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1. BBEAEHUE

JlazepHoe OXJIaXK/ICHHE U IUICHEHHE ra3a aToMOB [1]
CO3J/IaeT YCJIOBUS JIJIs TIOCJIEIyFoInero boJiee riryboKoro
OXJIAXKJIeHUsI JI0 KBAHTOBOTO BBIPOKIenust [2]. Hanbo-
Jiee TIPOCTO JIa3epHOE OXJIaKIeHne PAbOTaeT B OTHOIIIE-
HUU IEJIOYHBIX MEeTaJIJIOB, K KOTOPBIM OTHOCUTCSI Ka-
smit. Y Hero iBa cTabWIbHBIX GO30HHBIX m30TOma 2K
u *'K u depmuonnsiii uzoron ‘°K ¢ goiarum mosypac-
nagom 107 ser.

Bozor 39K 06amaeT MIPOKUMH S-BOJTHOBBIME Pe-
zonancamu Pano—Dembaxa B MEHBIUX, UYeM JIPYTHE
[IEJI0YHBbIE METAJUIbI, MAIHUTHBIX [0JgX [3]. D10 01-
KPBIBAET BO3MOXKHOCTB 00Jjiee OBICTPOTO YIIPABJIEHUS
S-B3aMMOJIEHCTBUSME, YTO UHTEPECHO JjIsi HUHTEeP(dEPO-

* E-mail: turlapov@appl.sci-nnov.ru
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METpPUM Ha CZKATBIX COCTOAHUAX Go3e-Konencara [4] u
I U3y9YeHus TUHAMIIECKUX 3DDEKTOB.

40K mapsay c¢ SLi — omme U3 JBYX JOJITOXKHBY-
mux (GPEPMUOHHBIX M30TOIOB IIEJIOYHBIX METAJJIOB, a
ero s-BoJiHOBBIE pe3oHanchl Denrbaxa JiezKaT npu CyIie-
CTBEHHO MeHbINX, 4eM y °Li, MarauTaex mossx. W3-
3a MEHBINEro, YeM y JIUTUs, IIeHTPOOEKHOro bapbhepa
p-pesonancel g ‘OK mmpe, 4To HHTEPECHO B KOHTEK-
cTe [oJIyYeHus cBepxTeKy4dux as ¢ p-cummerpueii [5].
B npupoasoM Kasun conep:urcs mumb 0.012% 49K,
9TO OCJIOZKHSAET SKCIIEPUMEHTHI.

Warepecusr 603e- n depMu-ra3sbl ¢ OOIBITIM TUC-
gom uacturi, N. B u3mepenunsix 9T0 MO3BOJIET YIIyd-
[IITh COOTHOINEHHe CUTHAJ/myM. JIJisi KOJIJIeKTHB-
HBIX 9P @PEKTOB BarKHa TEMIIEpATypa B €CTECTBEHHDBIX
SHEPreTUIECKUX €JINHUIAX, HAIPUMED €JIUHUIAX XU-
MHUYECKOr0 IOTeHIua a (. MUHUMAJIBHO JIOCTUXKU-
Masl TeMmIeparypa st OJHOPOJHBIX 0o03e- u epMu-
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Puc. 1. a — O6LLI,I/Iﬁ BUL 3KcnepmmeHTaan0|7| YCTAHOBKU AN CO34aHNA MAarHUTOONTUYECKUX NTOBYLUEK ONA 39
«oveny — TenJIOBOW WCTOYHWK aTOMOB, COCTOFILLI,I/IVI N3 BEPTUKAJIBHOINO CTakaHa M rOpU3OHTa/IbHOro conna;

K n gnas “°K. 3gecsb
«MOT coils» —

anektpomariutel MOJI; 6 kpacHbix cTpenok — ny4un MOJT; xxentas ctpenka — nyd samegnuTens. b — Cxema HabntogeHns 3a
chntoopecueHumeli B xope Hakonaenus MOJ1, «PMT» — ¢oT031eKTPOHHbBIN YMHOXNTENL, CUHUM MOKa3aHa JIMH3a. ¢ — CXxema

ONA TEHEBOl CbEMKU aTOMOB, KPACHOW CTPesnkoli NokasaH Ny4 NofcBeTa

ra3oB COOTBETCTBEHHO MacmTabupyercs kax pN /10
u uN~1/3 [6].

Maruauroonrtudeckas joymka (MOJI) moxer Ha-
MOJTHATHCA ATOMAME U3 3aMEJJIEHHOTO TEIJIOBOTO Iy -
ka [7], oxpyzaomux napos [8] wiu 2-mepuoii MOJI
[9]. TIpu HamOJNHEHNH U3 OKPYXKAMOMIUX NAPOB UHCIIO
ATOMOB BBITOJIHO 3aBUCHT OT Jguamerpa Jjyueit MOJI d
Kak N o< d®%2, 910 mO3BOMIFET TOMyHUATH BILIOTEH 0
N = 1.4 - 10", xak 6but0 moKazano a1a S'Rb [10].
JIj1st ¢TOJIb BBITOJHOTO MACIITAOMPOBAHUS HY2KHBI JIAB-

JIEHUSI [TAPOB MHOTO OOJIbINNE, 9eM JIABJICHUE JIPYIUX
ra3oB B BaKyyMHOIl kamepe. [IpumeHerue mydka Me/-
JIEHHBIX aTOMOB, [IOJIyY€HHOTO IIPU IIOMOIIY 3€eMAaHOB-
ckoro 3ameuresa wim 2-mepuoit MOJI, mo3Bosisier
HCTOJIb30BATH BAKYYMHBIE KAMEPBI C MaJIbIM JIABJICHU-
eM U, TaKUM 00Pa3oM, JI0JI'0 HaKAILINBATh ['a3 aTOMOB
B JIOBYIIKe, u30eras MmoTepb, BBI3BAHHBIX CTOJKHOBE-
areM ¢ GpOHOBBIM Ta3oM. Huskoe mapienne mo3BoJIsieT
[IPOBOJIUTH IIOCJIEJYIOIIME JIeCTBYUSI, HAIIPUMED HUCIIa-
puTeIbHOE OXJIaKieHue 2], B Toil e BaKyyMHOI Ka-
Mepe, 6e3 mepeHoca B KaMepy ¢ MEHBIITUM JIaBJICHHEM.
I Na mpoBesieHo cpaBHeHHE 2 Crioco00B 3arpys3KH,
depes 3ameymTesb 1 u3 2-meproit MOJI, u nokasaxo,
9TO 3aME/JIUTENb JJaeT HeCKOIBKO 6oJbie aToMoB [11].

Borutomenne Bcex Tpex CHOCODOB HAITOJTHEHUS
MOJI g 39K ommcamo cOOTBeTCTBEHHO B ITyO/IHKa-
muax [12-14], u ga K — B paborax [15-17]. s
060UX U30TONOB HAMbOJIbIEe YUCIO ATOMOB TOJTyYeHO
sarpyskoit m3 2-mepnoit MOJI, (2-3)-10'° [18,19] u
8.9 -10? [20] coorsercTrenno. Takoii crocob yrmomMuHa-
ercsa B JATepaType Hambosee uacro. HamosHenne us
okpy»xatomux napos ag YK mamo 3-10° atomos [21],
a st VK — 2108 ¢ mcrounnkoM napos, 060raIeHHbIM
1o 4.5% no 19K [22].

