOpa30BaHHOI BHEIIHMM OKpyxkeHueM. Jlanmee s pacyeToB
CCUCHUS PACCESIHUS  HUCIONb3yeTcss OOpPHOBCKOE  NPUONMMKEHHE — JUIA
KyJIOHOBCKHX YaCTHII, CYMTAs BCE-TAKN YaCTHIIBI 3apsKEHHBIMH.

OTO TPOTHBOPEUMBHI TOAXOA M €ro MOXHO YCTPaHHTh, €CIIH
paccMarpuBaTh IBIDKCHHE [IBYX 3apsDKEHHBIX szep B Tmoie cybaroma
BOJIOpoza. B 3TOM ciydae BO3MOXHO, CYIIECTBEHHOE COJIKEHUE STHX SIIEp,
YTO MOJKET IIOBBICHUTH BEPOATHOCTH SICPHBIX pPEAKIUH TPH OOBIYHBIX
KOMHATHBIX Temmeparypax [3]. KynoHoBckas »3Heprus OTTaJKHBaHUS,
COOTBETCTBYIOIIAsT COMMKECHUIO Alep Ha TaKHe PACCTOSHUS, SKBHBAJICHTHA
OHCPIHUU CTATKUBAOIIUXCA SAJCP:

- 2e°2,2,(1+ Z,+Z,)

9a(2Z,+2Z,+Z,Z,) W

Hanpumep, gns sagep Maraus ;Mg u  kucnopoma O
,CTAIKMBAIOIIMXCS B 00nactn cybatoma Bogopoaa, umeeM AE = 1,9 keV, uro
JIOJDKHO CYIIECTBEHHO IOBBICUTb BEPOSITHOCTh SANEPHBIX peakuuil. Taxas
peakmmsa HaOmromaeTcs B Owmonormueckux KynbTypax [3]. Ilpm momoGHBIX
CTOJIKHOBEHHSIX Cy0aToM BOJOPOAa MOXKET BBICTYNAaTh KaK 3JIEKTPOHHBIN
aKpaH («KaTaau3aTopy»), CTUMYJIUPYS SACPHbIC pEaKIUU U HEPEJIKO yIacTBYs B
HUX [4].

Pucknem  mpennosiokurh, 4YTO B MHPE  MUKPOOPIaHHU3MOB
CYIIECTBEHHYIO POJIb UTPAIOT cy0aToMBI BoJIopoaa. B xxuakoli cpene BHYTpHU
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BHE KJIETOYHBIX CTPYKTYp BCErJa UMEIOTCS HMOHBI Boaopoaa. CTajakuBasch C
3JIEKTPOHAMH, CJIa00 3aKPCIUICHHBIMH HA CTEHKaX KJICTOYHBIX CTPYKTYp, OHU
nepelalT MEXaHHMYECKUH HMMITYJbC CTEHKE, TOPMO3SATCS U MOTYT HEpEeIKO
«3aXBaTHIBATHCS» JIICKTPOHAMH, 00pa3ys cyO0aTOMBI BOJOpOJA C SHEpPruci
cBszu [1]:

2 2
Ae=25—6.02eV

9a (2)

ITpu 3TOM MOMKHO HAOMIOAATHCS PEKOMOMHAIIMOHHOE H3ITy4eHHE C
JUTMHOW BOJHBI 206 HM U Heckojbko Ooinee. Cy0aToMBbl BOJOPONA SBISIOTCS
BeChbMa aKTUBHBIMH uacTHnamu [3]. 1 MHUKpPOOPraHH3MOB OHM CIIy)KaT
3aIUTOM, HEHTpamu3ys TOKCHYCCKHE HIEMEHTBI, W MOTYT TEHEpHUpOBaTh
HOBEIC JJIEMEHTHI, HEOOXOAUMBIC AJISI pOCTa M PAa3BUTHS MHKPOOPTAaHH3MOB.
Hanpumep, B OHOJOTHYECKHX CHCTEMaxX BO3MOXKHBI «IapHBIE)» PEAKIHU
HETIOCPEACTBEHHO OJTHOTO U3 sACp CTAJKUBAIOIIETOCS ¢ cybaToMOM Boxopoa

*Hl.
K41+*H1: Ca42+€+A6‘ (3)

3/1ech SHEPrOBBIIENIEHUE 3@ CUET 3TOH peakiuu cocTapisier Ag =
9,96%10° keV. Takoro THMa peaKUMH HAGIIOATHMCH JKCIEPHMEHTATHHO U
onucanbl B [3]. Korga MUKpOKYJIbTYpHl B NMUTATENbHOM Cpele BBIXOAST Ha
CTaIlMOHAPHBIA yPOBEHb METAa00NN3Ma, NOOABICHNE Pa3IMYHBIX XUMUYECKHX
COEIMHEHUI NPHUBOAUT K YIPaBISIEMbIM sIEpHBIM TpaHcMyTauusam [2]. Bo
BCEX ONMCAHHBIX HKCIIEPUMEHTAaX BHEIIHSS CPeAa BBIXOAWT Ha MEpBBI ILIaH,
0COOCHHOCTH MHUKPOOHOJIOTHYECKHX KYJIBTYP, B YaCTHOCTH, NX PaHaIlMOHHAas
CTOMKOCTh  CTAQHOBSITCS ~ BTOPWYHBIMH. [IHaue TroBOpsi, MHOXXECTBO
Pa3HOOOPa3HBIX TPAHCMYTAIIMH MOYKHO OCYIIECTBUTH HAa OJHON KyJIbType. DTO
OYEHb BAXKHO JUIsl IOHUMAHUS OOLIIHOCTH SIBJICHHS.

Jlnst dKCIIepUMEHTOB ObUIO BHIOpaHBI MEKapckue Ipoxoku «JIrokcey
(Sacharamyces cerevisiae). JInsg nokazarenbcTBa BO3HUKHOBEHHsI Cy0aTOMOB
BOJIOPOJIa TIPH METa0OIM3ME JPOKKEH MPOBOIAMIOCH HAOIIOICHUE 3BOIOINN
BO BPEMEHM WX CIIEKTPOB M3IY4CHHUS B AHana3zoHe UIMH BoiH oT 200 HM 1m0
240 HM OT MOMEHTa IOMEUICHUS MApOXOKEH B MUTATENbHYH Cpexy 0
OKOHYaHHs nporecca OposkeHus. sl MOBBILICHNS! HHTEHCUBHOCTH U3JTyYESHUS
KOHLIEHTPAIs JIPOXOKEH MOJDKHA OBITH JIOCTaTOYHO BBICOKOM. [IuraTenbHOM
cpenoi sABiANCsS pacTBOp caxapa B Boje. KonmuuecTBo caxapa u Ttemmeparypa
MUTATEIbHONH Cpelbl OINpPEIEISIIOT BpeMsl JKU3HEHHOTO LHUKJIA OpOKeHUS.
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Temmeparypa 19 — 20 °C Gbima BbIOpaHa Il YMEPEHHOTO OPOXKEHHS BO
BpPEMEHHU.

HUcnone3oBancs cnektpomerp FSD-10 v6.1 ¢ 50 MKM BOJOKOHHBIM
KabeneM JalolIUM [OTPEIIHOCTh 10 JUIMHE BOJIHBI HE Oonee 2.25 HM,
HOMUHAIIbHAS YYBCTBUTEIBHOCTh 160V/Ix*s mus mmuHbl BOMHBL 550 HM,
BO3MOXHBIN nuanazoH uamepeHuit or 190 um mo 1080 vM. CnekTpomerp
mrotoBieH OOO «HaydHO-TeXHHYECKHH LEHTP BOJOKOHHO-ONTHYECKUX
ycTpoiicTBy. PacTBop npoxokel B uamke IleTpu W TopueBoil BOJOKOHHBIM
JATYHK MMOMEINAIUCh B OOKC M3 YEPHOTO IIACTHKA, KOTOPBIH MOT TEPMETHIHO
3aKpBIBATHCS OT MAAAIOIIETO CBeTa. J{11 HakomIeHus ciaboro curHaaa BpeMs
SKCIO3HUIUU OJHOTO CHeKTpa cocTaBimsuio 60 cexyHn. CHeKTpbl W3IydeHUS
JIPOJOKEH CEeMHMKPAaTHO PErHCTPUPOBAIUCH B 00JIaCTH JUIMH BOJIH OT 190 HM 10
1080 M, U ganmee MPOBOJAUIIOCH UX YCPEAHEHHE MO aMIUIMTYAaM CUTHAJIOB.
I[J'IS[ HUCKJIIOYCHUA PA3JINYHBIX MIYMOB, B TOM YHUCJIC CIICKTPaJIbHBIX
ocoOeHHOCTE (DOTONMPHUEMHON MaTpHIBL, PAacCMAaTPUBAINCH Pa3HOCTHBIE
cnektpbl. CHauana cHUMalcs (POHOBBII CIIEKTp M3NIydYeHHs B OOKce, KOria
yarka [lerpu OblIa 3aKkpbITa aTFOMUHHEBBIM JIMCTKOM. Tlociie 3Toro B TeueHue
He Oojee OBYX MUHYT CHHUMAJICS CIEKTp H3IIyYCHHS PacTBOpa APOXKEH B
yamke Ilerpu. [lamee npoBOIMIOCH BEYHTAaHHWE CHEKTPOB.  [I0CKOIBKY
YPOBEHb 0’KHIAEMOT0 CHTHaJa €J1ad, TO TMocie BEIYUTAHMS HAa CIIEKTPaX MOTIIH
BO3HMKaTh OONACTH C OTPHUIATENBHBIMH 3HAYCHUSIMH aMIUTHTYI H3-3a
BPEMEHHOT'O IByXMHUHYTHOTO C/IBUTA CHSITHS CIIEKTPOB.

Ha pucynke 1 mpuBeneH pasHOCTHBIM CIEKTp B Hadaje Ipolecca
OpoXKeHuUs.
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W3 pucyHka BUAHO, 4TO CIIEKTP COJACPIKUT HECKOJIKO MAaKCHMYMOB, B
TOoM uucie B obmactu 206 HM.. Ha pucyHke 2 npuBeseH pa3sHOCTHBIN CHEKTp

IMOCJIC MOJYyTOpa 4acoB 6pO)KeHI/I$[.

100

. AV

Puc. 2. Paznocmuwiil cnekmp nocie noaymopa 4acos OpoxceHus,

W3 prucyHKa MOKHO BHJIIETH, 9TO OKHJIAEMOE H3JIyYeHHE B OOIACTH
206 HM TOCIIE TTOTYTOPa YaCOB OPOKEHHUSI HECKOJIBKO YMEHBIIHIIOCH.

Ha puc.3 npuBeneH pa3HOCTHBIN CHEKTP U3IYyYEHHUS] pacTBOpa MOCIie
72 dacoB, Korga OpokeHHE 3aKOHYMIOCh, U PAacTBOP pacciomics. Bepxuuit

CJIOW TIPECTABIISLI CO00i MPO3PAuHYIO KUIKOCTb.
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Puc. 3. Pasnocmmuuiii chexmp u3nyuenus nocie
72 4acog 8ul0epItcKU pacmeopa Opoicicel

114



W3 pucyHka MOXHO BUAETb, YTO CIEKTP M3JIyuyeHHUs CTal
¢nykranuonHeiM. OkHMAaeMoe M3JIydeHHE TPaKTUYecKH Ipekparmiocs. Ha
puc. 4 TmpuBeneH CHEKTp M3JIydyeHHs TOro e pacTBopa Iocie
nepememuBaHus. L[BeT pacTBopa cTajg 0OJHOPOAHBIM U BHEIIIHE TOTO K€ IBETa,
YTO U B Hauaje HKCIEepUMEHTa.

=
N O
U1 o
——>

Puc. 4. Paznocmueiti cnekmp usiyueHus pacmeopa opodicoicell nocie
72 uacos gvl0epiicku u nepemeuueanus

MOHO BUAETh M3 PHCYHKa, YTO €CJIM M €CTh KaKOH-mnbo CHrHal B
obmactu 206 HM, TO OH B TPU pa3za MEHbIIIE IEPBOHAYAIBHOTO, puUC. 1.

Takum  oOpa3oM, cepust  OKCIEPUMEHTOB  IOKasajga,  4TO
MHUKPOKYIBTYpa APOOKeH Ipu MeTabom3Me m3irydaet B obmactu 206 HM.

B TexHMueckux cucremax, B YaCTHOCTH, HAMH OBLIO MOKa3aHO, YTO
BOIOPOJ B MAarHETPOHHOM pa3psiic MOMKET NPUBOJUTH K TpPaHMYyTalUU
U30TONOB B MeTaluimdeckod wmumeHd. OJHAaKo W3BIEYb XapaKTEpHOE
yIbTpaduoNIeTOBOEe H3IydeHHe ¢ TUHON BomHBI 206 HM BechbMa TpyOHO. B
MHUKpPOOHOJIOTHYECKUX ~ KYJIBTYpax JIOCTOBEpPHO TMOKa3aHa BO3MOXKHOCTD
ynpaBigeMoi  aaepHod  TpaHcmyTanmuu  [2].  IlockonmbKy mpH  3TOM
HaOogaeTcs U3Iy4eHHE TeHEPUPYEMBIX Cy0aTOMOB BOJIOPOAA, TO OHU MOTYT
MPeTeHI0BaTh, HAa HAIl B3IV, Ha POJb HWCTOYHHKOB XOJIOAHBIX SIEPHBIX
peakiuii.
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I'naga 20. SInepHas TpaHCMyTalus B IJICHKAX HUKeJIS NPH 3JIEKTPOJIN3e

Ora  paboTa  NIPOJMKTOBaHAa  HEOOXOAMMOCTBIO  JOKa3aTh
CYIIECTBOBaHME CyOAaTOMHBIX COCTOSIHMH BOJOPOAA, IPEJCKa3aHHBIX paHee B
[1] Ha ocHoBe uaeu Jlyn ne bpoiiist o CBSI3M Macchl 4acTUIBI ¢ COOCTBEHHOM
YaCTOTOM KBAaHTOBBIX KoyieOaHMH. B cy0aTOMHBIX COCTOSHHSAX IPOTOH
HaXOAMTCS B DJICKTPOHHOH «IIy0e», C MEHBIINMH XapaKTEPHBIMHU pa3MEpaMH,
cocraBmsironvu - 0,75 a, tme a — OOpPOBCKHI pailyc, 9TO CIOCOOCTBYET
MEHbIIEH MOJSIPU3yeMOoCTH cybaToMoB. PacmpeneneHue 3IIeKTPOHHOM
IUIOTHOCTH B cy0aToMe BOJOPOAA CXKaTO MO paguycy 3a CUeT KYIOHOBCKOTO
MOJIsl MPOTOHA IO CPAaBHEHHUIO C PACHpPENENEHUEM DIEKTPOHHOH IUIOTHOCTH
BEPOSITHOCTH ISl CBOOOJHOTO  3JIEKTPOHA. YTJIOBBIE  paclpeieeHus
IUIOTHOCTH BEPOSITHOCTH, CBSI3aHHBIE C JIBUXKCHHEM CIIMHA 3JIEKTPOHa
OCTAIOTCSl HEU3MEHHBIMH, KaK U B CBOOOIHOM 3JICKTpOHE. DTO pacrpeeicHue
CYLIECTBEHHO OTJIMYaeTCs OT H30TPOMHOIO pacHpefesieHus IUIOTHOCTU
BEPOSATHOCTH B aTOME BOJOPOJa B OCHOBHOM COCTOSHHM, YTO SBIIETCA
MEPBONPUYNHONA BBICOKOM 3JIEKTpHUYECKOM MHpoyHOCTH cybatoMoB. Tem He
MEHee, PHeprus HOHM3AIMK CyOaTOMOB cOCTaBiseT Bcero 4/9 or sHeprum
MOHM3allMM aTOMa BOJIOPOJIA, YTO COOTBETCTBYET &, = 6.023B.

Jiisi BO3HMKHOBEHHS Cy0AaTOMOB BoOIOpona coriacHo [l1] HyXHBI
MOHBI BOJOPO/a B NIPUIIOBEPXHOCTHBIX CIOAX METajula, HaPUMEpP, HUKEIS C
HYJIEBOH TOCTYIIATEIbHON SHEPTUEH ABWKEHHUS W 3HAYUTEIHFHOE KOJIMYECTBO
ciab0 CBA3aHHBIX C IIOBEPXHOCTHIO 3JIEKTPOHOB. [lomxomsmmmu ams
peanu3anuy MOAOOHON CHUTyanMHM SBISIOTCS HCCIEIOBaHMS  TICIOLINX
pa3psoB B atMocdepe Bojopoaa (IeHTepus) ¢ METAIUINYECKUMHU KaToJlaMH.
OpuruHanbHEIE Pe3yJIbTaThl MO SAEPHOI TPaHCMYTAallMH 3JIEMEHTOB Ha 3TOM
IIyTH TOJTy4eHB! B paboTe [2] ¢ mamiagueBbIM KaToIOM.

