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¥YAK 539.1.03621.384.6

AYBHEHCKUN CUHXPO®A3OTPOH.
COCTOAHUNE N NEPCMNEKTUBbI PASBUTUA
YCKOPUTEJIbHOIO KOMIJIEKCA J1IB3

H.H.Cementomrxun
O6beanHeHHbI UHCTUTYT AAEePHBLIX MCCNenoBaHui, Ay6Ha

Passutne RyGHeHCKoOro cHHXpo()a30TPOHA KaK HMCTOUHHKA DENSTUBMCTCKHX SEp M
TIONSPU30BAHHBIX JEHTPOHOB 00ECHIEYMBATIOCH HENPEPHIBHBIM COBEPILEHCTBOBAHUEM YCKO-
PUTENLHOrO KoMIUIeKca. [laHo KpaTKoe ONHCaHHe OCHOBHBIX CHCTEM, PEXHMOB paboThl yc-
KOpHTe/s M KaHaloB IyukoB Yactuul JIBD OHSIH. PaccMoTpeHBI HOBBIE BO3MOXHOCTH Yc-
KOPHTE/IBHOrO KOMILIEKCA 1al0paTopHH, CBI3aHHBIC C 3allyCKOM CBEPXIIPOBOSLIETO YCKO-
pHTENs — HYKJIOTPOHA.

The development of the Dubna synchrophasotron as a source of relativistic nuclei and
polarized deuterons was supported by a persistent improvement of the accelerator facility.
A short description of the main systems, operation of the accelerator and beam channels at
the LHE JINR is given. The new opportunity of the LHE accelerator facility connected with
the superconductivity accelerator — Nuclotron — is discussed.

OmHuM M3 KpYNMHEHIUMX JOCTHXEHHH YXOMIIIETO BEKA CTAlO OTKPHITHE B
1944 r. B.W.Bexcnepom [1—3] u Heckonbko nosxe D.M.Mak-Munnanom [4]
HOBOTO METOAA YCKOPEHHs PpENSTUBUCTCKMX YaCTHI[ — [pPUHLMIA aBTO-
tasupoBKK. DTO NO3BONUIO Cpa3y Xe M0cje OKOHYaHus Benukoii OteyecTBeH-
HOH BOWHBI NPUCTYNHTH K MPOEKTHpoBaHHI0 U co3nanuio B CCCP yckoputeneii
SJIEKTPOHOB M NPOTOHOB Ha 3HEPIMI0 B HECKONbKO coT MaB. 3a jsa roma
M.C.Pabunosuu [5—9], C.M.Puitos [10], D.J1.Bypwreiin [11—12], A.A.Kono-
meHCKui [13—14] paspaGotanu Teopuio KpyroBbiX PE30HAHCHBIX YCKOPHUTENeH,
u yxe B 1947 r. B ®@usnueckom uncruryre AH CCCP 3apabortan nepsriii yc-
xopurens B.M.Bekcnepa — snekrponnsbiit cunxpotpon Ha 30 MsB, a cnycra
ABa roga — Ha 265 MaB. B sTom xe rogy B MucTuTyTE simepubix mpo6nem AH
CCCP (reneps JlaGoparopus smepHbix mpoGneM OGbeOMHEHHOTO MHCTHTYTA
SNEPHBIX HCCNEAOBaHMA) ObUT 3amymleH KpynHeiwuii B Mupe asoTPOH Ha
9Hepru npotoHos 550 MaB, BnocnegcTeuu noseaennyio o 680 MaB.
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B 1948 romy teopernkn ®UAH Hayanu pa3paboTKy TeopuH, He0OXOaUMON
1S NPOEKTHPOBAaHHUS YCKOPHTENs NPOTOHOB — Gyaymiero IyGHEHCKOro CHHXpO-
¢azorpona na 10 I'sB. K 1951 r. B paGorax M.C.PabunoBuua, A.M.banauHa,
A.A .Konomenckoro, B.B.Muxaiinosa, B.A.ITeryxosa, J1.J1.Co6coBuua [15—30]
Teopus ObUla B OCHOBHOM co3maHa. McciemoBaHusi, BINOJNIHEHHbIE HAa MOIENH
cunxpocdazorpona Ha sHepruio 180 MasB B.A.IleryxoBbiM, JI.I1.3HHOBBEBBIM,
N.C.HaHUNKHHBIM C COTPYIHMKAaMH, MOATBEPAWIH TNPaBWILHOCTh OCHOBHBIX
nonoxeHui reopun. B koporkue cpoku 8 PTH AH CCCP, HUUD®DA, I'CITH u
ApYrHX OpraHu3auusx ObuUl BLINOJTHEH OTPOMHBIH 0GbEM MPOEKTHHIX U KOHCTPYK-
TOpckHMX paboT, a OTeueCTBEHHas MPOMBILUICHHOCTh M3IOTOBMJIA BCce HEoO-
XOIMMOE YHHKalbHOE 060pyaoBaHKe AyOHEHCKOro cunxpodazorpona [31]. U
BoT 17 anpens 1957 r. Moryunit ycKOpUTENIb OXMJI — Ha CHHXpO(a3oTpOHE,
CTPOMTENBCTBO KOTOPOIO BO3IMIAB/SUIM BBIAAIOIUMECS COBETCKME YYEHble aKa-
aemuku B.M.Bexcnep u AJI.Munu, Obin nonyyeH YCKOPEHHbI [0 3HEpruu
9 TsB nydyok npotoHoB [32]. Vuensie cTpaH-ydacTHUL OOGbeaMHEHHOro
HHCTUTYTa AAEPHBIX MCC/ICAOBAHUI MONYYHIIH NEPBOKIACCHYIO 3KCIIEPUMEHTAIb-
Hylo 6a3y A1 npoBedeHHS ONbITOB 10 (U3UKE BBHICOKHX BHEPrHid.

HenpepbiBHOE pa3BHTHE YCKOPHTEIBHOrO KOMIUIEKCa Beerna Obu10 B LEHTpe
BHUMaHHs naboparopuu. B Teuenne 60-x rogos Gbisia yBesiHueHa MHTEHCUBHOCTD
YCKOPEHHOTO NyYKa [POTOHOB, CO3aHbl TpeGyeMble 1S 3KCNIEPUMEHTATOPOB pe-

XHUMBI pa60Tbl YCKOpHTENA, KaHaIbl NYYKOB 1[i-MC30HOB, cenapupoBaHHbIX

K*-Me30HOB H anTunporoHoB. K coxanenuio, tpebyemas ans nosydeHus npo-
€KTHBIX MapaMeTPOB CEeNapHPOBAHHBIX MYYKOB WHTEHCHMBHOCTH MPOTOHOB B TO
BpeMs He ObUla ZOCTHIHYTA, YTO OFPAHMYMIIO MCCIIENOBAHMA HA YMCTHIX MyyKax
K-Me30HOB H aHTHNPOTOHOB.