BaMe ymTe b WCIOMB30BaH i 3arpyskun 'K B
nByx paborax, rie nomayueno 3 - 107 [12] u 108 aro-
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Mmos [23] 8 MOJI. B nocsiensem cirydae myvdoK aTOMOB
CO3/1aeTCsI UMITYJIbCHBIM HCTOYHHKOM,
por 3K mpemoxnazknaiorcs 6ybepHBIM XOTOIHEIM Ia-
3oM rejust, a 3arpyska MOJI npoucxoaur GbiCcTpo, 3a
10 mc. Jaa °K Takske M3BECTHO /IBA IKCIEPHMEHTA
no 3arpyske MOJI u3 3ameymurens. B padore [15] 3a-
xBadeno 6osee 10 aTomoB m3 oboralneHHOI cMecH C
conepxkanneMm “°K 7%, npu srom nyuox ‘°K 6b11 cos-

B KOTOpPOM IIa-

MerreH ¢ mygxkom atomos °Li. B pabore [24] sarpyzxeno
B MOJI 5- 107 aTOMOB U3 €CTECTBEHHOI CMECH KAJIHSL.
SameiuTe/ib TAKUM 00pa30M He SIBJISIETCsI 9acTO UC-
Hoab3yeMeiM crocobom 3arpysku MOJI mn s 37K,
mn s 0K,

B macrosmieit pabore cooliaercss O MOJIyJIeHUN
MAarHATO-ONTHYeCKHX JoBymrek g “°K u maa 49K,
3arpyzKaeMbIX U3 36eMaHOBCKOI'O 3aMeJJINTest. TrC/I0
aTomos YK B moBymxe, 7 - 109, 6obime, 4en B Apyrux
sKcHepuMenTax ¢ SYK, HCIoap3yIomux 3aMemTeh. B
noymky mis ‘°K saxsaueno 1.5 -10% wacrumn, uro Tak-
e GoJIbIe, 4eM B apyrux josymkax as 20K, zarpy-
sKaeMbIx u3 3amemrens. s 4°K Bnepsrle uccieno-
BAHO BJIMSIHUE CTOJIKHOBEHUI C aTOMaMU IIyYKa Ha Bpe-
s Hakomtenusi. CTaTbs IOCTPOEHA CIIEYIOMIM 00pa-
3oM. B pasi. 2 onmcana sKCriepuMeHTaIbHAS YCTAHOB-
Ka, B pas/l. 3 IPUBEJIEHbI U OOCYKIAIOTCS U3MEPEHUsI
YUC/Ia ATOMOB, TEMIIEPATYPbI, BPEMEHN HAKOILJICHISI.

2. OQKCITEPMMEHTAJIBHA{ YCTAHOBKA

2.1. O6Gi1riee onucaHne yCTAaHOBKU

Josr menenus n oxaaxkaenns >°K u 49K ucnoss-
30BaJIaCh OJ[HA U Ta K€ YCTAHOBKA, CXeMa KOTOPOIi 10~
Ka3aHa Ha puc. 1.

VcTouHUKOM ra3a aTOMOB CJIYKUT TEILIOBOM Iy YOK.
YacTh aTOMOB TOPMO3UTCSI B 366MaHOBCKOM 3aMe/ /1~
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Puc. 2. Juepretudeckue yposhu *°K n 4°K, 6nnskue k peso-
HaHCy C uanydeHnem. AgantuposaHo ns pabots [25]

Tejte, nocje dero nonagaer B MOJI. Tasee B paz. 2.2—
2.6 ycraHoBKa onmcana 6oJiee 11o/ipooHo. Vcnonb3yer-
Cs JIa3epHOEe W3JIydeHWe C JacTOTaMu BOJIM3U JIMHIH
D2 xamusa ¢ gamunoit Bomusl A = 766.7 HM. YpoBHU
SHepruu OJIM3KNE K PE30HAHCY C U3JIy YeHUEM ITOKA3aHbI
Ha puc. 2. BakyyM BHyTpHU yCTaHOBKH IO/ JIEPKUBACTCS
JBYMS MarHUTOPA3PSAIHBIMA HACOCAMEI MEXKIY UCTOY-
HUKOM aTOMOB U 3aMEJJINTEJIEM, a TAKyKe TeTePHBIM U
MarHUTOPA3PSIHBIM HACOCAMH, ITOJICOEIMHEHHBIMA CO
cropoust MOJL. ITepexoz ¢ 3°K ua 4°K rpebyer ne6onb-
IIOT0 M3MEHEHUsI B OITUYIECKON cXeMe, KOTOPOe OIUCa-
HO B pa3z. 2.6.

2.2. TersioBO# My4Y0K aTOMOB

McTOYHUKOM TEIJIOBOTO IyYKa aTOMOB CJIyKUT
IeYb U3 HEPXKABEIOIIEH CTaJM, COCTOAIIAA U3 BEPTU-
KaJbHOI'O CTaKaHa U TOPU3OHTAJIBLHOTO COTLIA BHYTPEH-
HUM JIAAMETPOM 2Toven = 6.4 MM u jurmHOR 230 MM,
mokazannas Ha puc. 1l a. B crakan 3amoxken merasuin-
veckuit Kasmit. i sxcnepuMenTos ¢ SYK 3axmannisa-
IOTCS JIBE CTEKJISTHHDBIE aMITYJIbI, COJEPKAINe KAXKIasT
mo 10 Mr IpUPOHON CMECH M30TOIOB KaJis, B KOTO-
poit 39K cocrapager 93.2%. Ammynsl pasbmBaroTcs B
aTMmocdepe aprona, 3aTeM CTaKaH CBEPXY 3aKpbIBACT-
cs1, 1 ra3 oTKauusaercs. Jsa sxcrnepumentos ¢ ‘0K ama-

506

JIOTUYHBIM 00pa30M Pa30UBAETCs AMITYJIA, COJIEPIKAIIAS
2.5 MI' METAJITMIECKOTO KaJus, oboramennoro 1o 12.8%
o 4OK.

Ina cosmamms Temntosoro myuka S°K crakam ma-
rpet 70 140°C, aro jaeT aToMbI ¢ HanbOJIee BEPOSITHOM
ckopoctbio 510 Mm/c. Temmeparypa cormia Ha GosbIneit
JacTH JIUHBL O6Jn3Ka K KoMHaTHOH. Ocemanie aToMOB
Ha CTEHKM He MPUBOJIUJIO K CKOJIb-HUOY/Ib 3aMETHOMY
CY?KEHUIO COILIa — IIPU BCKPBITUU BaKyyMHOI KaMepbl
HaOJTIOIAJICS JIUIIH HeOOIBIMTON HaJTeT.

ATOMBI BBLJIETAIOT U3 COILIA B MOJIHBII yros 3.5°. 1x
IIOTOK MOXKHO OIEHUTH HA OCHOBE JIABJICHUsI HACHIIIEH-
HBbIX HApoB KaJsug B crakade npu 140°C [26], uro maer
2.6 - 1015 aromon/c. Obmactb 3axsara MOJI BujHA U3
CcTakaHa TOJ yIyioM 2°, a BBIXOJIHAS AllEPTypa 3aMe/]i-
JINTEJIA OTCEKAET aTOMBI, JIETAINE B yroJi cBbime 1.7°.

Hapmenne B obractu B6am3u neun 6-10~8 Topp mpu
temneparype meun 140 °C u3mepeHo MarHUTOpPa3Psi-
HBIM HACOCOM B IIPEJIIIOJIOZKEHIH, 9TO OCHOBHOII ra3 Ho.
DakTUIECKUit cOCTaB ra3a HeM3BeCTeH. BKia KaJms
BEPOSATHO HE OCHOBHOI, IOCKOJIbKY JIaBJIEHNE TTAPOB Ka-
JIdsl TIPY KOMHATHON TemIleparype, IIpu KOTOPOil Haxo-
JIATCSL CTEHKHM B 9TON 00/1aCTH, Ha MOPSJIOK MEHbIIE U
cocrasasger 9 - 102 ropp. Japienne, n3MepenHoe IpH
BBIKJIIOUEHHOM Harpese meun, — 8 - 1077 Topp B mpes-
[TOJIOZKEHUH OCHOBHOT'O BKJIAJIa BOJOPO/IA.

B skcnepumentax ¢ K crakamn pasorpesajics o
88-120°C.

2.3. 3eeMaHOBCKUI 3aMeaJINTEb

BeeMaHOBCKMIT 3aMe/IUTeNb [27] 03BOJISET 3aMe/l-
JINTh YaCTh aTOMOB B TEIJIOBOM IIyYKe M, TAKUM 00pa-
30M, yBeJMYnuTh CKOpocTh 3anosuerns MOJI. 3ame-
JIITEJIb COCTOUT U3 JIy9da BCTPETHOT'O ATOMHOMY ITYUKY
7 3JIEKTPOMArHUTa ¢ KOHYCOOOPA3HOI HAMOTKOIL, TTOKa-
3aHHBIX Ha puc. 1.