JUis SKCIEpHMEHTAIBHOTO JOKa3aTeNIbCTBA CYIECTBOBAHUS SAEPHOI
TPaHCMYTAIlMM JIEMEHTOB II0 MOTHBAM IpeAIojlaraeMoi MOJETH MHIICHb
Obuta M3roToBNEHa W3 HMKeNsd. PabounmMm rasoMm sBisica aproH. Mnes
HKCIEPUMEHTA 3aKJII0YaIach B CPABHEHUH JIEMEHTHOTO COCTaBa MOMJIOKEK U
MHIICHEH NpU HAHECEHWH HUKEINs B paspsiie aproHa W B paspsizie aproHa c
BOJIOpoIoM. B cMecu KoHIeHTpamusi BOJOpona cocTaBisiia He Oonee 10%.
Pe3ynbraThl 3KCIEPUMEHTOB MOKa3ajld U3MEHEHUE COOTHOIIEHUS U30TOIOB B
TUICHKE HUKEJIsI, TI0JydeHHOH B aTMocdepe Bogopona [3].

IIpn oOpazoBaHuM cy06aTOMOB BOAOpOJA JOJDKHO HaOIOAATHCS
yIbTpadroIETOBOS M3NYUYeHHE ¢ JITMHOKH BonHBI 206 HM. Habnromate Takoe
W3Ty4eHHE B MAarHETPOHE TEXHUYECKH TPYIHO. BBUIO MpearnonokeHo, 4to u
OpH  SJACPHBIX TPAHCMYTAIMSIX B MHKPOOMOJOTMYECKHX cHCTeMax [4]
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HEIMOCPEJCTBEHHO MOTYT y4acTBOBaTh Cy0aTroMbl Bojopona. Torma MOXKHO
HaOJIOIaTh Ha3BAHHOE U3Iy4eHue |5, 6].

Ecnu renepanus cybaTtoMoB peasibHa B OHOCHCTEMax, TOTJa MOXKHO
CMOJENUpPOBaTh 3TU YCIOBHA M B TeXHHUeckod cucreme. Hampumep,
cy0aToMBl BOZOpPOJA MOTYT BO3HHMKATh Ha KaTOAE NPH JJIEKTPOXUMHYECKOM
JJIEKTPOJIM3E: HaJIW4YMe HOHOB BOJOpOJA y KaToja M ClabOCBA3aHHBIX
9JEKTPOHOB HA IOBEPXHOCTHBIX JJIEKTPOHHBIX COCTOSIHUAX  JIOJKHO
NPUBOANTH K HEKOTOPOH BEPOATHOCTH OOpa3oBaHHA CyO0AaTOMOB U
XapakTepHOMY yJIbTpadHoNeToBOMy H3Iy4deHuto. Jlaxee cy0aTOMBI MOTYT
y9acTBOBaTh B TPAaHCMYTAaIlMH siAep Karoma. SIBIeHme »JeKTponm3a ObLIO
ucronb3oBaHo B 1989 rogy M.O@neitimmanom u C.IloHcom Ha mpumepe
TSDKEJIOW BOJBI € TajutagueBbiM KatofoM [7]. OOBIYHO OTCYET HCTOPUU
WCCIEOBAaHUN  ANEPHOM  TpaHCMyTallMM  siA€p HAUYMHAIOT C  3TOH
nemoHcTpanuu. OfHaKo Henlerkas cyap0a jkaana 3TH AKCIEPUMEHTHI, B TOM
YHuclie 3a CUET OTCYTCTBHSI BPa3yMHUTENBHOTO OOBsICHeHHs. HakoruieHHbII
HKCHEPUMEHTAIBHBIA MaTepHuan 3a MpOLISANINe TOJAbI MO3BOJIMI YTBEPAUTH
3TO HaIlpaBJICHHUE HCCIICTOBaHUM.

Ham kpyr uccnenoBanuii BEpHyJCs K HCXOJHBIM SKCIEPUMEHTAM 10
TpaHCMYTallMd C HCIOJB30BAHUEM JJIEKTPOJIM3a HUKENS. ODKCIIEPUMEHTHI
coCTOSIM M3 JBYX  4YacTed  —  JI0Ka3aTeibCTBa  XapaKTEPHOTO
yIbTpadUOIECTOBOTO M3TYYCHUS HA JJIMHAX BOJNH X Ommkux k 206 HM, T.c.
JIOKA3aTeNbCTBY TEHEpaluu Ccy0aToMOB BOJOpPOJA WPH DJICKTPOIH3E U
HCCIIEIOBAaHUE KaTOJHOIO OcCajJKa Ha MpeIMeT HU3MEHEHHUS H30TOIHOIro
cocTaBa 10 CPaBHEHHUIO C aHOJIOM.

UccnenoBanue ynbTpaduoneToBoro m3nydeHus. B uamke Iletpu
TOPU30HTAJIBHO PACIONAraiuCh 3JIEKTPOJBl U3 JINCTOBOTO HUKENS TOJIIHWHON
0,4 MM C XapakTepHBIMH pa3mepamu 4*6 cm’. Bepxumii 371eKTpoa MMen B
LEHTPe MHOXECTBO OTBEPCTHIl JMAMETPOM 2 MM HA IUTOmAgd 4 cm’ i
BBIXOJa M3JIy4EHHUS M SBISJICS AaHOAOM. 3a30p MEXIYy JJIEeKTpOoIdaMu
(ukcupoBaNiCs CTEKITHHBIMH IDTACTHHKAMH TOJMIMWHOW 2 MM. Bwixomy
yIbTPaQUONETOBOTO W3IYYCHUS  4epe3 JKHUIKUH CJOH crmocoOCTBOBAIIO
o0pa3oBaHHe IMy3BIPEKOB BOJOPOJA, KOTOPHIC CXJIOMBIBAJIMCHE B OTBEPCTHAX
aHozna. Han wvamkoi Iletpu Ha paccrosHuum oxoyio 12 cM pacnonarancs
TOPIIEBON BOJIOKOHHBIN AaT4rK. Bes cucreMa momMemanuck B 00KC U3 YepHOTO
IUTACTHKA, KOTOPBIH MOT TE€PMETHYHO 3aKpHIBAaThCA OT IAJAIOUIETO CBETA.
Hcnonb3oBancs cnektpomeTp FSD-10 v6.1 ¢ 400 MKM BOJIOKOHHBIM KabelieM
JAOIMM  TIOTPEIIHOCTh TI0 JJIMHE BOJHBI ~4 HM, HOMHHAJIbHas
qyBCTBUTENBHOCTD 160Vv/Ix*s mns mmuasl Bomabl 550 HM. Chektpomerp
mrotoieH OO0 «HaydHO-TeXHHYECKHH ILEHTP BOJOKOHHO-ONTHYECKUX
YCTpOMCTBY». Mexly TOpLEBBIM BOJIOKOHHBIM JaTYMKOM W yamkoi [lerpu
yCTaHaBIMBalach MOJBIKHAS IJIACTUHA, MO3BOJSIIONIAS  IMEPEKPHIBATH
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U3TY4EHUS OT HUKEJIEBBIX 3JEKTPOJOB, NPHU CTALlMOHAPHOM 3JIEKTPOIH3E C
MIIOTHOCTBEI0 TOKa ~20 MA/cM® 1 HampsDKEHWW Ha anektpomax 3 B.
ONeKTpOIUT NPUrOoTaBIMBAJICS M3 AeHOHM30BaHHOM Bojael U OCU cepHoit
KUCIIOTH U3 pacueta Ha 50 mut Boasl 0,8 mut kucnoTel. CepHast KUCIOTa Obliia
BbIOpaHa B KOHEYHO CYETE M3-3a TOTO, YTO CEPHOKUCIIBIH HUKENIb PACTBOPUM B
BOJE, U HHKEIb MOXET BBICA)KUBAaThCS Ha KaTOA, Y4YacTBYsS B SAEPHBIX
peakuusax MOMUMO CaMOI'0 KaToza.

s HakOIUIEHWS cIaboro CHUTHala HM3My4YeHHS BpeMs HKCIO3HIINU
OHOTO cmekTpa coctaBiuo 60 cexyHn. ONTHYECKHE CHEKTPHI CEMHKPaTHO
peructpupoBaiuck B obmacté mmmH BoiaH oT 190 HM mo 1080 M, m mamee
MIPOBOAWIIOCh UX YCPEIHEHHE IO aMIUIUTYJaM CUTHAJOB. s UCKIIOYEHMS
pa3NMyHBIX IIYMOB, B TOM 4YHCJIE CIEKTPAJIbHBIX  0COOEHHOCTEH
(doronpueMHONW MaTpUIBI, aMIUIMTYJa IIYyMOB KOTOPOH CO BpEMEHEM
YBEIMUYMBAJIACh, PAaCCMATPUBAIUCh DPA3HOCTHBIE CIEKTPbl — M3 CIEKIpa C
W3JIyYCHUEM DJIEKTPOJOB BBIYUTAJICA CIEKTP COOCTBEHHBIX LIYMOB IIOCIE
nepekpbITis amky Iletp moaBmxkHOI mnactuHoil. Ha pucynke 1 npueneH
YCPEIHECHHBIA CIEKTP H3JIyYCHUS HUKEIEBBIX DJJIEKTPOJOB 10 CEMU
HU3MEPEHUSIM CIIEKTPOB.

Puc. 1. Ycpeonennuiii paznocmublii cnekmp usnydenus u3 001acmu HUKene8020 Kamood

Ha pucyHke MOXHO BHJIETb MHOXECTBO NHKOB. JIOMKHBI
HaOmonaTeCcs XapakTepHble NUKH. Hampumep, Ha JumHe BonHBI 277 HM
JOJDKHO ~ HAONIONAThCs PEKOMOMHAIMOHHOE W3JIyYeHHE, CBSI3aHHOE C
00BeTMHEHNEM TTapbl aTOMOB BOOpPO/a B MOJEKyTy. Takoil muk nmeercs Ha
JUTMHE BOJIHBI 275 HM, 9TO, yYUTHIBAs IOTPEIIHOCTH CIIEKTPOMETPA, SIBISAETCS
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xopowmuM cosrnajsenneM. Ha nmae BostHbl 240 HM J10JDKeH HaOMIOAaThCs MUK,
CBSI3aHHBIH pEKOMOMHAIMEHl HOHOB BOJIOpOAa C rpynoii  OH', u
oOpa3zoBaHreM MOJIEKYJbl BOAbl. I10CKOJIBKY pa30aBieHHas cepHash KUCIOTa
MOJHOCTBIO JAUCCOLUUPYET, TO M3TydeHHe Ha JuinHe BoJHbI 230 HM, Io-
BUJIMMOMY, COOTBETCTBYET JHEPrHHM PEKOMOWHALMM MOHOB BOJOPOJA 4epes
KHCJIOPOJHBIE CBSI3U B MOJIEKYJTYy KHCIIOTHI.

OxumaeMerii Kk B paiioHe 206 HM, CBS3aHHBIH C H3IydCHHEM
cybaToMOB BOJOpOna, Takxke HaOmomaerca. /Jlpyrue NHKHM H3ITydCHHS,
BO3MOXXHO, CBSI3aHBI C YYacTHEM B O0Opa3oBaHMU Cy0aTOMOB BOZOpOJa
c1a00CBA3aHHBIX TTOBEPXHOCTHBIX 3JIEKTPOHHBIX COCTOSIHMH. Takne mHKH
HaOMIONAINCh W TIPH HCCIIEAOBaHUM (DOTOCHMHTE3a KOMHATHBIX PACTCHHH H
MeTaboam3Me qpoxxkeit [6, 7].

Ha pucynke 2 nmpuBeJeH YCPEIHEHHBIH CIEKTp H3JIy4eHHs
HHUKEJIEBBIX 3JIEKTPOJIOB [0 CEMH HM3MEPEHHUSAM CIIEKTPOB IOCIE HECKOIbKUX
9acoB DJIEKTPOJIU3a.

Puc. 2. Ycpeonennuiil paznocmubiii cnekmp usiyieHus uz oonacmu HUKenee02o Kamooa
nociie HecKONbKUX 4aco8 2NeKmpoau3a

W3 pucyHka MOXHO BHJETh, YTO XapakTEPHbIC MUKU H3Iy4CHHS
noBTopuKCch. Habimogaercss HeKOTopast epecTpoiika APYrux MUKOB.

Takum o0o0pa3oM, OXHIAaEMOE XapaKTepHOe YIbTpadUoIeTOBOE
W3ydyeHue,  CBsI3aHHOe C  oOpa3oBaHWeM  cy0aToMOB  BOAOPOIA
SKCIIEPUMEHTAIHHO HaOII0AaeTcs. DTO M3IydYeHHe cllaboe, HECKOJIbKO Oolee
YPOBHSI IIyMOB CIICKTPOMETPA M TSI HAOIFOCHHUS [TOCIICIYIOIIEr0 H3MECHEHNUS
W30TOIIHOTO COCTaBa HHUKEIS HEOOXOIMMO JOJTOBPEMEHHOE HAKOILICHHE
W3MEHECHHUS U30TOIIOB.
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DKcneprMeHTalbHOE HaOMI0ZeHNEe M3MEHEHUs] M30TOITHOTO COCTaBa
HUKeNd. bbula HM3roTOBIEHO YCTPOHCTBO BEPTHKANBHOTO Tuma. B MepHOM
CTaKaHe BEePTUKAIBHO KPEMUIINCh HUKEJIEBbIE IUIOCKHE AJIEKTPOABI TOJIILHUHON
1 MM B TesioHOBOH NPOOKE Ha PAacCTOSIHUU 3MM JApyT oT apyra. [InotHocTsh
TOKa NpPH SIEKTPOIH3e COCTABIIa ~60MA/CM® , CTAaGHIM3HPOBAHHOE
HaINpsHKEHUE MEXAy dJIIeKTpojaMu coctaBisuio 3B. B olmei crnoxHoCTH
npouecc 3ieKTponm3a miwics O6omee 60 uacos. Ilocne skcmepumeHta Ha
KaToi¢ MOXHO OBLIO HAOMIONAaTh €ro YTONIIEHHE 3a CYET OCaJKa IUICHKH
HUKEIS 1 yTOHEHUE aHoza. L{BeT 31eKTposnTa N3MEHSUICS, CBUAETEIbCTBYS 00
00pa3zoBaHNN PaCTBOPHMOTO B BOAE CEPHOKHCIIOTO HUKEIS.

Jlamee TPOBOAWIINCH CPABHUTEIBHBIE MAacCC-CIIEKTPOMETPUICCKHE
u3MepeHusi o0pasloB Karoja, aHoJa W MCXOJNHBIX IUIAaCTHH HuKens. Hac
HHTEPECOBaJl0 M3MEHEHUE H30TOIHOTO COCTaBa OOpasloB, KOTOPbIE MOTIIH
IPOU30TH 3a cUeT AAEPHBIX PeakIuii ¢ cybaToMaMu BOJOPOJA.