B 60-e rogs! B CoserckoM Coiose, 3anagHoii Espone u CLLIA Hayanu pa6o-
TaTh MPOTOHHbIE CHHXPOTPOHHI Ha GONbIIKE SHEPTHH U HHTEHCHBHOCTH MYYKOB.
HybHeHckuit cuHxpoda3oTpoH nepectan GbITh PEKOPAHBIM MO IHEPrHU YACTHLL.
B BO3HHMKILE#H cHTyauuH HeoOxoauMo GbUI0 HAWTH CBOE MECTO I (PU3UYECKHX
HCCieNoBaHHH, MPOBOAUMBIX 1abopaTopHeil Ha COGCTBEHHOH ycKOopHTenbHOH Ga-
3e. HTOromM TIIaTeNBHOro M UIMTENIBHOTO M3yYEHHS CTAI0 Pa3BMTHE KOMILUIEKCa
B HanpaBJieHHH MONy4EHUs YCKOPCHHBIX My4yKoB 6osiee TAXENbIX, YEM MPOTOHBI,
4acTHll, ¥, B MEPBYI0 OYepenb, MUl YAOBIETBOPEHHs 3alpOCOB HOBOMO HayyHOro
HampasjieHusl PeNsTUBUCTCKOM smepHoit duskku [33]. BaxHeiM cTUMynoM s
NPHHATHS PEUIEHUS, OTKPBIBILETO MYTh B HEOCBOEHHBIH YHEPIrETHUECKHIi qUana-
30H Aaep ¢ 3Heprueit 1o 5 [B/HyKIOH, ABWIOCH YCNELIHOE OCYLIECTBICHHE Ha
cuHXxpoa30TpOHe peXHuMa YCKOpeHHs neiTpoHoB [34,35].

Ilng BHIMOJIHEHHS HaMEYEHHOH nporpaMmbl (PH3HUYECKHX HCCIIENOBAHMIA
YCKODHTENbHBIH KOMIUIEKC CHHXpOtha3oTpoHa fonxeH Obui obecrneyuTs:

1) mmpoxuit HabOp YCKOpEHHBIX SIep;
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Puc.1. Yckoputenshsiii komrnekc JIBD OHSIU: C — cuuxpodasorpon; H — nuu-
XKEKTOD-NMHEliHbIH yckopuTenb; DK — akcnepumenTanshbit kopnye 15; UIT — n3-
MepHTE/bHEIH NaBIboH; DK-205 — akcnepumenTtanbHbiit konyc 205; 1, 11, 11, IV —
TNpAMOHHENRHbIC MPOMEXYTKH CHHXpoda3oTpoHa; | — Ny4oK MEUICHHOTO BbiBoa
(MB-1) u3 cunxpotha3oTpoHa; 2 — ny4oK MemIeHHOIO BHIBONA (MB-2) u3 cunxpo-
tasorpona, a Takxe GbicTporo suiBona (BB); 3 — HENTPOHHBIH Ny40K M3 CHHXpoda-
30TPOHA; 4 — IYYOK, BLIBOAMMBIA H3 HYKJIOTPOHA

2) acpcbekTHBHBIN BbIBOA YCKOPEHHOrO Myyka M3 YCKOpHTeNs (MJIMTENbHBIi
— COTHH MC, GbICTPBIii — eXMHHLBI MC M MeHbLuE);

3) Pa3BETBJIEHHYIO CE€Tb KaHaJIOB NEPpBHYHBIX ¥ BTOPHUYHBIX MMYYKOB,

4) BHICOKHH KO3()hHLHEHT OnHOBPEMEHHOCTH PaGOTHI (PH3UUECKUX YCTAHO-

BOK, HE3HAYHMTEJIbHbIH MPOLIEHT OTKa30B 06OPYNOBAHHS YCKOpHTENS, pafHalHOH-
Hyi0 6€30MacHOCTb.

Ha puc.1 npeacrasnena cxema yckoputensHoro kommuekca JIBD. Cunxpo-
¢a30TpOH M €TI0 HHXEKTOp pasmewaiotcs B kopnyce Nel u 3ganuu JIY-20 coot-
percTBeHHO. B 3manue 1B, H3MepHTeNIbHbIA NaBWILOH U Kopiyc 205 BHIBOOITCH
Myykd W3 CHHXPOdasoTpona u pasMewaioTcs Qusnyeckue ycranoeku. Ilepe-
YHC/ICHHBIE KOPIYCA M 3MaHMs — 370 HeGonpwias yacTh M3 Gosee 80 coopy-
XeHHuii 71ab0paToOpHH, Heo6GXomMMbIx Ul ee MONHOKPOBHOro (hyHKIMOHH-
pOBaHHsl.
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KonpleBoil MarHuT cuHxpoda3oTpoHa COCTOMT M3 4YeThHIpeX KBaIpaHTOB,
KaX/plil JUTHHOM 44 M, pa3ie/leHHbIX YeThIPbMst 8-METPOBBIMH NPSIMOJIMHEHHBIMH
npoMexyTkamu. [1psMonuHeiinbIil npoMexyToK I nenosb3yeTcs isd BBOAA MydKa
M3 MHXEKTOpa B CHHXpoga3oTpoH. B HeM Takxke pasMmelieHO obopyroBaHHE
cuctembl BbiBoga nyuka. Ipomexyrku II, III ucrions3ylorcs non o6opynosanue
MEUIEHHOTO BBIBOJIA M MMOCJIEAHUI MPOMEXYTOK — Ul Pa3sMelleHus! yCKOpsio-
weit BU-cucreMbl cuHXpoda3oTpona.

Marnuthoe none npu uHxekuuu cocrasnsger 0,023 Ti, ero MakcuManpHoe
snayenue — 1,26 Tn. Ckopocts HapacraHHs MarHuTHoro nons 0,4 Tn/c.

Yckopsiomas BY-cucrema cuHXpoasoTpona obecreyuBaeT yCKOpeHHe
yacTMH Ha BTOpoOii rapmonuke. HawanbHas uwacrora 0,3 MIL, koHeyHas —
2,88 MI'n.

BakyymHasi kamepa umeer oOvem ~ 200 m>. Ee MOMEpeYHblE Pa3sMEPhI
2000 x 400 mM. CpemHuii BakyyM IpH HCIOJIb30BAHHH MAaC/SHBIX BaKyyMHBIX

nacocos 2:10°° Topp.