Tt 3K iyd HaCcTpoeH Ha TOPMOKEHHe aTOMOB Ha,
repexoze

451/2(F == 27FZ == F) —>4P3/2(F/ == 37F; :F/),

HoJIApu3aIyd ayda o . B obnacTu J0BYIIKH AHaMETP
Jyda 110 yPOBHIO MHTeHCHBHOCTH 1/e paBeH 19 MM, a
UHTeHCuBHOCTH B menTpe — 20 MBt/cMm?, uro mmoOro
60JIbIlIe MHTEHCUBHOCTU HACKIIIEHUS ITUPKYJISPHOTO I1e-
pexoma 1.75 MBt/cm?. ¥V kpas comita gmameTp Jsyda
[IPUMEPHO paBeH juamerpy coruia. OTerpoiika oT Jac-
TOTBI TIEPEXOIa [TOI0OPaHA MAKCUMU3AIHEH IICIa aTo-
moB B MOJI u cocraBiisier B HyJIeBOM MATHUTHOM TIOJI€
Ay = —11.5T, rue T' = 27(6.035 MT'i) — obparHoe
BpeMsI XKU3HU BO30YKJIEHHOIO COCTOsIHMST [28].
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Puc. 3. Mpodunb MarHMTHOro MoJsisi Ha OCK 3€eMaHOBCKOro

samegnutens ana 2°K (a) n *°K (b). Cunum — nsmepentoe

none npu 7.7 A (a, ana **K) n 9.7 A (b, ana “°K), opan-

XKEBbIM — none ugeanbHoro sameanutens (1) ans 3agaHHbix

oTcTpoek Ag. BepTukanbHbIMU LUITPUXOBLIMI JNHUSIMIA NOKa-
3aHbl rPaHMLbI SIEKTPOMarHmTa

DJIEKTPOMArHUT UCXO/IHO pa3spaboTaH Jjisl 3aMe ljie-
mng SLi. Benmamma Toka moabupaeTes Tak, ITOOBI MaK-
CHMI3HPOBATH IHCIIO ATOMOB B JIOByIIKe, u 1 S K co-
crapuia 7.7 A. 1o 3HaueHMEe OBIIO UCIOIb30BAHO JIJIs
JOBYIIKH ¢ HamOOJBIMUME 3Hadernmamvu N ~ 7 - 107
Kpowme Toro, BBITOTHSAINCH N3MEPEHNS ¢ MEHBIITIM 91C-
JoM aroMmoB B joBymke N ~ 5 - 10% npu Toxe 6.3 A.

[Ipoduss mostst Ha ocu 3aMeuTe st Ipu ToKe 7.7 A
rokasaH Ha puc. 3 a¢ Takzke IOKa3aHO I10JIe UeaIbHOIO
3aMeIJTUTeJIst

h
B(z) = <A0 +=
HUBohr

2amax(20 — Z)) , ()

KOTOpPOE OTBeYaeT PaBHO3AMEJJIEHHOMY JIBUKEHUIO C
YCKOPEHUEM Umax = whL/(mM), rme m — macca aro-
Ma, [Bohr — Marmeron bopa. PaxrTmdeckoe mose cra-
JaerT MeJIJIeHHee, YeM HjieabHOe, 9TO JeIAeT IPOIECC
TOPMO2KeHUsI 60JIee YCTONIUBBIM 110 OTHOIIEHHIO K Pe3-

-Upmt,mV
196.5 -

F=2 — 7S off
196.0 — ZSon

\\
195.5 \
195.0 A 1
': Slowed
194.5
': atoms
194.0 ',' Thermal atoms
193.5 1 —~
L , ‘\\‘\_
193.01 = —o-/(/*\__
__-_/ __,.—-—-———< .’
192.5 ; | | . |
200 0! -200 -400| -600 -8G0 -1000 -1200
—462 Avp_;, MHz
_| { 59 MHz 350 MHz
60 m/s 360 m/s

Puc. 4. ®noopecueHuns nyyka aToMOB, MPOLUEALUNX He-
pes 3eeMaHOBCKUI 3aMeA/iNTeNb, B 3aBUCMMOCTU OT Avp—1,
OTCTPOKM AMArHOCTUHECKOro Jlyda OT 4acToTbl Mepexona
4S1/5(F = 1) — 4Py,5(F' = 2). PesonaHc ¢ sTum ne-
pexogoM n ¢ 4Sy,o(F = 2) — 4P3,5(F' = 3) oTmeuen
BEPTUKaNbHBIMU NnHUSMU «F = 1» n «F = 2» cooTseT-
cTBeHHO. «ZS on/offy — 3ameanuTenb BKNIOHEH /BbIKIIIOHEH.
DntoopecueHUnss N3MEPEHA B €4MHULAX BbIXOLHOMO Hanps-
xevnss POV Upmt u BugHa Ha dpoHe 3aceetkn POV
MepeoTParKeEHNSIMU

KUM IIeperajaM MarHUTHOI'O IOJId U K CHUYKEHUIO UH-
TeHcUBHOCTH cBeTa. [lepeceuenne maeanbHOro mnpodu-
Jsi ¢ (QAKTUIECKUM HA PHUC. 3 ¢ OTBEYAECT HAYAJIHLHON

CKOPOCTH
A wB(z=9
Ving = % (:LLBO} (2 CIVI) _ AO) — 330 I\’I/C, (2)

KOTOpasi B CBOIO OY€Peb COOTBETCTBYET BOBJIEUECHUIO
14% remoBoro paciupenenennst aToMOB B 3aMe/IJIeHNe.

B obsactu MOJI 3ameumrens co3aaer HeOOIbIIoe
moJie, okojio 2 I'c. Bo Beex skcmepumentax ¢ MOJI
9TO I0JIe CKOMIIEHCHPOBAHO COOCHBIM 3JIEKTPOMATHU-
TOM, KOTOPbII HAXOIUTCs 110 JAPyTryio cropory or MOJI
u Ha puc. l He ITOKa3aH.

BozneiicrBue 3amenuresisi MOXKHO BUIIETh HA
puc.4, rae mokasaHa (JIFOOPECIEHINsI IIyYKa B JIU-
ArHOCTUYECKOM JIiyde B 00JIacTH, TJje B JajbHeiIem
nabsonaercsas MOJI. Tuarnoctuaeckuii Jiyd HATIPABJICH
oz, yryioM 42° K OCH IydYKa B IJIOCKOCTH YZ, IPOTHUB
JIBUZKEHHSI aTOMOB. B 9TOM M3MEpPEHUU OTCYyTCTBYIOT
cozmarore MOJI mosist. /Inamerp IuarHoCTUIeCKOTo
Jyda 5.5 MM 10 YDPOBHIO UHTEHCUBHOCTH 1/e, uH-
TencusHOCTL B mentpe 0.5 MBr/cMm?, monspusanms
JMHeiHAs B IUIOCKOCTH yz. PuroopecrieHnus HabJIIo-
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Jaercss Ha (HOTOIEKTPOHHOM yMHOXKHUTese (PIY)
[PU PA3JIMYHBIX OTCTPOMKAX JHAIHOCTHUYECKOIO JIyda
Avp_1 OT 9aCTOTHI IIEPEXOIA

451/2(F = 1) — 4P3/2(FI = 2)

Ha pucynke mnokasaHa 3aBHCHUMOCTH IIPH BKJIFOUEHHOM
U BBIKJIFOUEHHOM 3aMejjinTeie. BbIKJIFOUeHne JOCTUTa-
€TCsl CMEHOI MOJITPU3AINT 3aMeJISIOIIEro JIyda HA 0,
9TO COXPAHAET MMOYTH HEM3MEHHOU 3acBeTKy DIV me-
PEOTParKEHUsIMU, CBET OT KOTOPBIX JIOMUHUDYET Ha]l
diroopectieHIuei, 9T0 BUIHO HA PUC. 4.

BamMe/IjIeHHbIE aTOMBI Ha PUC. 4 IIPOSIBJISIFOTCST BOJIH-
3u Avp—1 = 0, IOCKOJIBKY IIPOIECC 3aMeJJIEHUs] JIJIst
OOJIBIIIMHCTBA ATOMOB 3aKAHIMBAETCH HAKAIKOW B CO-
crostare 45 /2(F = 1) u3-3a CyIIECTBEHHOI DaJuasb-
HOIl KOMIIOHEHTBI MATHUTHOI'O II0JIsl Ha BBIXOJE 3aMe/l-
sgurens. Ilo orcrpoiike mmKa 3aMeJIeHHBIX aTOMOB,
MOKHO OIIPEJIEJIUTh UX [POAOJILHYIO CKOpocTh 60 M/ ¢,
KoTOpast 6um3Ka K orenke —AAg/(27) = 54 m/c. Hesa-
Me€/IJIEHHBIE ATOMBI HAXOATCS B OCHOBHOM B COCTOSTHUN
4815 (F = 2). Cnajianme B UX pacupe/ieleHuH OTCTOUT
Ha 350 MI'm or pesonanca

451/2(F = 2) — 4P3/2(F/ = 3),

YTO OTMEYEHO Ha puc. 4. DTOT YaCTOTHBIH CIABUT COOT-
BETCTBYET JIOIJIEPOBCKOMY CIBUTY JIJIsi ATOMOB CO CKO-
poctbio 360 M/c, 9T0 6IM3KO K OIEeHKe (2).