TTOCKONBEKY B MPHPOAHBIX METAIIaX OTCYTCTBYKOT H30TOmBI ~Ni M

. 60 .
Ni , paccMOTPHM BapHaHT TPAHCMYTAIMH IO IEMOYKE SIeMEHTOB:  INi

61 A7 62 n7s
uepes ~ Ni B NI ¢ momompro cy6aToMOB BOJOPOJA 3a CHET NAapHBIX

CTOJIKHOBECHUH:
60 AT+ =61 ATe60 ATepT* 62 AT
Ni+ H —" Ni("' NiH )+ H —" Ni+A¢ +A¢,

31ech JHEProBbIICIEHUE 3a CUET MEPBOW pEaKIUU COCTABIISIET:
Ag ~67.5keV, 3a CUET BTOPOH Ag, ~94kelV . 3aMeTHM, HTO CIEBI

obpazosanus °° NiH " HaONIONAIOTCS B MAacC-CIIEKTpax. Peakmuu ¢ BOAOPOAOM
IIPUBOJAT K YBEIMUCHHIO 3HAYEHWS NHKA  °2Nj MO CPABHEHHIO C ITHKOM

60 AT+
Ni OTHOCHTENLHO TAKOIO K€ COOTHOLIEHHUS B KOHTPOJIbHOM 06pa3ue. Z[JI?I

CPAaBHEHHS MACC-CIEKTPOB HYKHO YYECTh, YTO aOCONFOTHBIE 3HAYECHHUS TIHKOB
U30TONOB  DIEMEHTOB B  Pa3sHBIX OKCIEPUMEHTaX pasHble. Ilpsmas,
COEIMHSAIONIas BEJMUYMHBI MUKOB M30TonoB ? Nj m °°Nj, 10IKHA M3MEHATHh

HaKJIOH 3a CYCT YMCHBUICHHSA IIMKAa H30TOIa 60]\]1' U YBCJIWYCHHA IIMKaA

Hn30TOoI1a 62 Ni . Torzxa OTHOCHUTCJIIbHOC nux HN3MCHCHUC 6y,[[€T

CBHJCTCIBCTBOBATH 00 W3MEHEHHMH M30TOIIHOIO COCTaBa HHKEId Ha
HOBEPXHOCTH KaToJa II0 CPaBHEHMIO ¢ aHomoM. IIpum 3TOM HeoOxomumo
CKOPPEKTHPOBaTh NHUKU H3MEPEHHH IS Pa3HbIX 00pas3loB IO Hamboiee
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587
PacnpoCTpaHCHHOMY M30TONY HUKENS ~ Ni (68%), cunTas ero KOHICHTPAIUIO
HEM3MCHHOM BO Bcex 00pasiax

Nmeewm:
(*Ni - “Ni)y / (%Ni - “Ni) = -22.20/ -23.927 =0.93

3T0 paBeHCTBO MOKAa3bIBACT M3MEHEHNE M30TOITHOTO COCTABA IICHKH
HUKEJA, OCAXACHHOW HA KaroAe M3 HHKeNs. JIasd KOHTPOJs CpaBHUBAJICS
M30TOMHBII COCTaB HHUKEIEBOTO aHOJa C H30TONHBIM COCTABOM HCXOJHOMN
IUTaCTUHBI Hukeysl. Habmromaercst coBmaseHne MUKOB M30TOINOB ¢ OOJBIION
TOUHOCTBIO. [ccnenoBanock Takke U3MEHEHHE HM30TONHOIO  COCTaBa
OCaX/IEHHOM IUIEHKH HHUKeNs Ha Karoje Mo riyOuHe. M30TomHBINH cocTaB
ocTaBajICs HEM3MEHHBIM JI0 TIyOUH ~ 3 MKM, NpPU 3TOM ObLIM HEH3MEHHBIMH
PEXUMBI 3M1EKTPOIn3a. Macc-CleKTpOMEeTpUYeCKHe M3MEPEHHs POBOAUIHCH
Ha npubope TOF-SIMS.

Takum 00pa3oM, B TEXHHYECKOW CHCTEME YAajJoCh CMOJEINPOBAThH
npouecc 00pa3oBaHHs Cy0aTOMOB BOAOpOJa M HAONIOAATh TPAHCMYTAIHIO
HUKETsI Ha OCHOBE IPE/ICTABICHUH 00 M3Iy4eHHH Cy0aTOMOB BOAOpOJA MPH
ux oOpasoBanmu. Takoe wu3mydenue HaOmromaercss TpPH (QOTOCHHTE3E B
pacTeHusIX ¥ MeTaboIM3Me MUKPOOPTaHU3MOB Ha IPUMEPE APOXKIKEH.
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I'napa 21. ®oHoBOC raMMa-u3JjIy4eHue U (POTOCHHTE3 PACTeHUIH

Ecnu y4yuThIBaTh COOCTBEHHYIO SHEPTHIO KBAHTOBOTO JIBHXKCHHMS
JJIEKTPOHA B CUCTEME IPOTOH-IEKTPOH 1o xAe bpoiio, TOo MOXHO
Npe/icKa3aTh BO3MOXKHOCTh CYLIECTBOBAHMS CYOAaTOMHBIX COCTOSHUH aToma
BOJIOpO/ia. DTO HEOOBIYHBIE COCTOSHHS BOJOpoAa ¢  Ooyee KOMIAKTHOM
JOKaIN3anyell, TMO3BOSIONIEH COMMKAThC € SIApaMH  JJIEMEHTOB  Ha
CyIIecTBEHHO Oojiee Onm3Kue paccTosHUA. B cpemHeM cy0aToM 3IeKTpUIecKn
HEWTpaJIeH, OJTHAKO 3@ CUET CBEPXKECTKOTO 3JIEKTPOHHOTO 00JIaKa C SHEpTHUEH
obpazoBanust ~500 kel B menmoM IOITydaeTCsl «TSDKEINBI» DIIEKTPOH. Takas
YacTHIA JBUTACTCSl 3HAYUTENBHO MEAJICHHEE, YeM CBOOOIHBIM 3JIEKTPOH U
MOXET JOCTaTOYHO OJM3KO NpUOIMKAThCS K sApaM JIPYTUX 3JIEMEHTOB 3a
CYET KYJIOHOBCKOT'O IMPUTSDKEHUS! Pa3HOMMEHHBIX 3apsaoB. OTTankuBaroliee
ANIEKTPUYECKOE I0JIE OT BHEUIHUX SJep, KOTOPOE MPOHHKAET B DJIEKTPOHHOE
o0Jlako, B KOHEYHOM CHYETEe, MOXET «BBLIABUTH» IPOTOH U3 cydaToMa
Bojoposa. OJHAaKO NMPOTOH OKa3bIBACTCS Ha 3HAUUTENBHO Oosiee ONM3KOM
PaAcCTOSIHUU OT BHEIIHETO sApa, YeM, €Cu Obl OH OBUI MPOCTO CBOOOIHBIM.
Taxoit IPOTOH MOKET MPEOAOIETh C HEKOTOPOH BEPOSITHOCTBHIO KyJTOHOBCKHI
Oaprep sApa U BCTYIHUTH C HUM B peakio [1].

IMonaras, dYro cy0aToMBl BOJOpOJAa OOECIEUMBAIOT XOJIOTHYIO
TPaHCMYTAIMIO SJEp, MOKHO HENPOTHBOPEYNBO OOBSICHUTH B 3HAYMTEIHHON
Mepe paHee HaKOIUICHHBIH 3KCIEPHUMEHTAIBHBIN MaTepHal MO TPAaHCMYTALUH
M30TOIOB B OMOJIOTHYECKHX CHCTEMax. B CBs3M ¢ 3TUM U JTOKa3aTeIbCTBA
CYIIECTBOBaHUS  Ccy0aToMOB  BOJOpoAa  Oblla  TpPOBEACHA  CepHs
9KCHEepUMEHTOB. [Ipum o00pa3oBaHMM CBA3aHHBIX COCTOSHHI Cy0aToMoB
BOJIOPO/Ia JIOJDKHO HAOMIONAThCs XapakTepHoe yIbTpadHuoIeTOBOE M3JTydeHUES
¢ IIMHOW BoyHBEI B obmactu 206 HM. Takoe m3mydeHHe HaOIIONANOCH MpPH
(hoTocuHTE3€E B psiie KOMHATHBIX pacTeHHH [2].

3anuireM peaknuio GOTOCHHTE3a, B KOTOPOH CBOOOIHBIE 3JIEKTPOHBI
¥ TPOTOHBI BO3HHMKAIOT B KJETOYHBIX CTPYKTypax B OCHOBHOM 3a CYET
JIICCOIMAITMY BOJIBI U BOCCTAHOBIICHUS! OTPHLATENBHBIX HOHOB KHCIOPOJA 110
MOJIEKYJISIPHOTO COCTOSIHUS[3]:

6CO, +8H,0 +hw—CH,0, +70, +4H" +4e

B crammoHapHBIX YCIIOBHSIX JJIEKTPOHBI, CJIaOOCBSI3aHHBIE CO
CTCHKaMHM KJICTOYHBIX CTPYKTYpP, MOTYT <«3axXxBaTbIBaTb)» HOHBLI BOJO0pOJa
(mpotonsI), 00pa3ys C HEKOTOPOH BEPOSTHOCTBIO CYyOAaTOMBI BOJOpOAa C
SHEpTHen CBA3U:

124



2
Ae =25 —6.02eV
9a

Torma mpum  QorocuHTe3e  OOMKHO  HabmomaTecs  ciaboe
yIbTpaduOIeTOBOE U3IyUEHHE C XapaKTePHOH ITMHON BONHEI B obmactu 206
HM.

MOKHO TPEAINONIOKUTh, YTO B MHUpE pacTeHHd npu (oTrocuHTE3e
JIOJDKHBI TEHEpUpOBaThCS Cy0aToMbl BONOPOAA, KOTOpBIE, HAa HAIl B3IJIAL,
JKM3HEHHO  HEOOXOAWMMBI  JUIl  3allUTBl W Pa3BUTHS  pacTeHHH —
BOCIPOM3BEACHHSI HEOOXOIMUMBIX JIEMEHTOB ITyTEM XOJIOJJHOH TPaHCMYTaLlUH
anep.

Hanwune simepHBIX peaknuii MOKHO YCTaHOBHTH, (PUKCHpYS ramMma-

M3JTyYEHNE U BO3MOXKHO OeTa-M3llydeHue. DHEPIUs dJIeKTpoHOB [J 3aBHCHT
OT TOTO, B KaKkoil Mepe cy0aToM BOJOpOJa B3aMMOJECHCTBYET ¢ siapoM. Ecmu

cybarom Bojopona "H' nocrasmi Tonbko IIPOTOH B 00JaCTh 3aXBaTta SApPOM,
TO OJNEKTpOH Oyzxe oOmazaTh MHHUMAaJIbHOW 3Heprueil. Ecmm cybatom
BOJIOPO/Ia IEITMKOM TOTJIOIICH SIAPOM, TO SHEPTHs BBUICTAIOLIETO AIICKTPOHA
MOXET OBITh 3HAYMTENFHOH. B o0mem BuIe Takue peakmud MOXHO
MPE/ICTaBUThH B BHJIE:

"A+H B+ +y

Ham He ynanoch HaGmonarth, CKOIbKO HH - Oyib, 3ameTHoe [3 -
n3nydeHue c¢ aHeprueit Gomee 0.05 M»>B ¢ miuoTHOCTBIO MOTOKa OT 5

) —
yact/cM MuH. Hannune ﬁ -U3JIyUCHUA B IPUPOAC O3HAYAIIO ObI MOTPYKCHUC

pacTteHui B anekTpuyeckue mnoiisi. [IpuBeneM npumep, KOraa 3J€KTPOH, Kak
TaKOBOM, HE y4acTBYET B siIEpHON peakiuu. Jjist BOCIIPOU3BO/ICTBA KaJlbLUs B
pacTeHUsIX BO3MOXHBI MapHble PEAKIMH B JIMCThSAX HEMOCPEIACTBEHHO, KOrJa

* ol .
OJIHO W3 sJIEp Kajus CTAIKUBAeTCs ¢ cybaromom Bogopona [, Kotopsrii
JIOCTaBISIET MPOTOH K SI/IPY KaJTHS.

K"+ H'—> Ca*+e+y

31ece 3Heprus ramMMa - KBaHTOB OJTOM pEakIMH COCTaBISAET

;/z6_35-103keV Peaknun ¢ y4yactuem sapa  KalMd W [OPOTOHA

JKCIIEPUMEHTAIBHO HAOMIIONAINCh U OIMCAHBI B [4]. DTO «OKECTKUE» raMma —
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KBAaHTBI. 3a CueT KOMIITOHOBCKOTO PAcCEsHUSI HAa JIEKTPOHAX aTOMOB CPEbl
9Ta DHEPrHs MOXKET CYLIECTBEHHO YMEHBLIMTCS W OBITh JOCTYIMHOH ISt
M3MepeHus OOBIYHBIMU JI03UMETPAMHU.

Takum oOpa3zom, pu GpoTocHHTE3e 00pa3yroTcsi cyObaTOMbI BOJOPOA,
KOTOpBIE «HM3BEIIAIOT» O CBOE€ O00pa3oBaHUM M3IY4YEHHEM IKECTKOTO
yinbTpaduoneroBoro uanydenus. B cBolo ouepeap, cybaToMbl BOJOpoOja
HEe3aMeUTHTENEHO BCTYMAIOT B S/ICPHBIC PEAKIHUU C OKPYKAIOIIUMH SApaMH C
MOCHCOYIONMMHA  BO3MOKHBIMH  HM3JIyYCHHUSIMH. Kak  mokaspBaroT
TEOPETHYECKHE pacueThl, Cy0aToMbl BOJOpOJAa MOTYT CIIOCOOCTBOBATH
SOCPHBIM peakIsiM ¥ OMDKaHmuX saep, COOCTBEHHO HE Yy4acTBYS B
peakmuax. CrnemoBaTenbHO, B HOYHOE BpeMs, Korzma (oTocmHTes
npekpamaercsi, (GOHOBOE H3IydeHHEe yibTpaduonera (3TO  IOKa3aHO
OKCIIEPUMEHTAJIBHO B [2]) M raMMa-u3Jly4eHUs JOJDKHBI OBITH HMCYe3arollee
MaJsbIM. 3aMETUM, YTO 3TO HE €AMHCTBEHHBIH BO3MOKHBIN MEXaHU3M SIEPHBIX
TPaHCMYTAaIlMii W TraMMa-u3JIy4eHus. ABTOpbI paboThl [5] 0000mMIM ©
HaKOMWJIM 3HAYUTENbHBIMH HSKCHEPUMEHTANbHBIH MaTepHal IpH H3yYCHHU
MHUKpoOpranusmMoB. OHHM IpHUIUIM K BBIBOAY, YTO MEXaHU3M SAEPHBIX
peaKuii Ipu HA3KHUX TeMIepaTypax CBS3aH C (GOpMHUPOBaHHEM KOTCPEHTHBIX
KOPpPETUPOBAHHBIX  COCTOSHHM,  00pa3yeMblX B  HECTAallMOHAPHBIX
MOTEHIMATIBHBIX sIMaX HaHOpa3Mepa, (GOPMHUPYEMBIX U TpaHC(POPMUPYEMBIX B
30HE pocTa OMOJOTHMYECKNMX OOBEKTOB (B 00NACTH [ENEeHUS KIETOK, HpHU
pemmkammu JJHK, Ha moBepxHOocTH Omonmormueckux MmemOpan) [5]. Taxoi
YHHUBEPCAJIHHBIN MEXaHU3M MOXET padoTaTh U B TEMHOTE.

Ienb paboTHI [0Ka3aTh SKCIEPUMEHTAIBHO, YTO MPH (POTOCUHTE3E
pactenuii HabaroAaeTcst 3¢ GeKT POHOBOTO raMMa-U3IyUeHHUsI.

Martepuaibl 1 METOIbl. MeTaboIM3MOM MUKPOOPTaHH3MOB U, CTAJlo
ObITh, WX H3JIYYCHHEM MOXXHO YIPaBIsATh [6], co3maBas KOMGOPTHYIO
TeMIepaTypy OOWTaHMA M JIOCTATOYHOE KOJIMYECTBO NMUTATEIBHBIX BEIIECTB.
PacturensHelii Mup o6nagaer Oojee BBICOKOM OpraHM3aleil M BCAKHE
MaHHITYISIUH C PACTCHUSMH TPUBOIAT UX HEPEIKO B CTPECCOBOE COCTOSHHE,
YTO HApyIIaeT ECTECTBCHHBIM pPHUTM WX CYIISCTBOBAHUS W IIPOIIECCOB,
MPOUCXOAIINX B HUX, B YaCTHOCTH, (poTOCHHTE3. BO3MOXKHO, B CBS3U C 3TUM
CBSI3aHO OTCYTCTBHE TIPSAMBIX SKCIHEPUMEHTATBHBIX JIOKa3aTeICTB TamMMa-
W3JIYYCHUS PACTCHUN W HAIWYHA SACPHBIX TPAHCMYTAIMA B HUX. XOTS Takas
BO3MOYKHOCTh Ka)XETCS €CTECTBEHHOW M O HEHl yIOMHHaeTcs B MOHOTpaduu
[4].