HHXEKTOP. HCTOYHHKH HOHOB

[penBapuTEbHOE YCKOPEHHE YAaCTHIl Tiepell BBOIOM HX B CHHXPO(a3oTpoH
OCYILLIECTBIIAETCS MHXEKIHOHHBIM KOMIUTEKCOM. OH BKJIIOYAET Pa3inyHOro pona
MCTOYHMKM (IIPOTOHOB, BHICOKO3ApSAHbIX HOHOB (S1ep), MONSPH30BAHHBIX JEHT-
POHOB), (hOPUHKEKTOP — HMIIYJIbCHBIH TpaHC(OPMATOp € YCKOpsoLIeH TpYyO-
KOii ¥ JIMHEHHBI YCKOpHMTENb NPOTOHOB Ha aHepruio 20 MaB — JIV-20 [36].

B npuHILMIIE TMHERHBIH YCKOPUTETh MOXET ObITh MCIIONB30BaH U VI yCKO-
peHust BHICOKO3apsiAHBIX HOHOB (saep). DTOro MOXHO HOCTMLHYTH PErynupoBa-
HueM ypoBHs BBogumoro B JIY BY-yckopsiomero nons, obecneunBas MPOX0X-
JeHMEe YCKOpPSIOLIMX TMPOMEXYTKOB YacTHUAMH B COOTBETCTBYIOWIeH ase
snekTpryeckoro noss. IIpy mepexoge X yCKOPEHHI0O OT NPOTOHOB K JIETKHM
SIpaM OTHOIUEHME 3apsAa g K Macce m yMEHbIIAeTCs B 1Ba pasa, M Juls cOOMI0-
JEHMs CUHXPOHHOCTH MBMXKEHHS 4YaCTHL B OTOM Cllyyae HaNpsXKeHHOCTb
aNleKTpUYecKoro mons B pesonarope JIY-20 pomxkHna ObITh yBenuuyeHa B \2, a
BBOZKMAs MOIIHOCTh B JiBa pa3a. TeXHHUUECKH BHITIOJIHUTL 3TO HEBO3MOXHO, H
MI0STOMY OCTaeTCsi APYroil BapHaHT YCKOPEHHMs, CBA3@HHBIA C YMEHbILIEHHEM
SHEPrUM NPU CKOPOCTH YACTHIL B J1Ba pa3a MEHbUIEH, YEM Y NPOTOHOB, — YCKO-
peHMe Ha BTOPOi KPaTHOCTH. B pexume yCKOpeHMs HA BTOPOH KPaTHOCTH MOX-
HO YCKOPSATh M BBICOKO3apsiaHble HOHBI C ¢ /m < 1 /2. TIpakTU4eCcKH 3TO yHaercs
cuenath 0o g/m=0,33. Tlpu 3TOM NpPHUXOAMTCH, COOTBETCTBEHHO, ONTHMH3H-
poBath u paboTy OPHHXKEKTOPA.

B cinyyae yckopeHus saep 3Ha4HTENbHBIH BHIMIPHILI B MHTEHCUBHOCTH YCKO-
PEHHBIX 4YaCTHI{ nosydaeTcs npd pabore (HOPUHKEKTOPa B HOMHHATLHOM
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TaGmuua 1. OcHoBHble nMapameTpbl JMHeliHoro yckopurens JIV-20

21.

DHeprus nyyka npoToHoB Ha Bxoge JIV-20
DHeprus nyyka npoToHoB Ha Bbixoze JIY-20
Dueprus nyuxa saep Ha Bxoge J1Y-20
DHeprus mydka saep Ha sbixone JIV-20

Yacrora yckopsiowero nons

CunxponHas ¢asa NpH yCKOPEHHH NPOTOHOB

JlobpoTHOCTE peloHaTopa

BY-moliHocTs, BBOIHMMAas 11pH YCKOPEHHH NPOTOHOB

(I=50 MA)

AMIUIHT)’Ha CPCAHEIo NO/IA Ha OCH pe3oHaTopa

JnuTenbHOCTL UMITYIbCA TOKA YCKOPEHHOTO 11y4Ka
- Ilnuna pe3onaropa

- Ilnametp pe3onaropa

Aneprypa kaHana

Konuuectso Tpybok npeiica

- IInametp TpyGok apefica

- Cucrema ¢oKycHpoBKH

I'pannenT oKyCHPYIOILHX IHH3
KoadduumeHt 3azopa
lMponyckHas cnocobHocTh KaHaa

MrHOBEHHbIH HEPreTHYECKHIi CIIEKTp
YCKOPEHHOTIO NY4YKa Ha BBIXOA€ IPYMNNHpPOBaTeNs

Iuanaszon MOAYNALHH CpelHe SHEPrUH nydykKa
Ha BbIXOJ€ Pa3rpynnupoBaTes

W,.,=0,6 MaB
W, =20 MaB
W, =0,315 MaB/uykn

W, =5 MaB/uykn

O 1445 MIu
2n

® =31,5°

Q = 40000
P=45 MBr
E,=18,5 kB/cM
T =600 Mkc
L=145m™m
D=14m
2a=17-22 MM

n=1/2+58+1/2
d=13+9cM
FODO

G = 5500-800 D/cm
a=0,25

A=0,25 cMm-Mpan

AW
AY 0,29
W, ?
AW—W =2,5%

5
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pexume (=~ 600 kB). Ina comiacoBaHus (OPUHXEKTOpAa M JIMHEHHOIO YC-
KOpHTENs 110 SHEePrul YacTHLL HayanbHas yacTb JIY-20 ucnonb3yercs TOJNBKO ISt
TPaHCHIOPTUPOBKH MyYKa (3Ta 4acTh PE30HATOPA TOPLEBOM CTEHKOH OTAENAETCs
OT ocTanbHOH M B Hedl orcyrctByer BY anexTpuyeckoe none). YcKOpeHHe
HauMHAETCA BO BTOPO# wacTH pe3oHaropa c 3Hepriuu ~300 xaB/HyxiioH M Jo-
BoauTcs 10 5 MaB/aykioH.
B 1a6n.1 npuBeneHsl OCHOBHBIE MapaMeTpbl HHXEKTOpa cuHXpoda3oTpoHa.
- Takum  06pa3oM, BO3MOXHOCTH  MNOJNy4eHHMS  LIMPOKoro  Habopa
PENATUBMCTCKMX IIYYKOB sjiep (paKTHYECKH NpENONpPEReNsIoTCs MapaMeTpaMH
NpoTOHHOrO JuHelHoro yckopurtens JIY-20. HyXHbl HCTOUHHKY MOHOB, HalOIUHe
Nny4kH ¢ TpeOyeMOil MHTEHCHBHOCTBIO, TEOMETPUYECKMMH XapaKTEPUCTUKAMH H
JOCTaTOYHO BBICOKOHM 3apsaHocthio (q/m =0,33). U ¢ mpyroit cTopoHsl, u3-3a
yMeHbIIEHUs CKOPOCTH HOHOB Ha Bhixofe JIY-20 no cpaBHEHMI0 ¢ MPOTOHAMH
TpebyeTcs OCYIECTRIATh B CMHXPO(ha30TPOHE PEXHM KPaTHOr0 YCKOpeHus (Ha
yactoTe B n pa3 Gonpuied 4actoThl OOpalleHHs YCKOpSeMbIX 4acTHIl), a IIpH
XeJIJaHUM UMETh TSKeJIble HOHbI HeoOXOAMMO 3HAUHUTENBHO YMYJYHIUTh BAKyyM B
Kamepe yCKOPHTeENs.