Jna 4K ucrnosib3aoBaHO TOPMOYKEHHE aTOMOB Ha
nepexoze

451/2(F: 9/27FZ: F)—>4P3/2(FI: 11/2,FZI: Fl)

st Toro, arobb jtyv He Merast popmuposarnio MOJI,
DPACIIOJIOZKEHHON TI0 IEHTPY JIyda, B SKCIIEPUMEHTAX C
40K B menTpe 3aTeMHeHA 06JIACTH JAUAMETPOM 6 MM.
B orcyrcTBumM 3aTeMHEHNS MHTEHCHBHOCTD B IIEHTPE B
obmactu MOJI 6puta 661 35 MBr/cm?. OTcerpoiika or
pesonanca Ay = —5.81', 4T0 COOTBETCTBYET CKOPOCTHU
27 m/c. Tox amekrpomarauta 9.7 A. Tlpu Tokax menee
8 A gucyio aromos B MOJI 66110 MeHbBIIIE MUHAMYM Ha
[TOPSAJIOK.

Qakruaeckuit npodwis moas npu 9.7 A u Gau3-
KUii poduib UaeaJ bHOrO 3aMeJINTe sl IOKa3aHbl Ha
puc. 3 b. Bunno, uro daxkTudeckuit u ujeabHbII Ipo-
buIh MoJIA MOYTH COBMAJAIOT HA IMUPOKOM OTPE3Ke
9 cm < z < 25 cM, OTKJIOHEHUs B 9TOi 001aCTH HE TIpe-
Boimaior 2 I'c. Ecjin aroMbl cpbIBalOTCsT HA 9TOM ydacT-
K€ W3 IPOIECca 3aMeJJIEHUs, TO 3aMe/JINTENb TOTHO-
[IEHHO PAabOTAET JINIIb IPU 2 > 25 €M, TJIe [0JIe CIIa1aeT
6oJiee ILJIABHO, YeM B HjeaIbHOM 3amejmrese. [ panu-
1a z = 25 ¢M COOTBETCTBYET 3aMe IJIEHIIO CO CKOPOCTE

508

Uini = 220 M/c, TO ecTh BoOBJeUYeHUIo Junib 3.6% Ten-
JIOBOT'O PACIPEJICJIEHUsT ATOMOB B 3aMeJ[JIeHue.

Hna 9K Hu 3aMe/yIeHHbIe, HE TEILIOBbIE ATOMbI He
naburoamcs. BoaMoKHOCTD 9D HEKTUBHOTO 3ameiTe-
HUsl TIpU IPoduUjIe MoJist OJIU3KOM K HeabHOMY I10/I-
TBepxKIeHa Ha npuMepe SYK. OBHApPY:KEHO, UTO IpH
Toke 10 A KOJIMIECTBO 3aMeJJIEHHBIX ATOMOB IIPUMEP-
no na 30% 6Gosbmie, yem upu 7.7 A.

2.4. MarauroonTu4deckasi JOBYIIIKa

MaruuTtoonTudeckasi JOBYIIKa (hOpMUPYyeTCs BOJIU-
31 BBIXOJIa 3eeMaHOBCKOro 3amesuress. [losoxenune
obJraka IJIEHEHHBIX aTOMOB MMOKa3aHno Ha puc. 1. llenTp
JIOBYIIIKH COBIIQJIAET C OCbIO IIydka aroMoB. JloByti-
K& CO3/IaeTCsl TPeMsl IIapaMi BCTPEUYHBIX JIydeil U Iia-
POl JIEKTPOMATHUTOB CO BCTPEIHBIMHU TOKAMU, CJIEITY s
rTpajunmonHoit cxeme [7]. Jasierne B6amuzu MOJI co-
crasyser 3 - 10719 Topp B mpeiIoIOKEHNE OCHOBHOIO
raza Ho. Jluamerp Jiydeit 18 MM 110 yPOBHIO MHTEHCHB-
nocru 1/e, nonsgpusaruu kpyrosoie. Kapiii uz Jjryqeii
COJIEPXKUT JIBE YaCTOThl — OCHOBHYIO U YacCTOTY IIepe-
HaKa9IKH.

Iz 39K ocHOBHASI YaCTOTHAS KOMIIOHEHTA, B3AUMO-
JeficTByeT € 11epexo/ioM

4S1/2(F = 2) — 4P3/2(F/ = 3),

oKas3aHHbIM Ha puc.2 a. Orcrpoiika OT Iepexoia
Anor = —10I, MHTEHCUBHOCTH KOMIIOHEHTBI B ILIEH-
Tpe KaryKJIOT0 TOPU30HTAJIBLHOTO JIyda COoCTaBjsgeT 12.5
MBT/CMQ7 a B IEHTpe KaKJI0ro BepTHkKajbHOoro — 10
MBTt/cm?. HacToTa epenakavkn 6,mM3Ka K TePexoTy

451/2(F - 1) — 4P3/2(F/ - 2)

u orcrpoena Ha Arep = —5I. BBy 6sm3octu Bo30y k-
Jennbrx ypoueit 4Py o(F' = 3) m 4P3/5(F' = 2) oc-
HOBHAsl 9aCTOTA IPUBOJIUT K YaCTBIM II€PEX0aM Ha, 0~
crenmit u pacnazam na 48y /o(F = 1), g1s omycrore-
HUsI KOTOPOTO TPEOYEeTCst JJOCTATOYHO CHIIBHOE TI0JIe e~
pPeHAKAYKN, HHTEHCUBHOCTb KOTOPOTO 10 IEHTPY KaK-
JIOT'O TOPU30HTAIBHOTO JIyda cocTasisger 4 MBr/cm?, a
10 TeHTpy BepTukagbHoro — 20 MBT/cm?. DiexTpo-
MAarHATBI CO3/IAI0T TPAJMEHT MATHUTHOIO IOJIsI, BEJIU-
YUHA KOTOPOT'O B BEPTUKAJILHOM HAIPABJICHUH I PABHA
—9.5 T'c/cm. Do 3HaYCHNE OBLIO HCIIOJIB30BAHO st JIO-
BymKn: ¢ Hapbompmmm N ~ 7 - 109,

Kponme Toro, mamepenns Temmeparypsl >’ K BBIIO-
HAJINCEH ¢ MEHBIMHM 9rcoM aToMoB N ~ 5-108. B atux
skcrrepuMenTax Ayor = —6I°, Ayep = =3I, rpaguent
marauTHoro mosst —3.5 I'e/cm.
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MarnutoonTuyeckne nosylwkn anst kanus-39 n kanusi-40

a) b)

repump

MOT

AOM
+235

MOT

~repump

r
N
4

AOM
-310

Puc. 5. Ontuueckas cxema gobasieHns 4acToTbl nepeHakaqky («repump» ) K OCHOBHOM 4acTOTe MarHMTOONTNYECKOrO MJIeHEHUs
(«MOT»): a — gnn 39K; b — ans °K. Jlyuu, HapucosaHHble BAN3KO 1 NAapannenbHO, HAXOAATCS B OAHOM MPOCTPAHCTBEHHOM
moge, B ToM 4yncie aydn « MOT» un «repump». «AOM+235» n «AOM—310» — AOMei, caBuratowme yactory ceeta Ha +235
n —310 MIy cootsetcTBeHHO. «PBS» — nonsipusytowas genutensHas niactuHa; «A/2» n «\/4» — nony- u 4eTBEpTLBOIHO-

BOll hasoBpalyaTens cootBeTcTBEHHO; «FR» — hapageescknii Bpawatens nonspusauyum Ha 45°; «M>» — 3epkano

Jost nnenennsa *°K ocnosnas wacrota sygeit MOJT
O6/IM3Ka K TIepPexory

1 OTCTpoeHa oT Hero BHu3, Ayjor = —40. Marencus-
HOCTb 3TOIl 4aCTOTHON KOMIIOHEHTBI II0 IIEHTPY KazK-
JIOr0 TOPU30HTAJIBHOIO M BEPTHUKAJIBHOIO JIyda — H U
10 MBr/cm? coorercTBenno. JYacToTHas KOMIOHEHTA
IIepeHAKAYKN OTCTPOEHA OT TEPEXOIa

Ha Ayep = —3.51". CBepXTOHKOE pacIierieHie ypPOBHs
4P3/2 JOCTATOYHO BEJIMKO, MOITOMY BBICOKAsA MHTECH-
CHBHOCTD TIepeHaKadIKd He Tpedbyercs. B kaxkmIoMm ro-
PU3OHTAJILHOM WU BEPTHKAJBLHOM JIyde MHTEHCHBHOCTD
pasna 1.3 u 2.5 MBt/cM? coorsercTento. Beprukaib-
HBIIT TpajieHT MarHuTHOroO oy —7.5 I'e/em.