B kagecTBe wW3ydaeMbIX pacTeHWH OBIIM BBIOPAaHB KOMHATHEIC
pacTenusi: MaHAapuH (citrus unshiu) ¢ TUIOTHOW KPOHOU JINCTHEB, «JIEHEKHOE
nepeBo» (crassula ovate), KOTOpOe XapaKTEPU3yeTCs TOJCTHIMH JTUCTHSIMU U
KaKTycC (cleistocaktus) B BUie KyCTHKA.
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Jnst n3MepeHnst raMMa-Hu3Jly4eHHs UCTIOIb30BAINCH JBa MHIUKATOPA
RadiaScan 701A. [lunamason wunaukamuu g03el ot 0,001 mo 1000 M3,
JUana3oH WHAMKaIu MomHocTH 103kl oT 0,01 mo 10000 mMx3B/4, muama3zoH
sHepruii GporoHHOTO M3My4deHust oT 65 1o 3000 k3B. Jlo3umeTpsl MoMeranuch
B CBHUHLOBBIC JIMThIE KOHTEHHEPH! C TOJIIMHON CTEHOK 15 MM W BXOJHBIM
OTBEPCTHE JWAMETPOM 25 MM, YTO yYMEHBIIAIO €CTECTBEHHBIH ()OH ramma-
W3IY4YCHHS TIOYTH BABOE. OTO JENajoCh ISl YBEJIWYCHUS OTHOUICHUS
HCCIIEYeMOTO CHT'Hajla K YPOBHIO OKpY’Karomero (oHa, KOTOPHIA B CpEeIHEM
cocraBmstn 0,1 1mk3B/guac. CBUHIOBBIE KOHTEHHEPH MOJDKHBI YMEHBIIATH
<OKECTKOCTH» BBICOKO?HEPTUYHBIX TaMMa — KBaHTOB 32 CYET KOMIITOHOBCKOTO
paccesHUSL Ha DJIEKTPOHAX aTOMOB, B TOM HYHCJIE, «CKOJB3AMICTO» PACCESTHUS
Ha CTEHKaX BXOJHOI'O KaHaja CBHHIIOBOTO KOHTEifHepa. YpoBeHb (POHOBOTO
M3JIyYeHUs] 3aBUCET B OCHOBHOM OT COJIHEYHOW aKTHMBHOCTH M IOTOABI -
HaJIU4yus 06Ha‘{HOCTI/I U OOXKOs.

I'maBHO# mpoOsIeMOl, KOTOpas peliajach Ha MPOJOJKCHUH MHOTHX
Helesib NPHUBECTH HCCIIEyeMble pacTeHHsi B CIOKOWHOe, OeccTpeccoBoe
cocrosinue. [lepemerneHne pacTeHHid B IIPOCTPAHCTBE, HM3MEHEHHE
OpHCHTAIlMH OTHOCHTEIBHO CTOPOH CBETa, W3MEHEHHE OCBEUICHHOCTH,
BKITIOYEHHE HCKYCCTBEHHOTO CBETOMMOJHOTO OCBEIIEHHE MPUBOIWIO K
CTPECCOBOMY COCTOSHHIO W  HCYC3HOBEHHIO W3Iy4deHHs. [lpummiock
UCIIONB30BaTh  PETYJSPHOE BIAKHOE OIPBHICKUBAaHHE, aHTHCTPECCOBBIC
MUHEpalbHBIe JH00aBKH, KOTOPHIC TPOW3BOAATCS IS MHOTHX PACTCHUH, U
(hakTOp BpeMeHHU — BBIICP)KKA PACTCHUH B HEM3MEHHBIX yclmoBusax. «TemHas
HOYb» JUIsl PAacTEHUIl yCTpaMBalach IIyTEM HAJE€BaHUS IBYX IIPOCTOPHBIX
TEMHBIX ITOJIUOTUIICHOBBIX ITAKETOB OAUH Ha Z[pyFOﬁ Ha rOpUIiKu ¢ paCTCHUAMMU.

Jlo3uMeTphl pacriojiarajuch Ha IITAaHTe, 3aJHUMH CTEHKaMH Jpyr
MPOTHB JIpyra, MOTJM TOBOpadnBaThcs Ha 360 rpamgycoB, W MX MOJOXECHUE
MOTJIO UBMECHATHCA I10 BBICOTE.

Wnes okcnepyMeHTa 3akiiovaiach B CPaBHEHUM  IOKa3aHHUN
JIO3MMETPOB, OIWH W3 KOTOPBIX W3Mepsil (OHOBOE TaMMa-m3NydeHwe, Ero
BXOJHOE OKHO OBLJIO HAINPaBIIEHO B CTOPOHY OT pacTeHus. Jlpyroit mozumerp
U3MEpPSTT BO3MOXKHOE H3IYYCHHE OT pACTeHHs M (POHOBOE W3ITydCHHE.
Oxkazaxock, 9To IpUeMIIEeMOe BpeMsi HAKOTUICHHUS 03I cocTaBisieT 30 MUHYT.
IMocme »TOrO TOKa3aHWUS [O3MMETPOB CUUTHIBANHCH H  OOHYJISIIHCH.
TTockoNbKYy XapaKTEpPUCTUKH JI03MMETPOB HE COBIAIAIOT, TO Yepe3 Kaxbie 30
MUHYT JIO3UMETPHI ToBOopaunBaivch Ha 180 rpamycoB. Bpewms, 3atpaunBaemoe
Ha CHATHE T[IOKAa3aHWH  JIO3UMETPOB, OOHYNIEHUS WX  IIOKa3aHWH,
MMOBOpAYHMBAHMS O3UMETPOB Ha 180 rpagycoB cOCTaBIsLIO MEHee MUHYTHL. B
CBA3U C OTUM OTHOCHUTEJIbHAA IMOTPEINTHOCTh OTCYETOB HHTEPBAJIOB BPEMCHHU
cocraBmsma MeHee 3%. PesympTatel u3MepeHHH 00pabaTHIBANNCh 10
crenyrouiei popmyse:
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Sy =(D\(A)- D AN +(DF(AN-DyAD)

k
3nece D, - mokasanms posumerpos 3a Bpemst At =30 mumyr.

[lepBoe cnaraemoe B KakHO# Kpyrioil CKOOKE - 3TO MOKa3aHHE JI03MMETpa,
HaNpaBJIeHHOTO Ha pacTeHWe, BTOpPOE CllaraeMoe, IOKazaHWe J03UMETpa,
HAaIpaBjIeHHOTO B IPOTHBOIOJIOKHYIO CTOPOHY OT pacteHus. CrienuaibHble
HCCIICIOBAHUS TI0Ka3alld, YTO IIPOCTPAHCTBEHHAS aHU30TPOIHA raMMa-(hoHa B
KOMHATHBIX YCIIOBHSIX He oOHapyxkeHa. @opmyrna (1) maer wacoByio ao3y
U3JIy4eHHs I MOIITHOCTB JIO3BL.

[IpoBooMIMCH TATHYACOBBIC JHEBHBIC CEAHCHI HW3MEpEHHH, |
HaXOIMIaCh CPEIHSS MOLIHOCTB 1036l O (hopmyIe:

2& ) ‘
— i-1
(r)==2.(Di(An - D} (A)(-1)
" @)
B namem ciydae n=10. MoxHO oneHuBaTh 3()(HEKT MO MOKa3aHUIM
KaXJI0T0 B OTAEIBHOCTU J03UMETpa, MPOBEIs COOTBETCTBYIOIINE BBIYUTAHUSA

u ycpenneHus, [Ipu 3TOM HYXHO CUUTaTh, YTO YpPOBEHb (hOHA OCTACTCA
HEU3MEHHBIM 3a BPEMsI U3MEPEHUN.
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Puc. 1. Hccneoosanue camma-usnyyenusi om «0eHesiCHO20» 0epesa

PesynbraTthl M oOCyxneHue. XapakTepHbIC pe3ylbTaThl M3MEPEHUH
JUIT  MaHJApUHOBOTO DPACTEHUs] — CPEXHSsl MOINHOCTh JHEBHOM O3B
U3JIy4EeHUS COCTaBHIIA:

(yp)=0Q2£1D)-10" 36 /u

3mecs ciaydaifHas TOTPEUIHOCTh H3MEPEHHs J03bI COBMATaeT C
JTUCKPETHBIM CIUHHYHBIM HH(POBBEIM OTCYETOM Jo03uMeTpa. [Ipum 3ToM
CpEeIHsSISI MOIITHOCTb JTO3BI (JOHOBOTO M3ITyYCHHS COCTABIISIIA:

<7f> =(55%5)-10" ux36 /u

Takum oOpa3oMm, OTHOCHUTENbHAas BelW4MHa (OHOBOTO ramma-
M3ITyYeHUs] PaCTeHUs He MpeBbimaeT 2% OT ypoBHS (JOHA B MMOMEIIEHUU. DTOT
¢oH ~0, 1 1mKx36/4 OKpy*KaeT pacTeHUs.

CpenHsii MOIIHOCTH JI03bI HOYHOTO W3JIyYSHUS] pacTeHus Oblia
HYJIEBOU:

(yy)=0%1)-10" ux36/u
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Pe3ynbrarel u3MepeHHsl 03Bl U3IY4EHUs PAaCTCHUSMHU 3aBUCST OT
BPEMEHH ToJla U JKU3HEHHOTO LKA, B KOTOPOM HaxoautTcsi pacteHue. OHO
MOXET HaXOIHUThCS B COCTOSHMM aHaOuo3a. JKW3HEHHass aKTHBHOCTH B ATOM
ciydae OyneT MUHHMMAaJbHOW, MHUHHUMAIbHBIM OyJeT M ramMma-usiydeHue. B
YaCTHOCTH, W3MEPEHUs JHEBHOM J03bl MAaHJApPUHOBOTO  PaCTEHHUSA
MPOBOIWINCH B JIETHUH U oceHHMH nepuof [7]. Ilpuxoaumnock, kak yka3aHo
BBIIIE, HCKYCCTBEHHO CTUMYJIHPOBATh aKTUBHOCTH PACTCHUSL.

PesynpraThl MccnenoBaHNS raMMa — M3IY4EHHs JICHEXHOTO JIepeBa,
KOTOpPBIC TPOBOAMINCH B OCCHHE-3UMHHHN TIEPHO;

<7/D> =(1£1)-10" mux36 /u (}/H> =(0£1)-10" mx36/ u

CpenHsii MOIIHOCTh JHEBHOM O3Bl M3JIy4EHHS ACHEKHOTO AEpeBa
BIBOE MCHBIIIE, €M MAaHAAPHHOBOTO PACTCHHUS. 3aMETUM, YTO U H3ITydarouias
JIMCTOBAsI TUIOLIAJb KPOHBI ACHEKHOTO JepeBa MeHblIe Oojiee ueM B JBa pasa
KPOHBI MaHJapHHOBOTO jAepeBa. B  o0oux ciydasx HcCleIOBaHUS
MIPOBOMIINCH 3a TMpeJielaMU BeTeTallMOHHOTO MEPUO0Jia PACTeHUH, B KOTOPBIi
MOJKHO OXKHJaTh yBEJIHYEHHE raMMa — U3Iy4eHUs.

Puc. 2. Hccnedosanue usnyuenus om kakmyca
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Ocoboro  BHMMaHMSI  3aCHyXXHMBAIOT  PE3yJbTaTy  H3y4YCHUS
B3aUMOJICHCTBUSL KakTyca C ()OHOBBIM TamMMa-H3iIydeHueM. B cuy
NPE/ICTaBICHUH, ONHMCAHHBIX BBINIE, BO3MOXXHOE I'aMMa-M3JIydyeHHE KaKTyca
MPOTOPIMOHAIBEHO ero pa3BHUTOMH TIOBEPXHOCTH, MOCKOJIbKY
yiabTpaduoaeToBoe U3TydeHUE 3aTyXaeT B o0beMe KakTyca. OIHAKO HaIn4nue
3HAYUTEIbHOE 00BEMHOM MacChl JOJDKHO IPUBOAUTH M K MOTJIOMICHHIO raMMa
KBaHTOB. TakuM 00pa3oM, HMEIOTCS IBa KOHKYPUPYIOIIUX Ipomecca. B
HallleM cirydae 00beM 3eJeHOI Macchl KaKkTyca COCTaBILsUI He MeHee 1 JuTpa
(ob6beM ropmka ~1 nuTp) W B mM0O0E BpeMs CYTOK B CpPEeTHEM IOTJIOUICHHE

COCTABIISIIO < 7p > =—(3+1)-10" mx36 /u

Uro0br HabrOmaTh (POHOBOE TaMMa-M3IYYCHHE KaKTyca MHPHUIIIOCH
JNOKUIATBCS €ro IIBETCHHS NPH PETYISPHOM IIOJHMBE, B CPEIHE H3ITyYCHHE

COCTaBIIIIO < ¥ D> =(4+1)-107° mk36/u. Tlocne mupexpamienus MONHBA

M3JIyYCHHE 3aTyXallo, U KaKTyC MEPEXOAWI B PEXKHUM MOTJIOIIEeHHs (HOHOBOTO
raMMa- u3nydeHus. Ilocie BOCBMH HeNenb «3acyXm», IBETHI BBICOXIH,
BHELIHUN BHJ KaKTyca HE HM3MEHWICS, IOIJIOIeHHE (OHOBOrO H3Iy4eHUs
CTaOMIN3HMPOBANOCh. MOXKHO TPEANONOXKUTh, YTO JKHU3HEAEATENFHOCTh
KaKTyCOB IIPOJAOJKAETCSA 33 CUET (OKECTKOTO» (hOTOCHHTE3a, CBA3AHHOIO C
MOTJIOIIEHNEM TaMMa KBAaHTOB W OOECle4eHHs  DIEKTPOH-HOHHON
MPOBOAUMOCTH CPEJIBI B KJIETOYHBIX CTPYKTypax.

Taxum o6pa3om, HOHOBOE raMMa H3ITyUCHHE JIMCTBEHHBIX PACTCHUH B
npesenax YyBCTBUTEIBHOCTH JO3MMETPOB MOXHO CBS3aTh C JHEBHBIM
M3JIydeHWeM, KOraa wuMmeeT MecTto (oTocuHTe3 M (OHOBOE IKECTKOe
yieTpaduoneroBoe n3nydenne [2]. JKu3HeneaTembHOCTh KaKTYCOB B OOJBIIIEH
Mepe CBsi3aHa C MOIJIOMIEHHEM (JOHOBOTO raMMa M3ITy4eHHs.

JUis TpUKIamHBIX [eJded Ha3BaHHBIC H3IyYEHHUS MOTYT SBIIATHCS
CPEACTBOM YJAJIEHHOTO JMarHo3a COCTOSHUA pacTeHud. J[lng  3Toro
HEOOXO/MMO HCCIIEZIOBAHWE TaMMa - CHEKTPOB HM3JIYYEHHS M IOTJIOLICHUS
pacTeHnii c Ooyiee YyBCTBUTEIBHOH ammapaTtypodl u Ooyiee IIMPOKUM
JIMara30HOM SHEPTHUH.
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I'naBa 22. ®oHOBOE raMMa M3J1yUeHHe HUKeJs B PacTBOpe APOoKiKeit

Ecnu y4yuThIBaTh COOCTBEHHYIO SHEPTHIO KBAHTOBOTO JIBHXKCHHMS
JJIEKTPOHA B CUCTEME IPOTOH-IEKTPOH 1o xAe bpoiio, TOo MOXHO
Npe/icKa3aTh BO3MOXKHOCTh CYLIECTBOBAHMS CYOAaTOMHBIX COCTOSHUH aToma
BOJIOpPO/ia. JTO HEOOBIYHBIE COCTOSHHS BOAOpOJa C Oojiee KOMIIAKTHOM
JOKaIN3anyell, TMO3BOJSIONIEH CONMKAThCs € siIpaMH  DJIEMEHTOB  Ha
CyIIecTBEHHO Oojiee Onm3Kue paccTosHUA. B cpemHeM cy0aToM 3IeKTpUIecKn
HEWTpaJsieH, OZHAKO, 3@ CIET CBEPXIKECTKOTO 3JIEKTPOHHOTO 00JIaKa ¢ SHEpTUeH
obpazoBanmst ~500 kel B mienmoM moirygaeTcs «TsDKENbIin» dmekTpoH [1]. Takas
YacTHIA JBUTAETCSI 3HAYUTENBHO MEAJICHHEE, YeM CBOOOIHBIM 3JIEKTPOH U
MOXET JOCTaTOYHO OJM3KO NpUOIMKAThCS K sApaM JIPYTUX 3JIEMEHTOB 3a
CYET KYJIOHOBCKOTO IMPUTSDKEHUS! Pa3HOMMEHHBIX 3apsaoB. OTTankuBaroliee
ANIEKTPUYECKOE I0JIE OT BHEUIHUX SJep, KOTOPOE NMPOHHUKAET B AIIEKTPOHHOE
o0Jlako, B KOHEYHOM CHYETEe, MOXET «BBLIABUTH» IPOTOH U3 cybaToMa
Bojoposa. OJHAaKO NMPOTOH OKa3bIBACTCS Ha 3HAUUTENBHO Oosiee ONM3KOM
PAcCTOSIHUU OT BHEIIHETO sApa, YeM, €Cu Obl OH OBUI MPOCTO CBOOOIHBIM.
Taxoit IPOTOH MOKET MPEOAOIIETh C HEKOTOPOH BEPOSTHOCTHIO KYJIOHOBCKHI
Oaprep sApa U BCTYIHUTH C HUIM B peakiuio [2].