B HacTosiiee BpeMsi Ha WHXEKTOpE HCIOJIB3YIOTCH YEThIpe THUIAa HOHHbIX
WUCTOYHHKOB. JIJi MONy4eHus Ny4koB IPOTOHOB, JEHTPOHOB, AfEp rejus — Qyo-
IWI1a3MOTPOH; siiep, BKJIIOYas cepy, — 3JIEKTPOHHO-TY4€BOM M JIa3€pHBIH; MO -
pusoBaHHbIx aeiTponoB — «[lonapuc». McTouHHK nepBoro Tvma — QyoIUias-
MOTpPOH, Hcnosib3yeMblii B JIBD, 10 CBOMM XapaKTepHUCTHKaM NPaKTHYECKH He
OT/IMYAETC OT AQHATOTMYHBIX HCTOYHHKOB HA MHOIHX YCKODHUTENSX MHpA.
OpUrHHaILHBIMH ABJIAIOTCA TPH THIIA UCTOUYHHKOB, PACCMOTPEHHBIE HUXE.

BIEKTPOHHO-JIYYEBOII HCTOYHHK HOHOB

DJIeKTPOHHO-JIyYeBOW METO MOJIyYeHUs BHICOKO3APSIHBIX HOHOB M sIep,
peanusoBanHbii B ucrouHuke [loHua [37], uMmeer pexopmublii - axTOp

HOHHU3ALMK nNT (n — IUIOTHOCTh 3JIEKTPOHOB [CM3] U T — LJIMTEJIBHOCTD
noHu3auuu [c]). Ha 3ToM HCTOYHUKE yRalnoCh JOCTUTHYTh NT = 8-10%! cm2c pu

sHepruu 3nekTpoHoB 20 x3B, YTO NO3BOIMIIO MOYYUTD X654+ [38,39].

IMpuHuun paGoThl MCTOYHHKA COCTOMT B ciemyiomeM. B xopouo cdo-
KyCHMpPOBaHHBIA 3JIEKTPOHHBIH IMy40K BBOOMTCS HMOHM3UpyeMoe BemlecTBo. Ha
BpeMsi MOHM3auMM obecrieuuBaeTCs yHepxkaHue B IEKTPOHHOM Iyuke ofpa3sy-
omuxcsi HoHoB. [locne qocrikenus TpeGyeMoit 3apsiHOCTH HOHHBIN NY4OK BbI-
BOMMTCA U3 MCTOYHHKA. CXeMa UCTOYHHMKA ApHBEleHa Ha puc.2.

Ins ¢OKyCHPOBKM MHTEHCHBHOTO Iy4Ka 3JIEKTPOHOB U3 39JIEKTPOHHOM
NYLIKH HCHOJNb3yeTcs NPOMOAPHOE MAarHUTHOE MOJE, CO3JaBAEMOE C IOMOILBIO
CBEPXIPOBOISILEF0 MarHUTHOrO CONEHOMIA C HANPSKEHHOCTBIO MO HECKOJIBKO
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Puc.2. Cxema KpHOreHHOro HcToyHHKa oHos KPHOH: BIT — 9JIEKTPOHHAd MYLIKa,
1, 2, ... 25 — ppeiichorle TpyOKU, DK — 21eKTPOHHBIL Ko/nekTop, BD — BeiTarusa-
IOLHH 371eKTPOR, B — pacnipeneneHne HHAYKUMHM MarHUTHOTO 10/ BIOJB OCH MOHH3TO-
pa. Pacnpezesienne aMeKTPHYECKHX [OTEHIMANOB BIOMb ApeiidoBoii CTPYKTYphl HOHH3a-
TOpa: A — BBIBOJ HOHOB M3 MCTOYHHMKZ U MOATOTOBKA K HOHH3aLMH, B — HHXeKius
pab6ouero raza, C — uoHusauus pabouero rasa

TECla. Pa,zmanwoe yuepxaﬂne HOHOB 06€CH€'{HBaeTCH 3a cyer HpOCTpaHCTBCH—
HOTro 3apﬂ)1a 3IICKTpOHHOFO ny'u(a HPCIICJ'IBHOC YHUCJIO NOJIOXUTEJIBHBIX 3JIEMEH-
TaprIX 3ap51)103 KOTOpOC MOXeEeT 6LITI> ynep)xaﬂo BJICKTpOHHbIM ﬂy'{KOM paBHO
1 12
~10'1—10

Hnsi opMupOBaHMS NydyKa MOHOB NPH MHIXEeKUMM paGodero BewlecTBa B
HUCTOYHHK HCHOJH>3yeTCﬂ COOTBCTCTByIOH.ICC aKCHAJIIbHOE pacnpeneneﬂue
MNOoTEHHHAJIa BO BpeMeHH. HpH 9TOM yuacTok, Kyna BBOOUTCA paﬁoqec BCILECTBO,
JIMIIb Ha onpeneneHHmﬁ I'lpOMe)Ky’I‘OK BPDEMEHH «IOAKIIOYAETCH» K 06’bCMy
BJ]CKTPOCTaTH‘ICCKOﬁ HOByIIIKPI. HOCJ'IC 3aBCpI.UeHH5[ HpO].ICCCEl HUOHH3AIIUHU ocy-
HIECCTBJIACTCA BBHIBOX MOHOB B aKCHAJIBHOM HaﬂpaBHCHHI/I 3a CYET CO3JaHHUA COOT-
BETCTBYIOILEIO pacnpefie/ieHus NOoTeHuMana Baons myuka. TpeGyemsiii mis nony-
YEHHS BBICOKO3aPSIHBIX HOHOB U SIep BaKyyM MEHbILE IO_IOTopp JOCTHTaercs

3a CYET TOTO, YTO paGouHii 0GbEM MCTOUHUKA HAXOQMTCS BHYTPH a30THOTO IKpa-
Ha M 6OJIbIIAs YaCTh Tpy6ok npeiicha nmeer remneparypy 4,2 K.