2.5. Kamepa 1 poT03JIeKTPOHHDBI!T YMHOXKUTEJIIH

U cToaHrKOM JAHHBIX ABIAIOTCS (DOTOIIIEKTPOHHBIH
ymuoxkuress (PIY) u KMOII-kamepa, pactosioxenue
KOTOPBIX CXEMaTUYHO ITOKa3aHO Ha puc.lb u puc.lc
coorBercTBeHHO. DY MCHOIIB30BAJICA I U3MEPEHUS
Bpemenn nakoruienust aromoB 8 MOJI. Ha kamepy mo-
JIy9IeHbI N300pazkeHus 00J1aKa aTOMOB IIPU [TOMOIIHU Te-
HEBOI ChEMKM B CBeTE ¢ OJIM3KOI K PE30HAHCY YacTO-

Toit. @Y u Kamepa He MOI'YT UCIOJIb30BATHCS OIHO-
BPEMEHHO. YCTaHABJIUBAETCS OO OHO, JUDO JIpyroe
YCTPOUCTBO.

2.6. Ilepenenka yCTaHOBKH IIPU CMEHE M30TOIIa

ITepexom ¢ omHOrO M30TOINA HA JAPYroil Tpedbyer u3-
MEHEHUS OIITUYECKOU CXeMbl, B KOTOPOII 4acTOTa Iepe-
Hakadky jobasisgercs K ocuopHoii yacrore MOJI. Cxe-
Mol st 2K u 49K mokaszams! Ha puc. 5 a u puc. 5 b co-
OTBETCTBEHHO.

B cayuae 39K wactoTa mepeHaKkaduKy J106aBIISETCS
K OCHOBHOW YacTOTe IMPHU IMOMOIIUA aKyCTOOITHIECKO-
ro mogyiaropa (AOMa) B ABYXIIPOXOIHOM DEXKUME.
Hs °K — no6asierne AOMoOM B 4eTHIPEXIIPOXOIHOM
peXKIMeE.

IobGaBjieHne IPOUCXOUT JI0 Pa3JIeieHus JIyda Ha 3
napsl jygeit MOJI, nokazanubix na puc. 1.

3. HNCJIO 1 TEMIIEPATYPA ATOMOB B
MATHHUTO-OIITUYECKNX JIOBYIIKAX

3.1. 3%K
3.1.1. ®aroopecnennus S°K

CHUMOK aTOMOB, (JIFOOPECIUPYIOIIUX B JIydax
MOJI, npusenen na puc.6a. CHUMOK ciaeaH Ha
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ObITOBOI T POBOI boToAIIAPAT, KEJTHII OTTEHOK
obJraka — OmmbOKa I[BETOMEPEIAtN.

3.1.2. Yucso aromos °K

Yucjio aToMOB M3MEPEeHO IIpU IIOMOIIM TEHEBOil
CbeMKH B II0JIe MOHOXPOMATHYECKOIO W3JIyUeHUsI
C YacTOTOH CABUHYTOU Ha Aphoto OT Hepexojia
4S1/5(F = 1) — 4P3,p(F" = 2). Ilepex cbemkoit
aTOMbBI HaKaIlJIUBAIOTCsl B JIOByIIKe B TedeHnue 40 c,
ypoBeb 1/e nocruraerca npumepno 3a 10 c. 3a 500
MC JIO CbeMKH JIyY 3aMeJ[JINTe/Isl [IEPEKPhIBAETCS MeXa-
HudeckuM 3aTBopoM. 3a 200 mkc npu nmomoru AOMa
B Tevuenne 100 HC BBIKJIIOYAIOTCS JIYYH IT€pEHAKATKHI
MOJI, 9To mpuBOIUT K MEPEBO/LY OOILITHHCTBA ATOMOB
B cocrosinme 4S5 /5(F = 1). Jlyan MOJI nepexpoisa-
IOTCAd MeXaHWIeCKHM 3aTBOpPOM B Tedenme 20 MKC.
CbeMKa MPOUCXOAUT B MOMEHT 3aKPBITHA 3aTBOPA
WA ¢ KOHTPOJIUPYEMOil 38 1epKKOil. MarHuTHbIE 110JIst
MOJI u szameniurenss BO BpeMsl CbEMKH OCTAIOTCS
BKJIIOYCHHBIMU.

CbeMKa COCTOUT BO BKJIFOUEHUN HA 2 MKC JIy4a [10J1-
CBeTa, IIOKA3aHHOIO Ha PUC. 1 ¢ U pacipoCcTpaHsIIOIIero-
cd B HampaBJjeHuu ocu y. Jluamerp Jiyda CymecTBeHHO
[IPEBBINIAET Pa3MepPhI 00/1aKa, THTEHCUBHOCTD B IIEHTPE
0.24 MBt/cM? < MHTEHCUBHOCTH HACBITIEHHS. ATOMBI
CO3MaIoOT TeHb B Jjyde. [Ipomeammit cBeT nmpoenupyer-
cs zHa kamepy. CpaBHUBas CHUMKHA ¢ 00JIAKOM aTOMOB U
6e3, MOXKHO HaiiTu pacipejesenne KoapUuImeHTa mpo-
xoxenust T'(x,z), 10 KOTOPOMY BBIUUCIISAETCS CTOJIG-
[OBast KOHIIEHTPAIUS ra3a

na(z,z) = —% InT(x, z), (3)

rae 0 — CeYCHHUE pacCedHnud CBE€Ta OAUHOIHBIM aTOMOM,
1 9UCJIO aTOMOB

N:/m@aww. )

CHEMOK 00J1aKa TOTYAC K€ [TOC/Ie BBIKJIIOUCHUS JIy-
qeit MOJI nokazan na puc. 6 b. O6/1aKO BBITSHYTO 110
BEpTUKAJM B oTJindue oT obJsaka Ha dororpacdun 6 a
n3-3a HEOOIIBIIOro oTyn4ns B octuposke Jydeit MOJI.
Cuaumox 6 b cziesian Ha pe30HAHCEe, 9TO TPUBOIUT K 10~
9TU TOJTHOMY PACCEsHUIO CBeTa BOJIN3U IEHTPpa 00JIaKa
U He T03BOJISIET JIOCTOBEPHO PACCIUTATh Ng(x,z) u N.
TTosTomy 11 KOJMYIECTBEHHOTO aHAJN3a UCIOJIb30Ba-
HBI CHIMKI C OTCTPOHKAMU |Apnhoto| = (2.5-5.5)T, mpu-
Mep IokKasaH Ha puc. 6 c. st TaKiX OTCTPOEK BBIUKC-
JINTh 0 MOYKHO, CYMMUDYsI BEPOSITHOCTH MEPEXOI0B U3
cocroanmii 451 /o(F' = 1, F,) Ha BCe IOCTYIHBIC yPOBHI
4P3/5(F" = 0,1,2) u ycpeauss 1m0 PaBHOii HaCEeICHHO-
CTH MCXOJHBIX MarHUTHBIX cocrosinuii F,. Pacrerure-
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HUEeM B036y}K,H€HHI>IX ypOBHefI MOZKHO HpeHerqu), q9TO
naer
A2 /m
3 -
1+ (2Aphoto/r)

Pacuer o we 3aBucur or IIOJIAPU3 AN,

(Aphoto) = (5)

Yucoo wacrur, N, n3aMepeHHOE IPH PA3HBIX Aphoto,
IoKa3aHo Ha puc. 7. B kauecTBe mpubInKeHust NUCTUH-
HOIl BeJIMYUHBI BO3bMeM cpejiHee. TakuM 0O6pas3om B JIo-
symky mig YK saxsaueno (6.9 + 1.3) - 109 aTomos.

B paszn. 3.2.2 na upumepe “°K mokazano, uro mpu
temneparype nean > 120°C 0CHOBHBIM OrpaHUIUTEIEM
B YUCJIE ATOMOB SIBJISIFOTCSI CTOJIKHOBEHUsI C aTOMHBIM
mygakoMm. B pesymbrare casur nenrpa MOJI 3a npemenn
ATOMHOTO ITy9YKa MOXKET MPUBECTH K yBejmdeHuio N B
2 u GoJtee pas.