IMonaras, dro cy0aToMBl BOJOpOJAa OOECIEUNBAIOT XOJIOJHYIO
TPaHCMYTAIMIO SJEp, MOKHO HENPOTHBOPEYNBO OOBSICHUTH B 3HAYMTEIHHON
Mepe paHee HaKOIUICHHBIH 3KCIEPHUMEHTANBHBIN MaTepHal MO TPAaHCMYTALUH
M30TOIOB B OMOJIOTHYECKHX CHCTEMax. B CBSI3M C 3TUM Ul JOKa3aTelbCTBa
CYIIECTBOBAaHUS  Ccy0aToMOB  BOJOpoAa  Oblla  TpPOBEACHA  CEpHs
9KCHEepUMEHTOB. [Ipum o00pa3oBaHMM CBA3aHHBIX COCTOSHHI Cy0aToMoB
BOJIOPO/Ia JIOJDKHO HAOMIONAaThCs XapakTepHoe yIbTpadHuoIeTOBOE M3ITydeHUE
¢ JiuHOW BoOJHBEI B oOnactu 206 HM. Takoe u3nydyeHue HaOIIONANIOCh MPH
MeTaboaM3Me JpOXOKeH B BOJHOM pacTBope ¢ caxapom [3]. Ortkyma
BO3HUKAIOT Cy0aToMbl BoOJOpoAa mpu OpokeHuu Apoxokei? Ilporecc
Pa3MHOXEHHS MOJIEKYJI IPOXKIKEH YCIOBHO MOXHO MPE/ICTABUTH B BHE [4]

C,,H,,0,, + H,O+0,+(D)—> (D) +CO, + H +Ac+...

Morekyna caxapa COJEP)KHT 3HAUHUTEIbHOE KOJIMYECTBO BOAOPOJA,
KOTOPBIH SIBJISETCS CTPOUTENHHBIM MaTEPHAIOM ISl PAa3MHOXKEHHST MOJIEKYJIbI
apoxokein (D) mnoukosammem (D). TIpx 5TOM HOHBI BOJZOPOAA MOTYT
CTAJIKMBaThCs CO ClIab0 CBSI3aHHBIMHU JJIEKTPOHAMH HA KJIETOYHBIX CTEHKaX U
HEKOTOPOW BEPOSTHOCTHIO 00pa3zoBaTh Cy0aTOMBI Bomopoaa H* ¢ sHeprueit

ce3u Ag
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Torma, mpu Merabonm3Me IpOXOKEH TOMKHO HAOMOJatbes ciaboe
yIbTpadruoJIeTOBOE M3IyUEHHE ¢ XapaKTepPHOW JIMHOM BONHBEI B obmacti 206
HM. B cBolo odepenp cy0aToMbl BOZOpOAAa MOTYT BCTYNAaTh B SIACPHBIC
peakuuu. Hannune siaepHbIX peakuuii MOXKHO YCTaHOBUTH, (PMKCUPYS TaMma-
u3dydeHue. 3aMeTHM, YTO 3TO HE E€JAMHCTBEHHBIH BO3MOXHBIM MeXaHU3M
SJEPHBIX TPAHCMYTAalMH U TaMMa-U3ITydeHus. ABTOPBI paboThl [5] 0000mmm
U HaKOIWIM 3HAYUTEIbHBIM IKCIEPUMEHTAIBHBIH MaTepuan HpU H3ydeHUU
MUKpOOpranu3mMoB. OHH NPUIILUIH K BBIBOY, YTO MEXAHU3M SAEPHBIX PEaKIUit
IpyH  HU3KHX TeMIlepaTypax CBsi3aH C (OPMHUPOBAHHEM KOTEPEHTHBIX
KOPPEIMPOBAHHBIX ~ COCTOSHHH,  OOpasyeMbIX B HECTaIllHOHAPHBIX
MOTEHIMAIBHBIX SIMax HaHOpa3Mepa, GOpMHUPYeMbIX U TPaHCHOPMHUPYEMBIX B
30HE pocTa OHMOJIOTHMYECKHX OOBEKTOB (B OOJMACTH NENCHUS KIETOK, HpH
pemmnkarmu JJHK, Ha moBepxHOCTH OMONOTHYECKUX MeMOpaH) [6].

Ilens paboThl mOKa3aTh 3KCIIEPUMEHTAIBHO, YTO IIPU METaboIM3Me
JIposokei HaOmroaaeTcst 3¢ GexT POHOBOTO raMMa-U3Iy4IeHHUs.

Martepuansl ¥ Meroxel. Ilpu  MertabGonmsme — JIpoxokeit
AKCIIEPUMEHTAJIBHO OBIJIO MOKa3aHO, BO BpeMsi OpOXKEHUsI BOZHUKAET (POHOBOE
JKECTKOe TraMMa-H3jyuyeHHe B paiioHe JUIMHBI BoiaHB 206 HM, YTO
CBHUJICTEIICTBYET O BO3HUKHOBCHMH Cy0aTOMOB BoJOopofa. MOXKHO OXHIATh,
YTO TNpPH TOTPYKEHUU B OPOISILINI pacTBOp APO}OKEH CHIBHO pPa3BUTOU
METAUIMIECKOH TTOBEPXHOCTH BO3MOKHO IMOSIBJIEHHE TaMMa-H3JIy4eHHs OT
ANEPHON TpaHCMYTaluK Cy0aTOMOB BOJIOPOAA.

Jasee onuiieM MakeT J1a0OpaTOPHOIO yCTPOHCTBa, pabOTArOMIEro Ha
OCHOBE OposkeHHs Jpoxokei. st ero n3rotoBiieHnst MoTpedyeTcss Jamika
IleTpu, HUKeEBAs CETKA ¢ pasMepaMy sueitkn He mMeree 0,3*%0,3 MM” , juTHHA
neHtel nopsanaka 0,5 merpa, mmpuHa 4 cM. JleHTa CKIaAbIBacTcs B BUAE
«TapMOIIKW» C BBICOTOM pebpa paBHOIl BbicoTe wamku Iletpm . Takas
reoMeTpHs Hy)KHa Il MaKCUMAaJIbHOTO yJIaBJIMBaHUS Cy0aTOMOB BOJIOPOJA U3
pacTBopa APOAOKEH.
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Puc. 1. Hukenesas nenma 6 yawke Ilempu

Jlanee HyXeH ITACTUKOBBII CTaKaH, KOTOPHII MOXHO yCTaHABJIUBATh
B yaiky [leTpu u Ha KOTOPBIit MOKHO CTaBUTH Ho3uMeTp. Heobxoaumo nMeTh
2 mo3uMeTpa rammam3rydeHus tuma RadioScan

701A. OnuH U3 A03UMETPOB CIYKUT AJII U3MEPEHUS] €CTECTBEHHOTO
(oHa raMMma-M3ITydYeHHS, OPYrod B CBHHIIOBOM KOHTEHHEpPE C TOJIIMHOH
CTEHOK 15 MM M C OKHOM AJISl U3MEPEHHS U3IY4EHHs OT PAcTBOpa IPOAIKEN,
HanuBaeMbIX B dawiky [lerpu. PacTBop mpoxokedt rotoBmwiica U3 pacuera ~35
rpaMM HHIIEBBIX ApOoAcKed copTa «JIOKe», Tpex KyCOUYKOB caxapa copra
«Yaiikopekuity u 150 MmwMIMTpOB NHTheBOH Bozabl. Temmeparypa B
nomemienn  00braHO  Konebamack Mexay 22°C um 23°C. Kammeni wac
HU3MEPSIIOCh TaMMa-U3TydeHHE.
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Puc. 2. Jlabopamoproe ycmpoticmeo 015 usyuenus
2amMMa-usryyeHus npu Opodscenu OpoxcxHcell

Pesyneratel U obcyxnenue. Hmwxe B Tabnuue npuBeaeHa OfHA W3
cepuil U3MEPEHU raMMa-u3JIyuyeHUs] HUKEIEBOU CETKU B PaCTBOPE APOXIKEN B
Te4eHUe 6 4acoB.

HanGonbmree n3mydeHne BO BceX CepHsiX M3MepeHuil HaOmonaercs B
HEpBbIEC Yackl U3MepeHuil. Jlanee u3lydeHHe cHajaeT MO Mepe 3aTyXaHUs
OpoXeHUsI B paCTBOPE U BO3BpAIIaeTCs K (POHOBBIM 3HAUCHHSIM.

Cavma-m3nydenne, Mx3s/aac, 107 52 54 |54 53 52 48

IBpems HaOmoeHuUS, Yac 1 2 3 4 5 6

OTHOCHTEIEHOE HadajdbHOE IMPEBBIIICHIE W3IYYCHUS HaJ (OHOBBIM
W3IyYEHUEM COCTaBJIsIO, Kak mpaBuiio, 10 10% B pa3HBIX SKCIEPUMEHTAX.
IMockonpky wu3ydaembrii 3¢ ekt cpaBHHBaeTcs ¢ (OHOBBIMH TaMMa-
W3JIYYCHHUEM, TO B MHOTOYACOBBIX IKCIIEPUMEHTAX OYCHb BaXKHA CTAOMIIBHOCTH
9TOTr0 M3IIy4eHHs. Y POBEHb (DOHOBOTO TaMMa-H3ITydeHHsI 3aMETHO 3aBHCUT OT
MOTrOJIbl, B TOM 4YHCJIE, OT JOXIS, 00JauHOCTH, CHeromanaa. IToTok ramma-
KBAaHTOB OT TpaHMYTalluh HHUKEIA B PACTBOPE 11po>1<>1<ef/'1 HEBCIIMK B CHIIY

136



MaJioro KOJMYecTBa Cy0aToMOB BOJOpOJa B pPAcTBOpE JAPOXIKEH, Kak
YIIOMUHAJIOCh ~ Bblme. PaHee ObUIM  NPOBE/IEHBI SKCIEPUMEHTHl IO
M3y4YCHUIO TPAaHMYTAIH B IUICHKAaX HUKEJS, MOJYYEHHBIX B MAarHETPOHE B
aTMocdepe aprosa ¢ godaBkamu Bojopoaa. C IOMOIIBI0 BTOPUYHOI HOHHOH
Macc-CIIEKTPOMETPUHU YCTAHOBJIEHO U3MEHEHUE HW30TOIHOIO COCTaBa IICHOK.
M3MeHeHne HM30TOMHOrO cOCTaBa JOJDKHO MPUBOAUTH K M3YYEHUIO FaMMa-
KBAaHTOB C OXHIAeMBIMH YHEPTHAMHU Ha ypoBHE 67,5 k3B 1 94 k3B .

Takum oOpa3oMm, HabOmromaeTcss Han(OHOBOE M3IIyUYEHHE TaMMa-
KBaHTOB C BO3MOXHO OINpPEACIEHHBIMA JHEPTHAMH TpPH MeTabOoIH3Me
JIPOJOKEBON KyIbTYyphl. 3aMETHUM, YTO NPH HEYMEPEHHOM YIOTpeOIeHHH
caxapa B IHUILY, BO3MOXXHO, 00pa3oBaHHe Cy0aTOMOB BOZOpOJAa M, B TOM
YHCIle, BO3HUKHOBCHHE IaMMa-W3JIyueHHsl C TOCIEIYIOIIeH TpaHCMyTaluei
3JIEMEHTOB B OPTaHU3ME YeJIOBEKa, YTO HEOE30MACHO ATIs 30POBbSL.
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I'naBa 23. N'amma u3yueHne HUKeJIsl IIPH 3AeKTPOIU3e
B pacTBOpe cepHOii KucI0THI [8]

Ecmu y4uThIBaTH COOCTBEHHYIO JHEPTHIO0 KBAHTOBOTO JBIIKCHHS
3JEeKTpOHa B CHCTEME MPOTOH-3JIEKTPOH Mo Je bpoilmo, To MoxHO
NpesicKa3aTh BO3MOXKHOCTh CYLIECTBOBAHMSI CYOAaTOMHBIX COCTOSHUH aToma
BOJOpona. DTO HEOOBIYHBIE COCTOSIHHS BOJOpoja ¢ Ooiee KOMITAKTHOU
JOKaJm3anue, TIO3BOJNSIOMEH COMMKaTbes C  SApaMHd  DJIEMEHTOB Ha
cymiecTBeHHO Oolee OJM3KHME pacCTOSHHUA. B cuiry HEOOBIMHOH CTPYKTYpPHI
pacripenielleHust  AJIEKTPOHHOH  IDIOTHOCTH  Cy0aToMOB — BOJOpOAa X
MOJIPU3YEeMOCTh Ha JIBa TIOPSIKAa MEHBIE, YeM Y KIIACCHYECKMX aTOMOB
BoJOposia. B cpenHeM cy0aToMm 3ieKTpUUECKH HEWTpayeH, OJHAKO, 332 CUeT
CBEPXKECTKOTO DJIEKTPOHHOT0 o0Jjlaka ¢ 3Heprueil oopazoBanusi ~500 kel B
LIEJIOM TIOJTy4YaeTCs «TSKEIBbI» 3JeKTPOH [ 1], KOTOPBIH MOXKET MPUTATUBATHCS
K SiIpaM JIPYTUX 3JIEMEHTOB U C OOJIBIIIEH BEPOSTHOCTHIO, YeM B KJIACCUYECKOM
ciy4ae, BCTyNaTh B siiepHble peakuuu. Jlyisi BO3HHUKHOBEHMs Cy0aTOMOB
BOZIOpOJa coraacHo [ 1] HE0OX0AMMO UMETh HOHBI BOJOPOJIa U «ITOKOSIIIIAECS»
3JIEKTPOHBI, T.€. JIEKTPOHHI cJIa00 CBsI3aHHBIC C MIOBEPXHOCTHIO TBEPOTO Tela
JUTI BO3MOXKHOH TIepejadd MMITYJIbCa TPH CTOJKHOBEHHUH C MPOTOHOM. Takas
CUTYyaIlls MOXET UMETh MECTO, B YaCTHOCTH, B MATHETPOHHBIX pa3psnax WIn
TIPH DIIEKTPOIIN3E C YIACTHEM BOJOPOJIA.

SIBeHUE AIIEKTPONH3a C TSHKETOW BOJOW ¥ MAaJIaTACBBIM KaTOJOM B
1989 romy wmcmompzoBamm M. O@metimmvan m C. [loHc ams HabOnromeHUS
XOJIONHOTO siiepHOro cuHTe3a [2]. B 3apybOexHoli Hayke Hadaics Oym
rocjeaoBaTeseil 3THX dKcIepuMeHToB. OHAKO MHOTHM HCCIIEIOBATEISIM TaK
U HE yAaJOCh BOCIIPOM3BECTH ITH OIBITH, TeM Oosee Oblla COBEPIIEHHO HE
MOHSTHA (PU3MKA HU3KOTEMIIEPATYPHBIX SAEPHBIX peakiuii. MHOrHe Beaylue
y4eHBIE B MHPE M B TOM YHCJIE Yy HAC YTBEP)KIAJIH, YTO 3TOTO OBITH HE MOJXKET,
Ha OCHOBE M3BECTHOH Ha TO BpeMs (u3MKe AAepHBIX peakuid. TeM He MeHee,
HAKOIICHHBIA SKCIICPUMEHTAIBHBIA MaTepHAall 3a MPOIICAIINE TOIBI ITO3BOJIILIT
YTBEPIUTH 3TO HaNpaBJeHHe ucciaenoBanuil 3, 4, 5].