YHUKaIbHBIM IOCTOMHCTBOM WOHM3aTOpa SBNSETCS YNPABIAEMbI BO Bpe-
MEHH M NOCTATOYHO Y3KMH 3apAROBBLIA CMIEKTP IOMYYAEMBIX HOHOB,
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C 1977 r. ucrounnk KPUOH-1 ucnone3yercs Ha HHXEKTOpe CUHXpogdaso-
TPOHa 1S MOJyYeHHs PEISTHBUCTCKHX Myukos saep. McrouHuk npopaGoTain B
o61weii cnoxHocth 6onee 3500 yacoB, noKa3aB BHICOKHE 3KCIUTyaTAlHOHHBIE Xa-

10
pakTepucTHKM. THIIMYHAs MHTEHCHBHOCTb Ha BbIXOfe MOHM3aTopa ~ 10 /Z nna
NIErKKX 3J1eMEHTOB. DJIEKTPOHHBII TOK B HoHHM3aTope ~ 100 MA 1 ero IjioTHOCTh

2
HECKOJIbKO COT A/cM”. JITUTENIbHOCTL MMITYJIbCA TOKA HOHOB — 10 40 MKc.

JA3EPHBIH UCTOYHHK HOHOB

Buiepsbie na3epliblit HCTOYHKK [41] GbUl MCNONB3OBaH HAa CHHXPOGA30TPOHE
8 1976 r. ans yckopeHus yriepoaa [42]. OgHako TBepAOTE/IbHBIH Jlasep Ha Heo-
AMMOBOM cTekJie lie obecneunBal TpeGyeMoil HageXHOCTH paboThl NCTOYHHKA H
MOT" [eiiCTBOBATb C YacTOTOM MOCHUIOK TOJBKO B 5 pa3 MeHblIeH, yeM 310 Tpeby-
eTcst U1 YCKOpHTENs.

B naGopatopu co3saH HagexHo paboTaiowuii HOHHbIH MCTOYHKK [43,44]
na ocose CO,-nasepa. Ilepexon Ha Gonee winnnoBonnosoe unyyenne CO,-na-

3epa NO3BOJIWI NIPH 3HAYHTEIBHOM CHHXEHHH TUIOTHOCTH H3Ny4eHus obecneunTnb
BBICOKYIO 3apsiQHOCTb 0Opa3yloIMXCs HOHOB H BO MHOIO pa3 yBE/IMYHTb HacTOTy
UMKIOB paboTbl UCTOYHHKA.

he )

Puc.3. CxeMa J1a3epHOTO MCTOYHMKA MOHOB: | — HacTpoeunsiit He—Ne-nasep, 2 —
CO,-nasep, 3 — 3epKaino, 4 — ONTHKA, 5 — MHIIEHD, 6 — M1a3Ma, 7 — NPOCTPAHCTBO

npeiida, 8§ — MarHuTHad Karylka, 9 — npenycKoputens, /0 — HOHHasd ONTHKA
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Cxema ycTpoiicTBa UCTOYHMKA [10Ka3aHa Ha puc.3. JlasepHoe M3nydeHHE U3
pe3oHaropa ¢OKycHpyeTcs Ha MHIIEHb, HAXOMSILYIOCS B BAKYyMHOH Kamepe.
OGpasylomnecs MOHBI CHCTEMOH (POPMHPOBAHMS HM3BIEKAIOTCH M3 JIA3EPHOI
TUIa3MBl, YCKOPAIOTCS B (DOPHHXKEKTOPE W HANpABJISIOTCA B JIMHEHHBIH YCKOpH-

1 2
tenb. [lpenenpHas MIOTHOCTh U3NYYEHHS HA MUINEHU COCTaBIseT ~ 10 % Br/em?.
Ha Beixone nMHeiiHOro ycKopHTens UMeeTcss OGIMPOYHOE YCTPOHCTBO (MULIEHb

U3 yriepoga ¢ IUIOTHOCThIO ~ 60 MKF/CMZ). IMocnenyoimuii MarHUTHBIA aHaN3
TN03BOJIAET MOMYYUTh YHCTBIA IYYOK siIep.

C nomowpo 1a3epHOr0 UCTOYHMKA HAa CUHXPO(a3oTPOHe GbUTH MONyYeHb!
MyYKH JINTHs, YIJIEPOAa, KMCIopoaa, hTopa, MarHus, KpEMHHS.

HCTOYHHK MNOJIAPU30BAHHBIX JAEHATPOHOB

Bce Bo3pacraiomiee 3HaYeHHE B NPOrpamMme HCCIIEMOBAHMI, BBHIMOIHAEMbIX
Ha CMHXPO(a3oTpoHe, NPUOGPETAIT SKCIEPUMEHTH HA MONSIPU30BAHHBIX MyY-
Kax AeHTPOHOB. BriepBbie My4oK MOSIPH3OBAHHEIX NEHTPOHOB ObUT MojiydeH Ha
yckopurtene JIBD B 1981 romy ¢ momompio ucrounnka «[lonspuc» [45—47].
OcHOBHO# 0COGEHHOCTBIO, OTIMYAIOLIEH STOT HCTOYHHMK, OCHOBAHHbIH Ha METONE
aTOMHOTO My4YKa, OT aHAIOTMYHBIX, ABJISETCS WIHPOKOE NPUMEHEHHUE KPUOFEHHOM
TeXxHUKH. OHa HCMoOnmbp3yeTcs WIS HOAyYeHHs BaKyyMa (KPMOHACOCHI-TIAHENH,
OXJIaXJAeMble XHIAKUM IEIHEM); CBEPXNPOBOMAIIME CEKCTYIIONbHLIE JTHH3bI —
IS aHaIKM3a aTOMApHOIO I1y4Ka JeHTPOHOB IO CIHHY; CBEPXITPOBOASIIHE COJle-

Tabnuua 2. IMonspusauma neitrpoHoB Ha BhIxoge JIV-20

Iepexon Tonsgpuzauus Koadduuuenr nonspusaimu

3—6 P, 0,47 £0,04
2z -

1—4 P, -0,37 £ 0,04
P 2z -

3—5 P, -0,60 £ 0,08
P, —
2—6 P, —

P, 0,54 +£0,08
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Tabauua 3. OcHOBHble XAPAKTEPUCTHKH IYYKOB YaCTHL HHIXEKIHOHHOIO
KOMIUIEKCa cHHXpoda3oTpoHa

YckopeHHsie HnrencusHocts, |Iurenshocts  |{HMcronbsyeMmsiit | IIpuMmeuanue

YacTHLbI HMII. HMITYIbCa, MKC  [MCTOYHHK

P 1,5-1014 500 AYOIUIa3MOTPOH |3HEpPrus mpo-
ToHOB 20 MaB

d 1-1014 500 —"— 3HEprus saep
5 MaB-A

T 2,5-1010 100 «TTonspuc»

He 1013 500 OyOTU1a3MOTPOH

3He 3,5-101! 500 —"—

JLi 5-1010 15 JIa3epHBIA

SLi 310° 15 —"'—

oc 6,5-1010 25 —"—

21560 6-10° 10 "

PF 2,5-10° 6 —"—

22Ne 2-107 40 ' KPHOH

2Mg 2-108 25 na3epHblii

8si 1-108 25 —"—

?%S 4-106 — KPHOH-C [40]

HOMIB — 1na HoHusaropa IlenHunra u ap. MCTOYHHK NO3BONSET MOJYYHTH B
3aBMCHMOCTH OT HCNOJb3yEMOTO pPaAMOYacTOTHOIO Mepexopa BeKTopHO(PZ)- H -

TeH30pH0(Pzz)-HOJDIpH30BaHHble Ny4YKH IEHTPOHOB.