Yucyio aroMOB MOXKeT ObITh TaK:Ke U3MEPEHO II0
droopectieriuu aromos B jiydax MOJI. Cpasaum jBa
meroza. IIpum TeneBoit ¢beMKe M3BECTHO, UTO MOYTH
BCe aTOMbI HAXOJSITCS HAa KOHKPETHOM CBEPXTOHKOM
yposHe. [[jisi nHTepIperanuu JaHHBIX HYXKHA MOJIEJIb,
KOTOpas BblIaBaja Obl HACEJIEHHOCTb MATHUTHBIX I10/I-
ypoBHEil. 31ech MOJIe/Ib 3aMEHEHA IIPEIIIOJI0KEHUEM
O PaBHOIl HACEJIEHHOCTU, HA OCHOBE KOTOPOI'O BBIUKC-
gena o (5). MHTepuperanys JaHHBIX 3aBHCHT OT OT-
CTPOHKU Aphoto. IIpoBeseHbI U3MepeHHd 1IPH Pa3/IHY-
HBIX Aphoto — OJH30CTH Pe3YJIbTATOB yKa3bIBAET Ha
BEpHDII yaeT oTcTpoiikn. Kpome Toro, reneBas cheMKa
TaKKe [T03BOJIAET OIPEIE/INTh TEMIIEPATYPY, KaK ITOKa-
3aHO B pas3i. 3.1.3

Ilepecuer unciaa HoTOHOB DIIFOOPECIEHIINN B UKC-
JIO aTOMOB 3aBHUCUT OT OOJIBIIENO YHCJ/IA IapAMETPOB.
Hy2xna Mozesb, KoTopas yka3biBaja Obl HACEJIEHHOCTH
OCHOBHBIX U BO30Y K JIEHHBIX CBEPXTOHKUX yPOBHEl 1 UX
MarHUTHBIX cocTosiHuii. HacesleHHOCTH 3aBHUCSIT OT JIO-
KAJIbHOTO MArHUTHOTO I0Jist, OT UHTEHCUBHOCTEN U OT-
crpoek buxpomarudeckoro mojig MOJI u or ciorTanHo-
0 W3JIyYeHUsl OKPYZKAMIMMUX aTOMOB. KOJIJIeKTUBHbBIE
adexrnr, cBa3anabie ¢ ociabaerneM nojeit MOJI u
nepepaccesmueM (BOTOHOB, 3aMeTHEI yake npa N = 10°
[29]. MeTom, Takum 06pa3oM, 3aBUCUT OT PACIETOB U
[IPE/IIIOJIOXKEHUI B ropa30 O0JIbIIell CTeleHn, YemM Te-
HEBasl CbeMKa, U [0 9TOH MPUYINHE 3/1eCh HE UCIIOIH30-
BaH.

3.1.3. Tepmomerpus °K

Temmeparypa m3mMepena mo pasyeTy ra3a MoCIe Bbl-
kiovyenust onrudeckux noseit MOJI. Ha puc.8 a—c B
KadecTBe MpUMepa IMOKa3aHbl CHUMKN KOHIICHTPAIIAT
aTromoB depe3 t = 0, 2, 4 Mc mocsie Hagasa passera. 13-
MepeHUsI TEeMIIePpATYPhl BBIMOJHEHBI C MEHBIITUM YUC-
joM aromoB N ~ 5 - 108, 13-3a MeHbII€il ONTHIECKOIT
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a)

c)

Puc. 6. a — D noopecLeHLmns HeCKOTbKNX Muinapgos atomos “°K 8 MOJ1. b, ¢ — TeHegbie cHumku gnst obnaka °K 6es pasne-
Ta NpW OTCTPOIike NOACBEHUBAIOLLErO Jy4a Aphoto = —0.2 (b) 1 Aphoto = 2.5I" (¢). MokazaHo pacnpepenerne koaddurumeHTa
nponyckatust T'(z, z), BeNM4NHa KOTOPOro oTpaxeHa B ugeTe. [log KaXkAbIM CHUMKOM nokasaHo pacnpegenerune T'(z = const, z)

BLOJIb OPaHXXEBOUi JINHUM, CrI2XKEHHOE MO COCEAHMUM TOYKaM BAOsb uHuM. Ha nanenn (¢) Bugnmoe yncno atomos N = 8.7- 10°

Aphotm r

Puc. 7. Yucno atomos *?K 8 MOJ1, namepentoe npu nomotiu

Nly4a NoAcBeTa C pas3/INnyHo OTCTPOIIKONA OT pe3oHaHca Aphoto-

[MokasaHbl cpefHne N cpegHeKBaApPaTUYHbIE OTKIOHEHUS MO 2
NOBTOPEHNAM

rIyOnMHBI ODJIAKA WCIOJIB30BAHO WM3JIyUeHHE Ha PEe30-

Hauce Aphoto = 0. IIpu Bbrunciaennn cedenns pacce-

SIHUS YIATBIBACTCS TOJBKO OJUH BO30YXKJICHHBINH yPO-

Benb 4P3 /o (F' = 2), ycpennenue 1o MarHETHBIM T10JI-
YPOBHSIM JIaeT

5\2

o=—

127

(6)

O6itako Ha BCeX CHUMKAX UMEET BBITSHYTYIO (hOp-
Mmy. Takrke pasziieT B JJIMHHOM HAIIPABJIEHUN IIPOUCXO-
aut O6bicTpee. Boamorkuast npuanHa — pas3daaHCHPOB-
K& JIOBYIIKH II0CJI€ BBIKIIOYCHUS JIy4deil IepeHaKaIK,
KOTOpPBIE BHOCSIT CYINECTBEHHBII BKJIAJ B Y/EpKaHUE.
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U1t KayKJ10ro CHUMKa CPEJTHEKBAIPATHIHBIC MOy IITH-
PHHBI B JIByX HAIIPABJIEHUsIX HAfiJIEHBI [IOJTOHKON JIBY-
MEpHBIM rayccoBbIM npoduieM. PasMeps! BIOJIb JIIHH-
uoro («long») u koporkoro («short») manpassenuii co-
OTBETCTBEHHO OTJIOXKEHbI Ha puc.9 ab. 3aBucumoctn
HOJOrHAHBL (POPMyIaME CBOGOJHOIO pa3jeTa

T
- 9 ong(short)
Olong(short) (t) - \/00 long(short) + t2T’ (7)

9ITO JlaeT /IBa 3HaUeHNs TeMIepaTyPH Tlong, Lshort- B
KadecTBe OIEHKU TeMIIePaTypPbl BO3bMEM CpeJIHee, a 10~
JIYPA3HOCTH B KAYECTBE CUCTEMATHUYIECKOW OIIMOKH U
monyanm 1 = 4.5 + 1.5 mK.

HOJIy‘IeHHaH TeMIepaTypa 3aMeTHO BbIIIe, 9€eM 3Ha-

genne T = 870 mkK, mpesickaszanmnoe Teopueil oxja-
JKJIEHUsI 2-yPOBHEBOrO aToma B ciabom moJe [30] mpu
Aypor = —6T. B skcnepumentax [19, 31] usmepenst

remneparypsl ot 2 10 6 MK. Oxrazknenue 39K ormrga-
eTCs OT OXJIAXKJIEHUsI 2-yPOBHEBOIO aTOMa U OT OXJia-
JKJIEHUsI I'PaJIMeHTOoM nossipusaiun [32]. Pazmmnane cBsi-
3aHO C MAJIBIM CBEPXTOHKUM PACIICIJICHIEM BO30Y K-
JIEHHOTO COCTOSTHUSI M BO3POCIIEH B CBA3U C 9TUM PO-
JIbI0 TlepeHakadku. JIJg M30TONOB JIUTUSI, ¥ KOTOPBIX
CBEPXTOHKOE PACIIEIJICHIE BO30YKICHHOTO COCTOSHUS
TakykKe MaJjo, COOOIMAJIOCh O Temmueparypax or 1 mo 4
MK [6,33]. Kpome roro, ecrb obmmuit addexr yseanue-
aust T ¢ poctom N kak (T — Tp) ~ Nl/?’7 rme Ty —
TemiiepaTypa npu MaJabix N [34].