Panee Hamu OBUIO TOKa3aHO [2], 9TO MPH AIIEKTPOJIA3E UMEET MECTO
XapaKTepHOE PEKOMOWHAIIMOHHOE YIBTPA(HUOICTOBOS H3IIyUYeHHE Ha JUTHHAX
BoMH Omm3kux k 206 HM, T.e. JOKa3aHa TeHepalus cyO0aTOMOB BOAOPOJA.
Boutn  mpoBenmeHBl Macc-CIEKTPOMETPHUYECKHe HCCIEIOBAHUS KaTOTHOTO
ocagka. OOHapyXEHbI M3MEHEHHS HM30TOMHOTO COCTaBa IUICHOK HHKENS II0
CPaBHEHHIO ¢ aHOJOM. IIMKH H30TOMIOB BO3pACTANIN C YBEIMYCHUEM MAaCcCOBOTO
YHCcIa, HHA4Y€ TOBOPS, IPUPOJHBIC U30TOIBI HUKEIS IPUCOEIUHIIN Cy0aToOMBI
BOJIOPO/Ia M HAKATUTUBAJIUCH B OCAJIKE.

Ienp uccnenosanus. Jlokazarb, 4YTO NPU JIEKTPOIU3E HUKEIS MOXKET
HAOJIOMAThCS pagualys, B YaCTHOCTH, TaMMa H3NydeHHe. TeMm Oojee, 9TO
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HOMBITKA BocnpousBecTd onelTel M. @neiimmana n C. Ilonca npusenu
MHOT'HX HCCIeI0BaTeNell K HeylauaM.

Martepuanst u  Meronel. B wamke Iletpm ropusoHTanbHO
pacmosiarajcst 3J€KTpOJ U3 JIMCTOBOro HuKens TommuHOH 0,4 MM ¢
XapakTepHBIMH pa3mepamu 4*6 cm’. BepxHumil 31IeKTpoJ IpeacTaBisi coboi
MHOT'OCJIOIHYI0 HUKENEBYIO CETKY ¢ IUMETpoM NpoBoiiok 0,3 MM u sdyelikaMu
0,3*0,3 MM°. B ceTke JTOTIOTHUTEIHHO OBLIH CIENIaHBl OTBEPCTUS AUAMETPOM 2
MM 711 BEIXOJIA Ta30B IIPH JIEKTPOIIN3E.

[on wammkoit Ilerpo Haxommmach MarHWTHas Imaifba, KoTopas
(hukcupoBasia HIDKHUIM HHUKENEBBIH JIIeKTpoA. Tem Ooiee, Kak MOKa3BIBAIOT
TEOPETHYECKNE OIIEHKH, MarHUTHOE TI0JIE CIIOCOOCTBYET OPHUEHTAUH CIIHOB
cy0aToOMOB BOJIOPOJIa U MOXKET CIIOCOOCTBOBATh yBENWYEHHIO d(dekTa.

[Tpu TPUrOTOBIEHUM SJIEKTPOJIMTA CYIIECTBEHHBIM OBUIO HCXOIHAsS
yycroTa NpoaykroB. Hamuuue B NpupogHON BOAE pPACTBOPUMBIX COJEH
IPUBOAUT K TIOTepe cybaToMOB BoJOpoJa B 00BEME JJIEKTPOIHTa U
YMEHBIICHUIO HUCKOMOTo d3(d¢dexrTa. DJNEKTPONUT NPHUIOTABIMBAICA U3
JernoHn30BaHHOW BoAbl U OCY KOHICHTPHUPOBAHHOW CEPHON KHCIOTHI U3
pacuera Ha 50 MII BOABI 5 MJI KHCIOTBI IJIsl JUCCOLIMALUN CEPHOM KUCIIOTHI U
HaJIM4Xs B PACTBOPE JOCTATOYHOrO KOJUYECTBA MOHOB Bopopoaa. ITockonbky
CEPHOKHCIBII HUKEIb PACTBOPUM B BOJE, TO HOHBI HUKEIS MOTYT y4aCTBOBATh
B SIICPHBIX PEaKIMAX B 00BEME HIIEKTPOJINTA.

JUis u3MepeHns raMMa-H3JIydeHHs HCTIONb30BaIKCh 1Ba UHAUKATOPa
RadiaScan 701A. [lmanmazon wHmukanumud p03b6l oT 0,001 o 1000 wm3B,
JIuana3oH uHAMKaruu momuoctr 10361 oT 0,01 mo 10000 mMx3B/4, Auama3oH
sHepruii poTtoHHOrO M3NMydeHus oT 65 10 3000 k3B. Jlo3umeTpbl moMeranmch
B CBHHIIOBBIE JINTBIC KOHTEHHEPH! C TOJIIMHOW CTEHOK 15 MM W BXOIHBIM
OTBEPCTHE AMAMETPOM 25 MM, YTO YMEHBIIAJO €CTeCTBEHHBIN ()OH ramMma-
W3TY4EeHUS TI0YTH BABOE. OTO [ENaloch JUIs YBEIWYEHUS OTHOIICHHUS
HCCIIEyeMOT0 CHI'Hajla K YPOBHIO OKpY’Karomero (oHa, KOTOPHIH B CpeaHEM
cocraBisa 0,1 IMx3B/4ac. YpoBeHb (HOHOBOTO M3ITyUCHHUS 3aBHCEN B OCHOBHOM
OT COJIHEYHOW aKTHBHOCTH M TOTOJIbI - HATMYMS 00JMavyHOCTH U JoXkas. OnuH
JO3UMETP CITYKUJ JUIs U3Y4EHUS TaMMa U3ITy4eHHs HUKENIs, Ipyrol Jo3UMeTp
KOHTPOJIMPOBAJ OKPY KONl raMma ()OH M3ITydeHHs.

Ha pucynke 1 mpeacraBieH BHJI 3JEKTPOIM3HOW SUEHKH B 4YallKe
ITerpu. MoXHO BHIETH METAIIMYECKOE KOJBIIO ¢ (PTOPOIIacTOBO BCTaBKOM,
KOTOpoe (pUKCHPYET BEPXHHUI 3JEKTPOJ M3 HUKEJIEBOH CETKH M BCIO CHCTEMY
aekTpoaoB. Ha pucynke 2 mpencTaBieH HUKEIEBBIA KaTO/I, JEKAIINN Ha JHE
yamku IleTpu, NOKPBITBIN AUAIEKTPUUECKON IUIACTUHKON. MOXKHO pasrisiaeTh
Ha TIOBEPXHOCTH KaroJa OCTPOBKM (MATHA) OCAXAEHHOTO HHKENsd, B
pesynbrate oyekTposm3a. Ha pucynke 3 mpencTtaBieH oOmuid  BHT
SKCHEPUMEHTANbHON ycTaHOBKH. Ha mepeaHeM muaHe moj — MIaCTUKOBBIM
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CTaKaHOM HaxXOJAUTCS CHUCTEMaA DJICKTPOAOB B YAIlIKE HeTpI/I. Ha mmactukoBsiit
CTaKaH YCTAaHOBJICH CBUHIIOBBII KOHTeﬁHep C JO03UMCTPOM. CnpaBa B
CBHHIIOBOM KOHTeﬁHepe HaxXoquTCd OO3UMETp Jid OHNPEACJICHHUSA YPOBH:A
(bOHOBOl"O raMma WU3JTy4YCHUH. Ha 3agneM 11aHe HaXOAMTCS MCTOYHHK
IMHUTaHUs.

Puc. 1. Brewnuii 8uo0 snekmponusHou aveiixu ¢ yawxe [lempu

Puc. 2. Kamoo u3 nuxens noo OudieKmpuyeckoil niacmuHKou
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Puc. 3. Obwuii 6u0 sxCnepuMeHmanbHOU YCmMaHo8Ky

PesynbraTt HCCIIeIOBAHUS u o0CyXIeHHeE. Jns
9KCIIEPUMEHTAILHOTO MCCIIE0BAaHMS TaMMa M3TYYEHHs OLCHUM BO3MOXKHBIC
SHEpPruM TaMMa-KBaHTOB. PaccMOTpUM H30TONHBIE SJEpHBIE pEaKnuu C
ydacTHeM CybaTOMOB BOA0poaa H 3a CueT MapHBIX CTONKHOBEHHMIA [6, 7]:

ONi+ H —°" Ni(“NiH )+ H —% Ni+Ag, +A¢,

31ech OHEPrUs raMMa-KBAaHOB B INEPBOH DEaKUMH COCTABISET
Ag, ~67.5keV , 3a cuer Bropoit Ag, ~94keV . 3amernm, uro cnenst

60 AT T*
ob6paszoBanuss  NIH namu Obuin 3aMedeHbl IPU 3JIEKTPOJH3E B Macc-

CIEKTpax.
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Ycnex 9KCHepUMEHTOB N0 HAOIIOJCHHUIO TaMMa U3JIYYCHUS 3aBHCEI
OT MOJIIPHOCTU MOJKIIOUEHUS AJIEKTPOJOB K HUCTOYHHUKY MOCTOSHHOTO TOKA.
Kazanoch ecTecTBEHHBIM 00pa3oM BEPXHHUH 3JIEKTPOJ W3 HHUKEJIEBOH CETKH
MOJKJIFOYUTh K OTPHUIATEIFHOMY IOJIFOCY, YTO OBl OH ObUT KaTtomoM. OIHAKO
Ha MPOTSHKCHUH HECKOJBKUX MECSIICB HUKAKOTO M3IyYCHHs HE HAOII0IaIoch
MpU YBEJIWYCHUH KOHIIEHTPAIMH CEPHOM KHUCIOTHI (BIUIOTH JO TOSBICHHS
pe3Koro 3amaxa JUOKCHIA CEePhl) M MPHU YBEIHUEHUH TOKA AJIEeKTponn3a. beum
MPEINPUHATEl TOTBITKH CAENaTh MHOTOCIOMHBIN CeTJaTHI KaTrol, 4TO OBl
YBEJIMYUTH  BEPOSATHOCTh  CTOJNKHOBEHHWS  Cy0aToMOB  Bojopoaa ¢
MOBEPXHOCTHIO. TeM He MeHee, BEpOSATHOCTh CTOJKHOBEHHS C SAPaMH HUKEIS
B METaJUle SBJISIETCS McUe3alollee Majlol, MOCKONBKY sipa SKPaHUPOBAHEI
JNIEKTPOHHOM cucTeMOil Meranmna. Bo3MoxkHO, Heynmaud OONBIIMHCTBA
nocnenoBarened skcrnepumeHTtoB  dreiimimMana u  [loHca cBsizaHBl C
HECOOTBETCTBYIOLICH OpraHM3aliell 3JeKTposin3a U HEOOXOIMMON /sl 9TOTO
3JEKTPOJIU3HOM STUEHKH.

Jeno B ToM, yTO cy0aTOMBI BOAOpPOAa OOpa3ylOTCS HAa CETYATOM
KaToJie, a BO3MOXKHOCTh B3aMMOJICHCTBOBATh C aToMaMu HUKels Mana. OHM
BBIHOCSITCSI TIOTOKOM OOBIYHBIX aTOMOB BoJlopoJa B atMocdepy Bozayxa. [lpu
CMCHE TIOJIPHOCTH 3JEKTPOJOB, KOTZAa HIDKHHUH JJIEKTPOJ, JCKAIIUH Ha JHE
yamky [leTpr mox cioeM 3IEeKTPOJHTa, CTall KaTOIOM, HaOIoJaeTcs raMMa
u3Ty4deHrne. Bo3HWKam ckauek W3NydeHHUs Haj YpOBHEM (OHA, KaK TOIBKO
BKITIOYAJICSI DJIEKTPONIN3, M W3Iy4YeHHE BO3BpAmIaIoch K (OHOBOMY TIOCIE
BBEIKITIOYCHHS TOKA.

Cy06aTomMBbl BOJIOPO/Ia «BCILIBIBAIOTY B 00bEME SJIEKTPOJIUTA BMECTE C
OOBIYHBIMH aTOMaMH BOJOpPOJIa U MOTYT BCTYIaTb B AACPHBIC PEAKIHUU C
MOHAMU HUKEJNs IyTeM CTOJKHOBeHMH. IIpu snextponusze mnoanep:kuBaics
[OCTOSIHHBIM ~ TOK.  HanpsbkeHue  Mexay  2J€KTpoJaMu B PasHbIX
HKCIEPUMEHTAX HECKOJIBKO OTIMYAIOCh. DTO CBSA3aHO C CETYATONW CTPYKTYpOi
BEPXHETO 3JIEKTPOJIa, HE 00ECIEeYNBAIONIETO TOCTOSHCTBO MEXIJIEKTPOIHOTO
3a30pa. B cBs3W ¢ 3THM AN CPaBHHUTEIFHOW OIEHKH TaMMa H3IIyYeHHS B
pasHBIX  JKCIIEPUMEHTax BBIUUCISUIACH  TTOJIBOAMMAST  AJIEKTPHUYECKAs
MOIHOCTh. V3MepeHHWs paguandéd IMPOBOJWIOCH TOCHE KaKIOro daca
HaOJrO/IeHUI. YCTaHOBIICHA Cieqyromas 3aKoHOMepHOCTh. C yBelmdeHHEeM
MOITHOCTH  JJCKTPUYECKOW DJHEPTHH, II0JaBaeMOW [UIT  DJIEKTPOJIH3a,
YBEJIMYMUBACTCA CKAYCK raMMa HU3JIYYCHUST HUKCIIA. Haan/IMep, IIpy MOITHOCTH
0,1- 0.4 BT ckauku COCTaBIISIIOT B CpEIHEM 2*10’3MK33/qac, TPU MOIIHOCTH
1,7 Br 5*10mK38/4ac. JlansHeiiiree yBEJIMYEHUE TOKA MPUBOAWIO K HarpeBy
ANIEKTPONINTAa W ero ObicTpoMy wucmapeHuo. OTHOCHTENBHOE YBEIHUYCHHE
raMMa M3Jy4eHHs HUKeNS HaJ ()OHOBBIMH 3HAUEHHMSIMH COCTaBIUIO OT 3% 10
7,5%. B cpennem donoBoe m3nydenue cocrasisuio 0,1 1Mk3B/4ac.
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Takum 00pazoM, IOKa3aHO, YTO IPH JIEKTPOJIN3E aTOMbI BOJOPOJa B
Cy0aTOMHOM COCTOSIHUM MOTYT ITPUBOJHTH K SIIEPHOM TPaHCMYyTallMH HUKEJS,
IpUBOAALIEH K raMMa u3inydeHuto. Vccnenys mporecchl 3JeKTpoIn3a, MOXKHO
c/ienaTh MPEAJIOKEHUs M0 YBEIMYCHUIO IUIOTHOCTH Cy0aTOMOB BOJOpOjAa U
3¢ PEKTUBHOCTH SAEPHBIX TPAHCMYTAIHH.
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I'naBa 24. HoBble 3kcniepuMeHTaIbHBIC Pe3ybTAaThI U HaeH [1]

OcMBICTIEHHE TEOPETUYECKUX M OKCIEPUMEHTAIBHBIX pPE3yJIbTaToB
JUTS TIOBBINICHUS 3(()EKTUBHOCTH TeHEepaIii Cy0aTOMOB BOJIOPO/Ia TIO3BOJISET
YCOBEPIICHCTBOBAThH PSJ MPEKHUX IKCIEPUMEHTOB [2,3] U MPOBECTU HOBBIE.
CxeMaTH4ecKu MOJICNb TeHepaluu cy0aTOMOB BOJIOPOJIa MOKHO MPEICTABHUTH
B TaKOM BHAE, puc. 1.

Puc. 1. Mooens eenepayuu cybamomos 6000pooa

HanpskeHHOCTh MarHMTHOro mnojisi F jo/kHa OBITH HampaBiieHa
OpPTOTOHAJIFHO TPOBOASAMICH mMoBepxHOCTH. KaxaoMy HOHY BOAOpOAa,
MPUOMIDKAIONIEMYCST K IOBEPXHOCTH TPOBOAAIIETO Tella, COOTBETCTBYET
«3EpKaJIbHBIH» 3JIEKTPOH C MPEUMYIIECTBCHHONW OpHEHTAaIMel CIHMHA BIOJb
MarHutHoro mnoms. Jlajmee BaXHO, 4YTOOBI 3JEKTPOH ObLT Ci1abo CBSI3aH C
MOBEPXHOCTBIO Tela. DTO MOXKET OBITh JOCTUTHYTO HAarpeBoM Teja, Kak B
TerioreHeparopax Poccu WM TPHIOKEHHEM 3JICKTPHYECKOTO OIS MpH
aJeKTponu3e Kak B onblTax M. @neiimimana u C. ITonca. M0OXHO MONBITATHCS
«OCBOOOJUTHY» DJIEKTPOHBI M3 TBEPAOrO Tejaa C MoMoubio (otodddekra.
Bo3zHukaromue cy0aTOMBI BOZOPOAA MOTYT BCTYNHUTH B SJEpHBIE PEAKIMH, B
YaCTHOCTH, C HAaXOJAIIMMHUCS B pEIIETKE TBEPJOro Telda aTOMaMH, WIH
OTPa3’uTCA OT MOBEPXHOCTH U C TIOMOIIBIO AJIEKTPUIECKOTO IMOJIST BEPHYTHCSA B
00BEM.