HanHble MO MONSAPH3ALMH MYYKOB NEHTPOHOB Ha Bhixome JIY-20 npuBemeHbl
B Tabn.2.

B Tabn.3 mnpuBemeHBl OCHOBHBIE XapaKTEDHCTHKH Iy4KOB YacTHII
HHXEKLIMOHHOTO KOMIUIEKCAa CHHXpOoGa3oTpoHa.
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BbIBOI IIYYKA H3 CHHXPO®A3ZOTPOHA

PasButne cMHXpoa3oTpoHa KaK YCKOPUTENS PENSTHBHUCTCKUX siiep (akTH-
YECKM He UMeJIO Obl MmepcnekTHBbI, ecin bl OTCYTCTBOBAT 3(hheKTHBHBIH BBIBOJ
yCKopeHHbIX yacTul. HyxHo Takxe 3aMeTHTh, 4yTO 6e3 BbiBOIA MyyKa HEBO3MOX-
HO ObUIO YBEJIMUMBATH MHTEHCHBHOCTD yX€ HMEIOLUMXCS BTOPHYHbIX MYYKOB WIIH
co31aBath NMyyku Gosiee peaKUX YacTHL Npu paGoTe OT MHLIEHEH, PacnoNOXeH-
HBIX BHYTPH KaMmepbl CMHXpo(ha3oTpOHa, MOCKOIBKY [0 HOPMaM paaMalOHHOIM
Ge30MacHOCTH WHTEHCHBHOCTh IMPOTOHOB He JOJXHAa ObUla MpeBbIIATH

~10'% yactun B uukne. Yenewmnoe pelleHHe ITON CIOXKHOH 3aaayd YCTPaHWIO
9TH npensTcTBus. B HacTosiee Bpems Ha CHHXpoa3OTPOHE IKCIIyaTHPYIOTCS
ABa MeUIEHHBIX (10 1 ¢) BHIBOAA YCKOPEHHOIO NMyYKa M oMH GeicTphlit (10 1 Mc).
Brison yckopennnix vactuu [48—51] npu TpeGyeMoM 3HAYEHMH MAarHMTHOrO
MOJIS OCYLMECTB/IAETCS 3a CYET CO3laHMs pe3oHaHca 0 =2 /3 panuanbhbix Gera-

TPOHHbIX Konebanuii. [lns 3TOIO ¢ NOMOLIIBI CEUHATbHBIX 0OMOTOK Ha MOJIO-
cax MarHurta CMHXpoda3oTpoHa co3aaercd Kak Tpebyemoe pagHalbHOE MCKaxe-
HHE OpPOMTHI JBHXEHHMS YaCTHL, TaKk M JOCTHIaeTCs pe30HAHCHOE 3HaueHue
BEJIMYMHBl n — T110Ka3aress Ccnaga MardHUTHoro nosns. YacTtuusl, BOUIENIIWE B
pe3oHaHc, 3abpachiBalOTCs B Clyuae BbIBOAAZ YacTHll B koprnyc 205 B centym-
MarHur, pacnosioxeHHeit Bo Il npsmonuHelinom npoMexyTtke (puc.l), OTKNOHS-
10TCS B palHaIbHOM HaMpaBleHHH, nonajanwt Bo BTopoi cenrtyM-mariut (111
NPAMOJIMHEHHBIA NPOMEXYTOK) M BBIBOAATCSA M3 YCKOPHTess. Mexay NepBbiM u
BTOPbIM CENTYM-MarHUTaMM HMEETCs HH3a, (POKYCHpYIolllas Ny4OK B MOPHM3OH-
TaJIbHOM MJIOCKOCTH Ha BXOJ BTOPOro MarHuTa. BbiBoj yacTuu npoMcxoauT npu
NOCTOSHHOM MarHHTHOM MoJie W BbiKIYeHHOM BY yckopsioweM HanpsxeHuu.
310 obecneunBaeT NOCTOSHCTBO IHEPTHH BBOAMMBIX YACTHLL U OTCYTCTBHME Bpe-
MeHHOH BY-cTpyktyphl nyyka. [IpuHsTBIE MEpbl — MOJAaBIEHHE HM3KOYACTOT-
HbIX MY/IbCAUNH MAarHUTHOTO MOJIA M JIP. — MO3BOJIMIM NMPAKTHYECKH YCTPAHHTD
TaKHe MyJbCaudH B MHTEHCHBHOCTH BbIBOAHMOIO MyyKa.

Bropo#t memennbiit Bhison [52,53], B oTiIHUKE OT NEPBOro, — OAHOCTYNEH-
yaThiii. OTKIOHEHHe nNydKa M BHIBOA €ro M3 KaMepbl CHHXpoa30TpoHa
OCYLUECTBIAETCS C MOMOLLBIO ONHOIO CENTYM-MAarHUTa, PacrnoiokeHHOoro B I nps-
MOJIHHEHHOM NpPOMEXYTKE. DTOT Xe HPOMEXYTOK MCIONb3yeTcss M I BBOIA
ny4ka B CHHXpoga3oTpoH. ITyuok BeixomuT Hapyxy nepen Il npsmoanHeHHBIM
npoMexyTkoM. Ui ycTpanenus nedoKycHpylOLIEro BIMSHMS DaCcCEsHHOIO
MarHMTHOTO MOJIA Ha TMONIOCaX MAarHHTa CHHXpo()a3oTpOHAa Ha ydacTKe BBIBOAA
YCTaHOBJIEHBI CreuHanbHple wummbl. Onu  obecneuyuBaloT (POKYCHpPOBKY IO
TOPU3OHTAIH, XOTH M HE YHaeTCs MONY4UTh TaKHE XK€ reOMETPHYECKHE XapaK-
TEPHCTHKH MYYKa, KaK Ha [EpPBOM MEIJIEHHOM BbHIBOZE.