5*
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a) b)

10 15 10 15 10 15

Puc. 8. Tenesble cHumku obnaka *?K uepes 0 (a), 2(b) u 4 (c) Mc nocne oTkntouenns ontudeckux noneii MOJ1. KoopauHaTs!
OT/IOXKEHBI B MM, LiBET YKa3blBaeT BeAn4uHy KoatduumeHta nponyckarus T'(x, z)

a) b)
5.5] 39K L 39K -
4 7/
A
5.0 g 33 7t
€ ol £ 30 7
4.51 ’ o
€ ,,.’ E\ ,,/
l ] Ve
8’ 4.0 ,/ g 2.5 ,,/
S 4 < o
5 3.5 ¢ 5 e
-~ 2.0 -
3.0 _” "
25 -~ Tlong = 6.0 mK 1.5 o Tshort =3.0 mK
0 1 2 3 4 0 1 2 3 4
t, ms t, ms
c) d)
.
0.84 //' 0.7 X
£ £
g 0.7/ L € 06 /{
- 4
o 0.6 ’/’ < 0.5 L
S 4 /+/ 4 g t/{
05| __$--7" ¢ f/’
Tiong = 141 pK 0.4 e--"" Tshort = 117 uK
0 1 2 3 4 0 1 2 3 4
t, ms t, ms

Puc. 9. CpegHekBagpaTudHblii pasmep obnaka aTOMOB B 3aBUCMMOCTW OT BpeMenn pasneta ¢ ans *°K (a, ) u “°K (c, d).
MokasaHbl pa3mepbl BAONb AJIMHHOTO U KOPOTKOrO HanpaBleHUl, Tlong U Oshort COOTBETCTBEHHO. CUpeHEBbIE TOYKM — AaHHbIE,
KpuBble — NOAroHKa (7), yKasaHbl TeMMepaTypbl, NOJYYEHHbIE MOLIOHKONA

3.2. 0K KU IOJABJSIONIeE OOJIBITMHCTBO ATOMOB HAXOIATCS
B cocrognmu 4S1,5(F = 9/2). Jna cbemku uc-
MOJIL3YETCA JIyd TOJCBETA B PE3OHAHCE C MEPEXOIOM
4S1/5(F = 9/2) — 4P3/5(F" = 11/2). Ceuenne pac-
CestHUs MOJIyYaeTCs YCPEJIHEHUEeM 110 PABHOI HaceseH-

3.2.1. Yucso aromos °K

Yucsio u remiieparypa aroMOB OIIPEJIEIeHbI 110 Te-
HEBLIM CHUMKAM, HPUMEpPbI KOTOPBIX ITOKA3AHBI HAa ..
N 39 HOCTHM MAIHUTHBIX TIOJYPOBHEH MCXOIHOTO YPOBHS:
puc.10. B ommume ot um3amepenmit ¢ K, wgacro-
Ta IepeHaKaYKd OTKJIH0YAeTCsl OJHOBPEMEHHO C OC- 32

HOBHOI, a He 3apaHee, IO3TOMY B MOMEHT CbeM- 0= Br (8)

512



MITP, Tom 166, BoI. 4 (10), 2024

MarnutoonTuyeckne nosylwkn anst kanus-39 n kanusi-40

b)

X, mm

Z, mm

c) d)

X, mm
X, mm

Puc. 10. Tenesbie cHumkn obnaka ‘°K nocne pasneta & Teuenve ¢ = 0(a), 0(b), 1.5(c), 3.5 (d) mc. KoopaunaTtel B mm. Liget
nokasbisaeT senuduny T(, 2), npudem uBeToBas wkana ans (b-d) oTnudHa ot wkanbl Ans (a). Yucno atomos N = 1.5 - 10°
(a), 6.3 -10°% (b), 7.7-10° (c), 5.5 - 10° (d), norpewHocTs usmepenus ans (b-d) coctasnser +10°

Tenepoit cHUMOK o0OJiaka aTOMOB Cpa3y II0Cje OT-
KJIFOUEHUsI ONTUYeCKuX ImoJieil 3amemmress u MOJI
mokazan Ha puc.10a. Ywmcgmo aroMOB Ha CHUMKE
N = (1.46 £ 0.09) - 10%. Omubka n3Mepenus cps3aHa C
TeM, YTO MOIIHOCTD JIy4a IOJICBETa CJIErKa M3MEHsIeTCsI
OT CHUMKa K CHUMKY, BKJIIOYas OJIN3KUE [0 BPEMEHU
dororpacdun ¢ aromamu u 6€3.

Yuco aromo N = 1.5 - 108 Ha 1Ba mopsijika MeHb-
me, geM umcyio atromMos YK, xors gua maenenms 0K
UCIIOJIB30BaHa cMech ¢ oboramenuem g0 12% mo 0K.
Taxoe oboraienue npemnoaaraer ~ 10?2 aromos K B
JIOBYIIKE, TOCKOJIbKY OCTAJIbHBIE YCJIOBUS IKCIIEPUMEH-
Ta Osm3ku. [Ipuwawaa pasnmmans GakKTHIECKOro U mpo-
ruozHoro unciaa aromos ‘°K He scaa.

3.2.2. BuusiHue TemjioBoro my4kKa Ha 4YHCJIO aTOMOB
40K B joBymIKe

MOJI HaxoauTces Ha Iy TH TEIJIOBOTO ATOMHOTO Ty -
Ka, guamerp Koroporo B miockoctu MOJI pasen 20
MM, a IIOTOK II0YTH OJHOPOeH. [Ijis moHMMaHusT TOTO,
KaK my4ok Biusger na MOJI, n3amepeno Bpemsi HaKoILIE-
HUsI ATOMOB 110 YPOBHIO 1/€ B 3aBUCHMOCTH OT IIOTOKA
aToOMOB B Iiyuke. IIoTOK perysupyercsi Temieparypoii
crakafa mean 1,yen. Ha puc. 11 mokaszama 3aBUCHIMOCTD
BPEMEHH HAKOILJICHUS T OT TEMIIEPATYPHI.

Bpewmst T oueBuHO najtaer ¢ pocrom noroka. Cpas-
HUM M3MEpPEeHUsi ¢ MOJEeb0. JInHaMUKa 9nciia aToMOB
B JIOBYIIIKE TIPUMEPHO OIIPEJIEISIETCS yPABHEHIEM

dN

. *FvacuumN =T eamN Fa
i b +

(9)
rje F — 4mucio aToMoB, 3aXBaThIBAEMbBIX B JIOBYIIKY B
eIMHNLY BPEMeHH, ['vacuum — 9ACTOTA CTOIKHOBCHMIA
IJICHEHHOT'O aTOMA, ¢ OKPY2KAIOIIMM Ta30M BAKyyMHOI
KaMepbl, ['heam — 9aCTOTa CTOJIKHOBEHHIT C AaTOMAME U3
nyuka. Bpemst HakoreHust T = 1/(Tyacuum + Ibeam )-
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O6e 4acTOTBI CTOJKHOBEHHIT MOI'YT ObITH PACCYUTA-
ubl. OKpyzKalomuii raz — B ocHOBHOM Ha, 4TO CBA3AHO
C BBIJIEIEHUEM ATOMAPHOTO BOJOPOJIA U3 CTEHOK BAKY-
YMHOl KaMepbl, BBINOJTHEHHBIX U3 HEPXKABEIOIIEil cTajm
[35-37]. Ceuenne cronkHOBeHHIT HaiijeMm 1O (hopMyIe

Jannay—Tudbmuna—1ludda [38]
2/5
) .

rae Csx Hy(k K) — Koadburuents: Ban-nep-Baasbca
JUIs CTOJIKHOBEHMUIT Kasnii-Bo1opot (Kasmii-Kaumit ), v —
CKOPOCTB HAJICTAIOIIECH YACTHUIIBL.

Co,K Hy(K K)

O'Kng(KfK) = 8.08 ( o

(11)

rjae ycpeJaHnenue <"'>Tvacuum BBIIIOJIHEHO IIO0 TEIIJIOBOMY

Cvacuum = nH, <UUK*H2 >Tvaculun )

PACIPEJICJICHUIO OKPY?KAIOIIEro I'a3a, a KOHIICHTPAIUS
Ny, u3BecTHa 13 gasierna 3 - 10710 Topp, mamepenno-
IO MATHHTOPA3PSIIHBIM HACOCOM H HE 3aBHCSIIETO OT
TeMIIEPATYPHI IIEUL.

T
NKUTT gven

47i2

1—‘bearn - K-K, (12)
rue | — paccrognue or crakana 10 MOJI (puc. 1 a), cym-
MapHas KOHIEHTpalus BeeX u30TonoB Kajms MK (Toven)
M3BECTHA U3 3aBUCUMOCTH JIABJICHUs HACHIICHHBIX I1a-
POB OT TemIeparypsl [26], T — TeroBasi CKOPOCTb.

Bpems nakomtenus 7 = 1/(Cyacuum + [beam), BbI-
YHUCJICHHOE 0€3 IOJrOHOYHBIX IIapaMeTPOB, ITOKA3aHO
Ha puc.ll opamKeBoil Kpupoii. dra KpuBas OJIu3-
KO BOCIPOU3BOAUT AaHHble. OTHEJIbHO INTPUXOBLIMU
KPUBBIMH TTOKa3aH BKJIAT ['yacuum ¥ ['beam BO BpeMs
HaKOILJICHUSI.