B HOBBIX 3KcnepumeHTax, kotopble nposoawnu B. Xuramos u JI.
Bapcykos, wamka IleTpu, Ha qHEe KOTOpOW pacmonaraicst HUKEJIEBbIH KaTof,
yCTaHaBJIMBAJIACh HAa MarHUTHYIO IUIACTHHY, YTO MO3BOJISUIO (PUKCHUPOBATH
kaTox. JInms TpenoTBpalleHHs «yTeuykw» Ccy0aToMOB BOJOpOJa 3a CHET
OCBELIEHHUs, MIEKTPOINU3 IPOBOJAUICS B TEMHOTE, YTO MO3BOJIUIO YBEJIUYHUTH
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HMHTCHCUBHOCTb I'aMMa H3JIYy4YCHUS W MNOJYYUTb 3aBUCUMOCTL BbIXOJa ramMmma
H3JIY4YCHHUA OT BCJIMYMHBI IPOXOAAIIETO TOKA, prC. 2.
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Puc. 2. Humencusnocms camma U3NIYYEHUs 6 3d6UCUMOCMU OM MOKA JIeKMpOoIUu3ad

Ha pucyHke HyJNeBbIM 3HAUCHHMSIM TOKAa COOTBETCTBYIOT (DOHOBBIC
MOKa3aHUS T03UMETPOB.

3aMeTuM, YTO IPH MOIBITKAaX BOCHPOU3BECTH ONBITH M. Dieitmimana
u C. IloHca HUKTO HE AOrajajics, 4YTO IPH COOTBETCTBYIOIIEM 3JIEKTPOJIU3E B
TEMHOTE BO3pacTaeT pajhalus U BO3MOKHOE YBEPEHHOE €€ U3MEPEHUE.

dopmanbpHO, ecIl OCHOBHOW YpOBEHB Cy0aToMa BOJOPOIa SBISETCS
MeTacTaOWIbHEIM, TO BO3MOXKHA HAaKadyKa STHUX COCTOSHHH C MOMOIIBIO
00JydeHus: BOJOpPOJa B OCHOBHOM COCTOSHHH PE30HAHCHBIM H3ITyYCHHEM C
sHeprueit kBaHntoB 7.53 »B. Takoil IMHUU B CHIEKTpPE MOTIIOMICHUS BOJOPO/Ia B
OOBIYHBIX YyCIOBUSAX He HaOmomaercs. OpHako Teopus HeE 3ampeniaet
MepexoAbl M3 OCHOBHOTO COCTOSHHS BOJOPOJa B  METacTaOMIbHBIC
cy0aTOMHBIE COCTOSIHUSI.

OcHoBHOE COCTOSIHHE cybaroma BOZIOpOJIA ABIISIETCS
MeTacTabMIbHBIM, TOCKOJIBKY KIIACCHYECKHIA BOJOPOJ B OCHOBHOM COCTOSIHUH
uMeeT 3Hepruto cBsizu 13.56 3B. JlelcTBUTENbHO, MO/ BAMSHUEM BHELIHUX
BO3MYIICHUN BO3MOXHBI TEpeXoAbl B 0ojee YCTOHYHMBOE COCTOSHHE.
BriuuciuM MaTpudHbIE 3JIEMEHTHl AUMONbHBIX IepexoaoB. Eciu BoJgHOBas
(hyHKIHS aTOMa BOAOPOJa B OCHOBHOM COCTOSIHUM HMEET BH/I:
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¥ (1,0,0)=C (r/1,)" exp(—ra/ro)cos%sin V2 g
, Tora
H* 0= ej W ¥, drcos 3sin 9d9dp =0
H* o= €] W, drsin’ 9d 9sin gdep # 0
H 0= I W P, drsin’® 9dcospdp =0

MOKHO BHJETh, YTO BO3MOXKHA «yT€4Ka» Cy0aToOMOB BOAOpOJa MO
HAaIlpaBJIEHUIO X B OCHOBHOE COCTOSIHHE aToMa Bozopoza. IIpu 3ToM NOmKHBI
M3Ty4aThCsl KBaHTHI ¢ sHEprueit 7,53 3B.

Jnst mopmaBneHWs KaHala YTEYKH cy0aTOMOB BOJOpOAa 3a CYET
mepexofa B OCHOBHOE COCTOSIHUE BOJOpOJa HEOOXoAuMoO, 4dTO OBl
JNIEKTPUYECKOE TI0JI€ W3JIyYeHHs OBIJI0 MapauieNbHO OCH CHMMETPHUH
cy0aToMOB BOJIOPOAA, 32 CUET CIMHOBOH OPHUEHTALINH MTOCIETHHX B MAaTHUTOM
nosie. B cBsi3u ¢ mMeracTaOMIIBHBIMU COCTOSTHHSIMH Cy0aTOMOB BOJOpOJA IS
YBEJIMYCHUS! MHTCHCHBHOCTH PEKOMOWHAI[IOHHOTO H3JIy4eHHsT HEeoOXO0IUMO
MOBBIIIATH JABJIEHHE BOJIOPO/IA B KaMepe.

CpaBHHBasi BOJIHOBBIC (DYHKIMH Cy0aToMa BOJOpOJa H aroMa
BOJIOPOJIa, MOXKHO YOEOHUTBCSA, YTO aTOM BOJOPOAA SBIIACTCS <ITyXJBIM»
obpazoBanueM. Takue mepexo/ bl CyIIeCTBEHHO BO3PACTyT, €CIH BOJOPO MPH
BBICOKOM JaBJI€HHHM OyJaeT o0iydaTbcss PE30HAHCHBIM H3JIyYEHHUEM IS
9KOHOMHBIX 3aTpaT HEPTHH.

B cBs3u ¢ 3TEM 3aMeTHM, 4TO B padote [4] ¢ MOMOIIBIO JTa3epHOTO
W3JIYYCHUs C dHeprueit myuka 5 MBT m mmHON BomHBI 650 HM B aTMocdepe
ra3o00pa3HOTro BOAOpoJa obiydanach NajulafnueBas MUIIEHb W HaOI0anach
sJiepHasl TPaHCMYTalusd 3JIEMEHTOB B mayuiaauu. Ha moBepxHOCTH mammaaus
HAOJIOMAJOCh IMATHO paciiaBa OT Jla3epHOro Iy4yka. B obmactu
B3aMMOJICHCTBHS JIa3€pPHOTO ITyyKa C IIOBEPXHOCTHIO MAIaaus, Ha Hall
B3IJIAJ, HWMEIUCh BCE YCIOBHA JUII IIOBEPXHOCTHOTO BO3HHKHOBEHHS
cy0aToMOB BOAOpO/Aa, a HMMEHHO: HArpeB IOBEPXHOCTH [0 JIOKAJIHHOTO
pacIiaBieHus, OUCCOIMAIMS MOJEKYJI BOAOPOAAa U JUIA IOBEPXHOCTHOTO
BO3HHUKHOBEHHsI cy0aTOMOB BOJIOpPOJId, YTO, B KOHEYHOM CUETEe, NPUBOAUT K
STEPHBIM PEaKIHIM.

BnusHre ONTHYECKOTO H3Iy4eHHs Ha SIEpHYI0 TpaHC(HOPMALHIO
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JJIEMEHTOB paccMoTpesl B cBoux paborax A.I'. IlapxomoB u 0003Haums B
CBS3U C OTUM HOBBIM NMOAXOJ K CO3JaHHUI0 HHU3KOIHEPIeTUUECKUX SAEPHBIX
TeIIoreHepaTopos [5, 6].

B aTux paborax u npensiaymux paboTax Apyrux aBTOpoB 0003HAYCH
SMIIMPUYECKUH SKCIIEPUMEHTAIBHBIN MOX0/I, OBBIIAIOINI 3P PEKTHBHOCTH
peakTopoB. OAHAaKO ONTUMAIBHBIM BapHAHT BO3JACIHCTBUA ONTHYECKOTIO
W3TY4YeHHS TOKa He HaWneH. J[nd OObBACHEHHWSA SOepHOW TpaHCMYyTallHd
3JIEMEHTOB B LIUTHPOBAHHBIX pab0TaxX MCHOIB3YETCS] THIIOTETHIECKAsT MOJEIb
C y4acTHEM HEUTPUHO HU3KHUX YHEPIHM.

Ha mam B3misa, KoHHenus cy0aTOMOB BOAOPOJAa B OTIHYHE OT
MHOTHUX TEOpHH IO3BOJIWJIA TIPEACKa3aTh M OOHAPYKHUTh XapaKTepHOE
yinbTpadroIeToBoe U3IIyYeHHE, UMEIOIee MECTO B OMOJIOTHYECKOM MHpE, B
YaCTHOCTH, NpH (OTOCUHTE3E PACTCHUI U METaboJIM3Me MUKPOOPraHU3MOB,
MpeacKka3zatb MW OKCICPUMEHTAJIBLHO HaGJ'IIO,HaTL raMMa-usJiyucHue. Ham
MOJXOJ TO3BOJISICT BIOJHE KOHKPETHO OLICHUTh MAaTepHallbl U IapaMeTpsl, B
YaCTHOCTH, JJId CO3JJaHUA 3(1)(I)CKTI/IBHI>IX TCIUIOTCHEPAaTOPOB.
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I'maBa 25. Moaeap B3anMoaeiicTBus
cy0aToMOB B0OI0pPO/a € AAPAMM IPYTHUX JIEMEHTOB

[loyemy arombl BOmOpOJa B CYO0aTOMHOM COCTOSIHUM MOTYT
y4acTBOBaTh B SJIEPHBIX peakiusx? PopManbHO TEOpHs IOKa3bIBAaET, UTO
cy0aToM BOZOpOJa, MPEICTABIIETCS CIEAYIONIMM 00pa3oM. Bo BHyTpeHHIOO
007acTh  MPOCTPAHCTBEHHOW  JIOKANM3AIlMHM  JJIEKTPOHa C  DHepruei
obpazoBanmst 500 k3B MokeT IPOHHKHYTH HPOTOH M 00pa3oBaTh cybaToMm
Bojgopona. IIpoTOH, 3amIMIICHHBIH  OJIEKTPOHHBIM  IIUTOM», MOXKET
JOCTaBIIATHCS AOCTATOYHO ONM3KO K siApaM APYTUX 3JIEMEHTOB M BCTYIATh C
HUMU B SJEpHbIC peaknnu. bputo paHee ycTaHOBICHO B psiZie SKCIIEPUMEHTOB,
4T0 Cy0aToOMBl BOAOpPOJA W3JIYy4alOT CBOMCTBEHHOE KM XapaKTepHOE
yiabTpaduoseToBoe u3NydeHne ¢ JIMHONM BOsHBI 206HM 1pu (OTOCHUHTE3E
pacTeHuii, HaOoAaeTCs pelIcCKa3aHHOe paHee HaA()OHOBOE raMMa U3JTyueHHe
IpH MeTaboM3Me JIpOAOKeH, a Takke IPU SJIEKTPOIM3e HUKENIS B pacTBOpe
CepHOIl KHCIIOTHI, HaOMIOIAaeTCs W3MEHEHHE HW30TOIHOIO0 COCTaBa IJICHOK
HUKeJIs, HAHECCHHBIX MAarHETPOHHBIM METOIOM B atMocdepe Bomopoaa [1, c.
91,98, 103, 107, 112, 126, 136, 142].

IMpomec cOmmwkeHnss cybaTOMOB BOJAOpOAA C sApaMu JAPYTUX
3JIEMETOB COCTOUT M3 JBYX CTaJMH: MPEOJOJICHHUS JICKTPOHHOH 000MIOKH, 3a
KOTOpPOH HAXOAUTCA SAPO U COMMKEHHE C SAPOM 10 TeX MOp MoKa cydaToM He
JOCTaBUT MPOTOH K SAAPY. DTO SABJICHNWE HA3BIBAIOT XOJOJHOW TpaHCMyTalueH
A1ep, B OTIMYME OT TEPMOSICPHBIX pEaKIUi, Korga Hy)KHa BBICOKas
KUHETHYeCKass JHEeprus CTAJKUBAIOIIMXCA YaCTHIL. JUI1 MPEOJOJICHHUS
KYJIOHOBCUX CHJI OTTaJIKUBaHMU. HpI/I 9TOM BEPOATHOCTHL TYHHCIIBHOTO
MIPOHUKHOBEHHMS B SAPO CYIIECTBEHHO BO3PACTAET.

Bo03MOKHOCTE HU3KOTEMEPATYPHBIX SIIEPHBIX PEaKLMH CBs3aHa CO
CHEHU(PUIECKUM «YCTPOICTBOM» Cy0aTOMOB BOAOPOIA.

IInoTHOCTH BEPOATHOCTU PACIPECACACHUA DJICKTPOHA OIHCBHIBACTCS
cienyromiei GopMyIoi.

o(r,0,0) =C(r/ 1) exp(=2ra/ r,)sin O(cos(p/2))*

[IpocTpancTBEeHHOE  pacmpenieleHHe  IJIOTHOCTH  BEPOSATHOCTH
AJIEKTPOHA TMPEACTABISAET INEKTPOHHBIA «IIIUT», 32 KOTOPBIM HAaXOJHUTCS
npoToH. HamGonpmumii XxapakTepHBIN paguyC paclpeaesieHus] IUIOTHOCTH
BEPOSITHOCTH B cybaTomMe BOJOpOJa TPEBBINIACT OOPOBCKUN pammnyc

KJIaCCUYCCKOIo BOAOpOJIa B 1.6 paza € KoOpJAWHaTaMu (0 = 0,9 = 72'/2 .

EctecTBeHHO, MIOTHOCTH BEPOSTHOCTH 3JIEKTPOHa B cybaToMe BoOIOpoja
COBIAJaeT C 3aBUCUMOCTHIO OT YIVIOBBIX TIEPEMEHHBIX TUIOTHOCTH
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BEPOSATHOCTH CBOOOJHOro 3JckTpoHa. OJHAKO TJaBHOE, HE XapaKTCpPHBIC
pa3Mepbl aTOMOB, a TO, YTO AJIEKTPOHHBIN «IIUT» cybaToMa BOJOPOAA UMEET
snepruto 500 k3B.

DHeprus 3JeKTpoHa B cybaToMe BOAOPOJia UMEET BU:

, 2e°
g,=mc +—
9a

KynonoBckas cocTaBistomas uMeer 3Hepruto Bcero 6.02 s3B.

Yro Obl «IpoOUTE» ¢ HauOOJbLIEH BEPOSTHOCTHIO BIIEKTPOHHYIO
000JI04Ky aTOMOB OpHEHTaLsI Cy0aTOMOB B 33/IaHHOM HaIlpaBJICHUU JIOJDKHA
OBITH TaKoM, puc. 1.

Puc. 1. Ilpubnusicenue cybamoma 6000pooa K 371eKMpPOHHOU 00010Ke 0pYy2020 amoma

YrinoBoe pacipeneneHue IUIOTHOCTH BEPOATHOCTH JAEKTPOHA B
cybaTome BOZOpO/Ia ONMcaHo B taBax 12 u 13.

«ut» c3agu. DIEKTPOHHBIE JIETIECTKH «PA3JABHTAIOT» OO0OJIOUKY
atoMa. KyITOHOBCKHE CWIIBI TPUTSDKEHHS O00OJIOYKH YCTPEMIITIOT MPOTOH K
anpy. [IpeononeB 31eKTpOHHYI0000JI0UKY, CyOaToMy Jydile pa3BEpHYThCS,
puc. 2.
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Puc. 2. Cybamom odopoda npubnudxicaemcs K A0py

B ostom cinydae «mmr» OymeT ¢ HauOOJbIICH BEPOSATHOCTHIO
3aTATUBATh [IPOTOH K SIIPY.

DHeprus B3aUMHUMOJCHCTBUS cybaToMa ¢ sSApM uUMeeT BuA (TaBa
13):

2 P ez
£,=mc’ Loz t2
9 a 1,

MO>KHO BHAETH, YTO SHEPTHs CBI3M Cy0aToMa BOJOPOIa HapOCTAET,
OnHako HapocTaeT KyJOHOBCKAas DJHETUS OTTalkuMBaHusa sjpa. Iloka Ha
HEKTOPOM PAaCCTOSHHUM OT sjApa Cy0aroM HE pa3pylIUTCs, W DJICKTPOH
CTAaHOBHUTCS CBOOOIHM.