JIBa MEUICHHBIX BBIBOJA HE3aBUCHMO OHHH OT ApYroro B OHHOM LIHKJIE€ YCKO-
pE€HHs MO3BOJBIIOT BBIBOAMTH B j1I000M COOTHOILUEHHH IO HHTCHCHUBHOCTH M Tpe-
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Taéauma 4. OcHoBHBIE XApaKTEePHCTHKH MEMJIEHHBIX BBIBOIOB MB-1 u MB-2

XapakTepHcTHKa MB-1 MB-2
Hanpagnenue BbIBOA H3MEPUTENBHBIA kopnyc 1B
MaBUIBOH,
xopmyc 205
3H§prﬂa YacTHIL
npotoHsl, ['sB 0,8 +8,2 1,4+6,3
anapa, I'sB/HyKiioH 0,25+3,6 0,45+28
IInuTenbHOCTh BBIBOMA, MC 1+500 1+700
DpexTuBHOCTS BHBOAA (KOdg(HULHEHT 90 30
BbIBOJa NPH MAKCHMAILHON dHepruu), %
DMUTTAHC TTy4Ka, T MM-Mpajl
rOpPU3OHTATBHBIA 25 60
BEPTHKATIbHBIH 37 70
PasMmep nyuka (ronnslil + 20), MM2 or 10x10 or 10x10
Ha BHEIUHEH MUIIEHH no 160x160 1o 160x160

GyeMoii 9HEpruM My4OK M3 YCKOpHTend B kopn.205 ¥ 3KCIEPUMEHTAIbHBIH
naswiboH 15. B 3TOT Xe MaBWIBOH B OHOM LIMKJIE MOXHO OCYIIECTBISATH ObICT-
pbiii BbIBOJ NMydKa BMECTE C MEUICHHBIM BHIBOAOM B kopn.205. MHTeHCHBHOCTD
BHIBOJMMOIO [YY4KA M €ro 3Heprua 110 KaxJAOMy HamnpaslieHUI0 TaKXe
PETYIUPYIOTCS HE3ABHCHMO.

OCHOBHBIE XapaKTEPUCTHKH MEIEHHBIX BbIBOLOB MB-1 1 MB-2 npuseaeHsbl
B Tabn.4.

NY4YKH YACTHIL

Ha puc.4 u 5 npencTapieHbl CXeMbl KaHalIOB Iy4KOB YaCTHIl B H3MEPHUTEIb-
HOM MaBWIbOHe, Kopn.205 Ha OCHOBE MeUIeHHOro BeiBoa MB-1 1 B kopn.1b Ha
OCHOBe MemieHHoro BeiBoga MB-2 (puc.6). Ilpyu co3maHuu ceTH KaHajJOB 4acTHLL
Hapsily ¢ oGecriedeHneM TpeOyeMbIX MapaMeTpoB Mydka s ¢usuyeckoil ycra-
HOBKM, KaK IPaBWIO, NpPEIyCMaTPHBANAach COBMECTHas paboTa DaHHOM ycTa-
HOBKM C JPYTMMH B OJHOM LMKJe yckopeHus. HesaBucHMOCTDb paboTsl ycraHo-
BOK JOCTHranach BhIOOpoM moaxopdineil cxembl (OKYCHPOBKH M TpaHc-
NOPTHPOBK:i  Iy4Ka,  PAUMOHAIBHBIM  MCHONB30BAHHEM  HCTOYHHKOB
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Puc.4. Cxema ny4ykoB yacTuu B H3MepHTENbHOM NaBuaboHe JIBD OUSIU: | — BhiBeneH-
Hbli Ny40K U3 cHHXpochasoTpona (MB-1), Hanpasnsembiit B kopn.205, 2 — BbiBeIeHHbII
NYy4O0K W3 HYKJIOTPOHA, HanpasnseMsii B kopn.205 (npoext). F3, F3' — npomexyTouHbie
cokycnl nmyuka

Q/IEKTPONHUTAHUA [UIA 3/IEMEHTOB MarHWTHOH ONTHKHM, OpraHusaudeil pamua-
UHOHHOH 3aLMTHI, 0COGEHHO BOKPYr MMLIEHHBIX CTAHLUMI W JIOBYLIEK MyuKa.

Tax, s cetn xaHanos Ha ocHoBe MB-1 BrIGpana cxema B BHfE «€IOYKH».
Hns sToro mo Tpacce BbiBegeHHOro nmyyka — kaHan BIT-1 — OpraHU30BaHbI
YeTbipe MMUICHHBIE CTaHUMK (ToukH F3 — F6). B atux Mecrax dopmupyoTcs
NPOMEXYTOYHbIE H306paXeHHs MyyKa U MOTYT YCTAHABJWBATHCS MHILEHH, KOTO-
pbIC ABJIAIOTCA MCTOYHHKAMHM BTOPHYHBIX YacTHU i1 KaHaioB 24 u 1B+7B.
Muwens B F3 ucnonssyercs ans nomyuenus B n1060M M3 KaHaJIoB Kopn.205
YacTHU, KOTOPHIC TPYAHO WM HEBO3MOXHO TMOJYYHTb IIYyTEM YCKOPEHHS B
CHHXpOa30TPOHE (NYYKH TPHTHH, resius-3 u Apyrux wm3oronos). Bribpannas
cxemMa obecneuuBaeT BLICOKYI 3((IEKTHBHOCTh HCIONb3OBAHHS HEPBHYHOTO
ny4Ka, 0COGEHHO KOINa «BETBH €JI0OYKH» — GOKOBbIE KAaHATIbI — HACTPOEHBI Ha
HCNONb30BAHHE T-ME3OHOB WIH ADPYTMX BTOPMYHBIX YacCTHL. MAarHUTHEI, MMe-
IOIUHECH B KOKIOM KaHaie, MO3BOJISIOT HE3ABUCHMO BBIAEIIATh MMITY/IbC HYXHBIX
4acTull, a8 pasMep MMILECHH ~— BapbUPOBATh HX HHTEHCHBHOCTb.
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Puc.6. Cxema nyukoB YacTHL B M3MEpHTENhHOM Naswibose 1B JIBD OUSU: 2 —
BBIBE[ICHHBIA MYYOK U3 cHHXpodasorpona (MB-2 u BEB), 34, 37, 38, 40, 41 — xaunansi
yactul, 36 — HeHTPOHHLIH My4oK

Cxema xananos B kopn.205 omyckaeT OZHOBPeMeHHylo paGoty usudec-
KMX YCTaHOBOK Ha HHTEHCHBHOCTSIX 4aCTHL, PAXNIHYAIOMUXCSA Ha 4-—5 MOpSIKOB.
BrinesieHHe TakoW OTHOCHTENBHO MaIOH MHTEHCHBHOCTH My4kKa C I[MOMOUIbIO
KOJJTUMaTopa MpakTHYECKH HEBO3MOXHO M K TOMY Xe OyIeT CBS3aHO C BO3HHK-
HOBEHMEM CHJIBHOTO pamuauuoHHoro ¢oHa. B naGoparopumn mns takux SKcrie-
PHMMEHTOB MCHOJIB3YIOTCS H30THYThI€ KPHCTA/LIBL, KOTOPHIE 0OECHEeYHBaIOT OBO-
POT B HYXHOM HalpaBlICHWM M OTWICIUIEHHE HEOONBILON AONH HE TOJNBKO MpO-
TOHHOTO MyYKa, HO U snep [54] ¢ npakTHYECKHM OTCYTCTBHEM pamdallMOHHOIO
tona. "

B T1abn.5 npuseneHsl OCHOBHBIE XapaKTEPHCTHKH My4KOB Il YCTaHOBOK
[55] B xop1n.205.