Cramonapuoe pemenne ypasaenus (9) maer guc-
Jgo aromoB B JioBymike N = F'7. Ilpu temumeparype
Toven = 120°C 0KOJIO MOJOBUHBI IIOTEPDH IIPOUCXOIUT
1n3-3a BBIOUBAHUSI aTOMOB TEIJIOBBIM ITydkoM. Ciasur
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6 T T
85 90 95

100 105 110 115 120 125

(o]
Toven; C

Puc. 11. Bpemsi HakonsieHusi atomos 8 MOJ1 B 3aBrucumoctn

OT TemrnepaTypbl CTakaHa nevu. To4kn — AaHHbIE, CMJIOLWHAs

kpusas — pacyetHas 3aBucumoctb T = 1/(Fvacuum + Ibeam)-

KpacHbili 1 3eneHblii WTpUX — MO-OTAEJbHOCTM BKAag OT
1/Tvacuum 1 1/Tbeam COOTBETCTBEHHO

JIOBYIIIKH 38 IIPEJe/bl aTOMHOTO IIyUKa TO3BOJIU OB
yBesmuauThb N B jiBa pasa. Tem 2Ke criocoboM MOKHO
yBeanmanTh 1 uucsao aromos S°K. C yBeJaudeHueM TeM-
IepaTyphl IMeUYr BO3PACTAET ITOTOK U, CJIEI0BATEJIHHO,
BO3MOXKHBII BBIUI'PBIII OT CIABUIa JIOBYIIKH.

3.2.3. Tepmomerpus *°K

Temmeparypa aromos B MOJI uzmepena o pasjery
rasa, aHaJormuHo maMepenmo mia S°K. Ha puc. 10 b-
d TOKa3aHbl CHUMKH KOHIeHTpamuu aToMoB ‘K we-
pez t = 0, 1.5, 3.5 Mc mocsre Havama pasiaera. Mox-
HO 3aMeTHTbh, 4TO 00Jiako Ha puc.10 b cyiecTBeHHO
Menbie, yem Ha 10a. VI3mepeHusi TeMmiiepaTypbl Bbi-
[TOJIHEHBI HA UCTOIEHHOM HUCTOYHUKE, KOTOPBIH MO3BO-
T 3arpyKaTh B oBymky N = (1-8) - 10 aromos, B
cpennem 4.4 - 106,

IToTpeboBasiach gomoIHITE/IbHAS 00pabOTKA CHIM-
k0B 10b—d, MOCKOIBKY M3-38 MEHBIIErO YNCIa ATOMOB
CHUMKU MeHee KOHTpacTHbI. KoJibiieBbie j1epeKThl, BO3-
HUKAOIINE B ILJIOCKOCTU M300parKeHnsT U3-3a MBbLINHOK
Ha ONTUYIECKUX IMOBEPXHOCTSX, MOTYT OBITH TOYHO HC-
KJIIOYEHBI TOJIBKO €CJIN UX IOJIOXKEHNE UICHTUYIHO Ha
CHUMKax ¢ aToMaMu u 0e3. /ledekThl ojlHAKO cMmera-
IOTCA OT CHUMKA K CHUMKY U3-3a BO3JYIIHBIX ITIOTOKOB
U BUOpAaInii, B pe3y/IbTaTe 9ero IuCI0 AaTOMOB HA CHUM-
KaX MaJiofi KOHTPACTHOCTU MOYKeT OBITh 3aBBIIIEHO, a
pa3Mepbl 06JiaKka UCKaXKeHbl. VICKarXKeHue persTCTBY-

514

eT OIIpeIeJIEHIIO pa3Mepa, JIjisl [IOJIOBUHBI CHUMKOB TIPU
t > 3 mc. JI1a mogaB/iennsa TaKuxX OIMMNOOK BCE MCIOJIhb-
30BAIHbIC JJI TepMOMeTpul Teresble cunMku YK 06-
paboTaHbl MeTOJIOM TJIaBHBIX KomioHeHT [39-41]. Ha
OCHOBAHUM 7 CHUMKOB 0e3 aTOMOB co3maH Oasuc n3 4
TJIABHBIX KOMIIOHEHT, KOMOMHAIIAST KOTOPBIX UCIOIb30-
BaHa JijIs mojaBiierust gedexkros. Ha puc. 10 b—d moka-
3aHbI CHUMKU TI0CJI€ 00pabOTKMU.

DBOJTIOINS PA3MEpPOB 00JIaKa B XOJIE Pa3jieTa Ipei-
crasena na puc. 9 ¢, d. B ormrane ot 39K ammsorponmsa
pasJiera mo4TU OTCYyTCTBYyeT. TemMiepaTypbl st 6OJIb-
ot u MaJioit ocu cocrapusi 141 MxK n 117 MmxK, coor-
BercTBeHHO. Ha ocHOBaHMU cpemHero m pa3dbpoca 3Tux
3HadeHuit mogydaem rtemreparypy 1 = 129 + 12 mkK,
4TO B 35 pa3 MeHbIe TeMieparypsl SO K.

0K okazamack

Temmepatypa HIKE  IIpeJiesia
JleroxoBa~Munornna-Ilasmuka A'/2 = 144 wmxK
[30]. Bosee moro, mpu orcrpoiike Ayor = —4T

TEOPHsT OXJIAXK/IEHHUs 2-yPOBHEBOT'O aToMa B cJiabom
ceere [30] mpesckasbiBaer Temmeparypy 590 MkK.
Maruuraoe ose MOJI, ocrarornieecst BKIIOUEHHBIM BO
BpeMsI pasjieTa, He OKa3blBaeT 3aMETHOIO BJIUSHUS HA
pasjieT u He MOXKeT OObsCHUTH Pa3JInvdue C Teopuei
2-ypoBHEBOTO aToMa. [1om0OHbIIT 0TX0T OT 2-yPOBHEBO
Mozier panee mabmonascs A 'K B pabore [16], re
Temireparypa onenunBagach B 50 MkK 1mpu orcTpoiike
Anor = 3T

Huskas temmeparypa CBsi3aHa ¢ OXJIAYXKJIEHUEM B
rpajuente nosspusanuu [42]. DddekTuBHOCTH TAKOTO
MeXaHU3Ma 3aBUCUT OT IIOJIOYKEHUSI CBEPXTOHKUX YPOB-
Helt, OJImKaRmuX K BO30YKJIEHHOMY YPOBHIO C YTJIO-
BBIM MOMEHTOM F’| 33 /1efiCTEBOBAHHOMY B OCHOBHOM IT€-
pexoze MOJI [32]. dyist Cs yposenb F' — 1 jiexkut Huzke
F' na 251 MT'n, a g 8"Rb — ma 266 MT'1, 4T0 MHOTO
6oJtbIie 00BIIHBIX 0TCTPoeK AnoT. B pesynbrare s
Cs u 8"Rb B MOJI mojyueHsl TeMeparypbl 0Koso 50
MK [43,44], Brpoe muzxe npesena hl'/2. s YK pac-
memnienne Menbine, 44 MI'n, ommako yposenn F/ — 1
JIe2KUT BhIIe F/ 1 ciieoBaTebHo Jaibine OT Pe3oHaH-
ca ¢ ocHoBHoil yacroroit MOJI, 4ro BHOBB OJiaromnpu-
SITCTBYET OXJIAXKJIEHUIO B I'PAJHMEHTE [TOJISIPU3aIlUN.

4. BAKJIFOYEHUE

Co3/aHEl MATHUTOONTHYECKHE JIOBYIIKH st °K
u maa OK, 3arpyskaeMble 13 3eeMAHOBCKOIO 3aMel-
qurens. Ilepexom MeKIy M30TOTMAMI OCYIIECTBISIETCST
HeboIbINON Mo uKaIueit ycranoBKu. Inc/io mieHeH-
HBIX aTOMOB, 7 - 107 u 1.5 - 108, aBisercs HanOGOIBIITIM
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Cpe/u JIOBYIIEK, B KOTOPEIe coorBeTcTrenHo > K 1 40K
sarpyxaerca u3 samemmrens. dus ‘K snepsoie mc-
CJIC/IOBAHO BJIMSIHUE CTOJKHOBEHHH C ATOMAMHE IIydKa
Ha BpeMs HaKOILIeHusl. 1IpeyiozkeH CIocob yBesrmde-
HIS THICIa aToMOB. V3MepenHas TemmepaTypa raza S°K
pasma 4.5 MK. Temmeparypa raza ‘°K oxaszamach ro-
pasjo Huxke, okoso 130 MxK, aro Huxke npenena Jle-
toxoBa — Munoruna — [TaBiimka.

dunancupoBaHue. Pabora BbIoHEHA TIPU IO~
nepxkke lockoproparnun «Pocarom» B pamkax JIK
«KBaHTOBBIE BHIUNC/IEHUST».
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