Brranciaum MIPO3pavyHOCTh KYJIOHOBCKOTO Oapbepa B
KBa3WKJIACCUUECKOM ClIy4ae [Uisi TPOHUKHOBEHUS MpoTOHa cybaroma
BOZIOPOJa K s7py. Bocmonb3yeMmccst pe3ynbraTaMu  pacyeToB MPOHUKHOBEHHSI
anb(a JacTHII K SApaM JIEMEHTOB 13 [2]:

D=exp -2/ h(f L2MU(r) - E)dr)

Ze’ 2¢e’
3meck 7y — pamaye supa, U(r)=— E=mc” + 9—(1 +2)’
r a

2

r=eZ (me® + 2 (14 7))
9a
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3n1ech yuteH TOT (akKT, Kak MOKa3aHo B MoHorpaduu [3], 4To mpu
JBIDKEHUHM KBAHTOBBIX YaCTHUI] B MOTCHIMANbHBIX TONSX B INPEACTAaBICHUU
TUIOTHOCTH BEPOSTHOCTH YacCTHI[ HMMeeT OOJBIIOEe 3HAaueHHE COOCTBEHHAs
KBaHTOBasi SHEPTUsl ABMXXEHUS, B OCOOCHHOCTH, TP TYHHEJIUPOBAHUH.
CoGCTBeHHAsT KBAaTOBAS OJHEPrHs JBMAKCHHS OICKTPOHA mc’ ONpenenser
JKECKOCTh MPOCTPAHCTBEHHOTO «KapKaca» A ABWXKEHMS SICKTPOHA, €ro
YCTOMYUBOCTh K BOZATHCTBHIO BHEITHHUX moJieil. [lo cymecTBy coOcTBeHHAs

2
KBaHTOBAs SHEPTHUS IEKTPOHA MIC~ MPEISTCTBYET MaACHHUIO €ro Ha SIpo C
3apsiom Z

O003HaYNM U IPOMHTETPUPYEM:

s=[ L2MU(r) - E)dr

[Honyunm

Z 2
S = %\/ZM / E (2u, —sin 2u,)

I
cos’ u, = >
h

IIpy nONTOBpEMEHHBIX paJMOAKTUBHBIX pacHazax COTHOIICHUE
Fb/ 7;, ABNSAETCA MajblM, B CHMJIa 4Yero M KOQQUIMEHT TyHHENbHOH

npo3padyHocTH Mayl. Hac HMHTepecyroT OJZHOMOMEHTHBIE PEaKIHMU SICpPHOU
TpaHcopmanuy, korna Ko3(GUIUEHT NPO3pavyHOCTH OJIM30K K CIMHHMIE, a

n —> K.
VYuuteiBass O0NBIIYI0 COOCTBEHHYIO 3HEPTHIO 3JIEKTPOHA, YIMPOCTUM
BBIPXECHUEIA F;

2 2
n=eZ/mc

Haiizem MEHMMAaNbHOE 4nCIO Z , IPU KOTOPOM OTHOWerne 7,/7 > 1

2
romc
0
z,> 0

e
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B aToM cmywae 3J€KTpOH, AOCTAaBUBIIMK NPOTOH K SIAPY, BIIOJIHE
BO3MOXXHO OCTaHETCsi CBOOOJIHBIM. 3apsii spa BO3pacTeT Ha aTOMHYIO
eIMHMIY. DJEKTPOHHAsi CHUCTEMa, OKpYXalolias SApO, IEepPecTpouTCs, |
JJIEKTPOH, 3aliMeT CBOOOIHBIIM ypoBeHb. Takum 00pazoM, IPON30UAET saepHas
TpaHCMyTalMsl dJeMeHTa. BO3MOXHO Ipyroe pa3BUTHE COOBITHH. DIEKTPOH
3aXBaTBHIBACTCS SAPOM. 3apsa siApa yMEHbLIaeTcs Ha eauHMIly. Macca siapa
MpPaKTHIECKN OCTaeTcs HeM3MeHHOW. [IpoTOH BeITECHSAETCS M3 00JIaCTH sIpa U
3JIEKTPOHHON 000I09KH 00pa30BaBIIETOCS HOBOTO AIIEMEHTA.

CornacHo [2, c. 436] monoXxuM cpegHee 3HaYeHHE A siep 7, = 7 107
Zewm, ONyYuM Z,, = 25. DTOMy COOTHOIICHHIO YIOBIETBOPSET, HAIpUMED,
HHUKENb, s KoToporo Z = 28 W 1 Hero HaOiromaeTcs TpaHCMYTalHs B
atMocdepe Bogopoaa (riaBa 13). 3aMeTUM TpU 3TOM, YTO B Macc-CHEKTpax
HaOJII0AAI0TCS U30TOMBI HUKEISI C BOJOPOIOM YNiH". Taxum o0pa3zoM, Korja
r; Majio OTJIHYACTCS OT 7) KOA(GGHUIIMEHT MPO3pavyHOCTH Oapbhepa MPaKTUISCKU
PpaBC€H €AMHUIEC U OJOHAKHA Ha6J’IIOI[aTI)CH AA€pHad TpaHCMYyTalus 3JICMCHTOB C
YBEIIMUYCHUEM 3apsja A1pa Ha €AUHUILY.

Ipu r,/r,<lcybatom Bomopoma pocraBmsercsi K sapy 6e3

paspymeHus. B 3Tom ciydae BO3MOXKHAa M30TOIHAs TpaHcMyTauus. Macca
sqpa yBEJIHMYHBACTCS, @ 3apsifl OCTACTCS] HEM3MEHHBIM.

B memom mocne TNPOHMKHOBEHWS CcyOaToMa BOZOpOJa depes
3JIEKTPOHHYIO 000JIOUKY aTOMOB, B 00JaCTH A1Ep NMPAKTUYECKH TE WM HHBIC
ANCpPHBIE pEeaKIWW MOTYT Npoucxoiauth. IIpm cTonkHOBeHHMH cybaTtoma
BOJIOpPO/Ia C SOPOM Boaopoaa (IPOTOHOM) Takas peakius MOXET OBITh
3aTpyJHEHa W3-3a BO3HMKHOBEHHS HMITYyJIbCOB OTHAauyM. SlnepHast peakius
Oyzner Oonee GraronmpusATHA B 3TOM DSy DJIEMEHTOB JUIS ACUTEpUS U TPUTHSL.
OnHako BEPOATHOCTb MOXET CYIIECTBEHHO BO3PACTH, €CIH BOJOPOJ]
XUMHYECKH OyAeT CBA3aH C IPYTMMH IEMEHTaMH, HallpuMep, C KUCIOPOIOM.
Hpu »stom HeoOXxogmmo , Hampumep,  oOIydaTb BOXLY C BOJOPOJIOM
PE30HAHCHBIM H3Iy4YeHHEM JUId BO30yxkaeHus cybatomoB. B wacTHOCTHD,
paAMOaKTUBHBIE TPUTHEBBIE BOABL Yy pPEakTOpoB DYKyCUMBI MOXHO
JIe3aKTUBUPOBATH TAKMM 00pa3oM, «IIOMOYb)» paJlMaKTHBHOMY TPUTHIO BMECTO
€CTECTBEHHOT'O PAJMOAaKTHBHOIO pacliaja ¢ IOMOINbI0 cy0aToOMOB BOIpona
TpaHc()OpMHUPOBATECS OJHOMOMEHTHO B TEIHEBOE COCTOSHHME. MOXXHO
JIe3aKTUBUPOBATh TPUTHEBBIE BOJIBI 10 METOAY aHoJormyHoMy Poccn,
Iporyckasi mapsl BOJBI C BOJOPOJOM YEpe3 pacKalIeHHYIO HHKEJIEBYIO
cetky. OJHaKo B 3TOM cityyae OyJneT UMETb MECTO OOJIBIIONW M HarpacHbIH
pacxon Ter0BOM SHEPTUU.

Ha Ham B3rjsim, npeijiodkeHa elle OJHa TEeOopusl M3 MHOXKECTBa
Jpyrux (M3BECTHO OKOJIO CTa TEOPHH M MEXaHW3MOB) HU3KOTEMIIEPaTYpHOU
ANEPHOI TpaHCMYyTallMM 3JIEMEHTOB C YYacTHEeM BOJIOpoJa B CyOaTOMHOM
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COCTOSIHUM U OHa JOJDKHA MMETh MECTO B JKMBOH U HEXUBOHM mpupone, u
TEeXHHUKE P HAJM4YMM Bojxopoza. s 3Toro ObUIO MpOJENaHO MHOXECTBO
SKCIEPUMHETOB, OMNMCAHHBIX BBINIE, U HE TOJBKO HAMU, HO M MHOTHMH
JPYTUMH HCCIIEOBATENAMH B pa3HbIX CTpaHax [4, 5].

Wnes cymecTBoBaHHMsS aToMa BOJIOPOAA B OCOOBIX COCTOSIHUSIX HE
eauHCTBeHHas. llo-BUAMMOMY, BIEpBBIE HOBOE BO3MOXKHOE COCTOSIHHE
Bozopona mpenckasan FOpuit Jleornnosma Patmc, mcmons3ys quarpaMMHYIO
TexHUKY. OH Ha3Ball 3TO COCTOSHHE aTOMa BOAOPOJa ¢ KOHECYHBIM BPEMEHEM
KU3HH «HEUTpoHMiT». OIHAKO ONMCAHHBIA MOIXOA HE OBUT HCIIONB30BAH
OPOOHOTO IS ICCTICIOBAHMS IeTaJIeH 3TOTO COCTOSHUSA [6].
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3akaoyenue

C mpeznckazaHueM cyOaTOMHBIX COCTOSIHUHM aTOMOB BOJOpPOJa aBTOpa
cBsi3pIBacT Oosiee 4eM 20-J1eTHHS HCTOpPHS TIOHMMaHMS M yCTPAaHEHUS
HEKOTOPBIX MPOTHBOPEUMH B TPaJUIMOHHON HEpeNITUBUCTKON KBaHTOBOMH
MeXaHHUKe. DTU MPOTUBOPEUUs BOSHUKIIN HM3-3a OMMCAHUS KBAHTOBBIX CHUCTEM
C MOMOIIBIO BOJIHOBBIX (D)YHKIIH M OTKa3a OT OIMCAHUS KBAHTOBBIX CHCTEM C
MOMOIIBI0 (PU3NYECKUX MepeMEeHHbIX. Mies moaxona B 3TOM KHUIE COCTOHUT B
TOM, 9TO OBl pemiaTh BCE KBAHTOBBIC 3a/adudl B JBYX IIPEICTABICHHAX: B
NPEACTABICHAN BOJHOBBIX (YHKIMH W  TPEACTABICHHH IUIOTHOCTH
BEPOSITHOCTH M CPaBHUBATh IIOJNydEHHBIE pPE3yNbTaThl. Takoil moaxox
MO3BOJIMJT TIOJIyYUTh PSAJ NPUHIMIIUAIBHEIX pe3yibTaToB. [lepeuncnum nx
HIDKE.

OHeprust cBOOOJHBIX KBAHTOBBIX YacTHI C OTAWYHOW OT HYJIS
Maccoi, COBEpIIAIOIINX NHPUHUTHOE JIBI)KEHHUE, JTOJDKHA BCET/Ia COCTOSTh M3
JIByX CJIaraeMbIX: HSHEPIUU IOCTYHATEIbHOTO [BIDKEHHS M HEJIOKAIbHOU
KBAaHTOBOI HEpPIUU ABMXKEHHUS, KOTOpas HE paBHA HYJIO JaXe B TOM cilydae,
€CITH TIOCTYMAaTeNbHAasl SHEPTHs paBHA HYIIO, IIOCKOJIBKY MPUPOJa KBAHTOBBIX
YacTHIl HEN3MEHHA.

E:P2/2m+A8 (1)

B cBs3u ¢ aTHM penieHue psaa 3agad o ABH)KEHUU KBAHTOBBIX YaCTHUIL
B IOTEHUUAIbHBIX TMOJSAX B NPEJICTaBICHUU IUIOTHOCTH BEPOSTHOCTH
MO3BOJIMJIO MOJYYUTh PAJl HOBBIX pe3ysbraToB [1, 2]. B wactHOCTH, ynanoch
YTOUYHUTb BBIPAXKEHUS U1 KBaAPYNOJIbHBIX MOMEHTOB aTOMOB BOJOPOJIA.

®opwmyna ae bpoiiis, BpickazaHHasi B BUJIE€ TUIIOTE3bI U CBSA3bIBAIOLIAS
COOCTBEHHYIO MAacCy KBAaHTOBBIX YaCTHI[ C KBAaHTOBOW YaCTOTOW KOJCOaHUIA,
SIBJIIETCSL OCHOBOIIOJIAraroei

2
E=myc =hw

2)

B psAAy IBYX JAPYTMX TP COCTAaBIEHHMHM KBaHTOBBIX YpaBHEHHH
JIBYDKCHUS:

EF=lhw, P=hk

154



Tak 4ro, sHeprus & wu3 Qopmynsl (2) SBISETCS COCTABISIOLICH
COoOCTBEHHOI KBaHTOBOM 3Hepruu aemwxenns AE B popmymne (1).

E=P2/2m+5g+mcz (3)

HanomanM, uto JI. bom HasbBanm A& KBaHTOBBIM IOTEHITHAIIOM.

Bemuuuna O B (3) ompesensercss NPOMCXOXKIECHHEM YACTHIIEI, HATIPHMED,
NPY SICPHBIX PEaKIUAX, B YaCTHOCTH, MPHU albda-pacnaze (maparpad 7) oHa
SIBIISICTCSL TOOABKOW K KUHETUYCCKON 3HEPTUH, WIM OHA paBHA (epMHUCBCKOU
SHEPIHUU NPU TYHHEIUPOBAHUU U3 TBEpIoro Tena(maparpadsr 8,9).

®opmyna ne bpoiing mo3Bonmiia MOCMOTPETh Ha CHUH KBaHTOBBIX
Y4acTUIl HECKOJBKO C APYTOM CTOPOHBI, @ UMEHHO, C BOJIHOBOI CTOPOHBI — 3TO
KBAaHTOBAsI KPYroBasl CTOsSYast BOJHA TUIOTHOCTH BEPOSTHOCTH. B cBs3W ¢ 3TH ¥
KBAaHTOBBIX YACTHI[ C HCHYJIEBOM Maccoil TIIOKOS WMEETCS «TEMHOE)
MPOCTPAHCTBO BOKPYT BEPOSTHOCTHOTO IIEHTpA IBWKCHUS dYacThi. Tax
pomunachk uaes cy0aToMOB BOIOPOJA - BIOKHUTH B «TEMHOE» IPOCTPAHCTBO
9JIEKTpOHA  TPOTOH, KOTOPBI  3aHMMAaeT  3HAYUTEIHHO  MEHBIIIYIO
MPOCTPAHCTBEHHYIO 00JacTh JOKamm3anuu. Jlamee MOIXOM, YIUTHIBAOIIHUN
COOCTBEHHYIO HSHEPrHI0 KBAHTOBBIX YacTHIl, ObUI pPaclpoCTpaHeH Ha BCE
BO3MOYKHBIE COCTOSIHHS BOJIOPOJIA.

B wuccrnenoBanun cy0aTOMHBIX COCTOSHUH BOJOPOJA@ aBTOP PELINI
Kpyr 3ajad OT IpeACKa3aHHs CYyMIECTBOBAaHHS Cy0aTOMOB BOAOpOAa IO
OKCICPUMEHTAJIBHOTO TOATBCPKACHU A PE3YIBTATOB B3aHMOL[eI>’ICTBI/I$I
cy06aToMOB BOIOpO/Ia C METaJUIaMH, PaCTEHUSIMH M MHKpoopranmsmamu. Bce
9TH PE3yJIbTaThl YOSKIAIOT, YTO CyOATOMBI BOJOPOIA SIBIISIOTCS OJTHUMH W3
WHHULAATOPOB SIIEPHOW TpPaHMYTAallMH JJIEMEHTOB, O YeM CBHICTEIBCTBYET
raMMa W3Iy4eHHE, COINPOBOXKIAMOIIEe YyIbTpaQHaICTOBOC H3ITyUCHHE
cy0aToMOB BOIOpOIA.
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