Beero B kananax wactun Ha MB-1 ucnonesyerca 72 MarHuTta M JIMH3BL
IlpakTHyecKkH BCe KaH@IBI MOTYT OJHOBDEMEHHO pafoTaTh Ha BTOPHYHBIX
4JacTHIlaX ¥ Ha MEePBMYHBIX yacTULax — Jiobsle 3 xaHana.

B Tabn.6 npusenensl OCHOBHbIE XapaKTEPUCTHKH My4YKOB Ul YCTAaHOBOK
[55] B kopn.1B. '

Kpome Toro, mns skcnepuMeHTOB Ha OZHOMETPOBOH XHIKOBOLOPOXHOI
My3BIPbKOBOH KaMepe MOXeT ObITh HCIIONB30BAH MOHOYHEPIEeTMYECKMid IydoK
HEHTPOHOB [56,57]. B sTOM cnyuae BHYTpH BakKyyMHOMH Kamephl cHHXpoda3oTpo-
Ha yCTaHABJIMBAETCA MHUICHBb, HA KOTOPOH NMPOUCXONUT CTPHIIHMHI YCKOPEHHBIX
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Ta6muua 5. OcHoBHbIE XAapaKTEePHCTHUKH INYYKOB YacTHIl B Kopm.205
Homep |MakcumaneHas |AE PacxomumocTh, |HMHTEHCHBHOCTh |YCTaHOBKa
KaHana |3Heprus nporo- | E AX 'xAY’ (MakcuM.)

HOB H snep
I'sB; MB/Mmykn. (% Mpan? HYKJI/LIMKJT
BM-1 (8236 02  |no 5x2 wmm 2x5 |5.101! * AJIb®A-
MOJIMC
1B 8,2;3,6 0,2 " 107*
2B 8,2; 3,6 0,2 “— 1010 MACIIHK
3B 8,2; 3,6 0,2 = 10° KOHYC-M
4B 8,2;3,6 0,2 “— 106 C®OEPA
CMC-MI'Y
5B 8,2;3,6 0.2 1o 4x8 wunm 8x4 (106 AHOMAJIOH
6B 8,2; 3,6 0,2 o 105 TMBC
P.0,6 P no 5108
7B** |K*...08 3,0 3515 n*t no 3-106  |KACMHWH
nt...1,1 K*no 103
K no 104

*MHTeHCUBHOCTb OFPaHHYEHa JIOBYILKOH MyuKa.

**TofbKO BTOPHYHbIE YaCTULIb. UHTEHCHBHOCTb Ha 10'2 napaowmx NpoTOHOB WA
MaKCHMa/bHOH SHEPIHH YacTHLU.

neiitporos. OGpa3yiolHecs HEATPOHbl OYHMILNAIOTCA OT 3apAXKEHHbIX HacTHU
MarHUTHBIM TOJIEM YCKOPHTENS M MarHWTaMH KaHasia, a reOMCTPHYECKHE pa3Me-
phl myuka GOPMHPYIOTCS KOJUTMMATOPOM. DHEPIHS HEHTPOHOB MOXET H3MEHSATD-
cs ot 0,6 no 4,25 B ¢ sHeprerudeckuM pasdpocom £ 3%.

HoBble MCTOYHMKM MOHOB, pa3Butue ycTpoicTs JIY-20, BBOA B 3KCILIIya-
Taumio cucTeMbi BU-yckopeHus Ha BTOpoit KparHocTh [58,59] cunxpodpasorpo-
Ha, KPHOOTKAYKa BaKYyMHO#H KaMephl KONblLieBoro yckoputess [60], aBromarusa-
1Ms ¥ KOHTPOJbL Ha ocHoBe DBM 3a cucTemamu M pexumamu [61] yckopurens-
HOFO KOMIUIEKCA — 3TO JaleKo He MOJHBIH NepedyeHh yCOBEPLIEHCTBOBAHUIA,
00ecreynBIIMX CHCTEMATHUECKHt POCT HHTEHCHUBHOCTH YCKOPEHHBIX MYYKOB
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Tabnnua 6. OcHOBHBIE XapaKTePHCTHKM IMy4KOB 4acTHl B Kopm.lB

HoMmep (MakcumanbHas |AE Pacxomumocts, |MHTeHCHBHOCTh |YcTaHoBKa
KaHana |sHeprud nporo- | E AX 'XAY’ (Makcum.)
HOB U s1ep
I'sB; T'sB/uykn. (% (mpan)? HYKJIL./UUKT
34 6,3; 2,8 0,2 1o 5x10 104 CJIOH 2-M
uin 10x5 [IponaHoBas
IMy3bIpEKOBas
KaMepa
37 6,3;2,8 0,2 no 5x10 106 1-m
wna 10x5 XKHUAXOBOIOP.
IMy3bIPEKOBas
KaMepa
38 6,3;2,8 0,2 no 5x10 1010 METOIHYECKHUIT
wn 10x5 My40K
40 2,2: 0,8 0,2 no 5x10 1010 METOMHYECKHI
wim 10x5 Iy90K
41 6.3;2,8 0,2 no 5x10 106 [TAMHP
umm 10x5

4acTHL U paclidpenne ux Habopa. CerofHs s MCCIIEXOBaHUII IKCIIEPHMEHTA-
TOPBl MOIYT WCIOJb30BaTh ITy4KH OKOJIO ABYX JECSTKOB 4acTHLl B LIMPOKOM
HHTEPBAJIE YHEPIUA.

B T1a611.7 npuBeneHs MHTEHCHBHOCTH OCHOBHBIX IYYKOB YACTHII, yCKOpSe-
MBIX B CHHXpOta3oTpoHe.

Cymmaphnoe Bpemst paboThl cinxpodasotpoHa yxe npessicuio 100 Thic. ya-
coB. Ha mpoTskeHMH MHOTUX JieT yckopuTesb cTaGwibHo paboraet 4000 yacos
B IO, H €ro My4yKd HMCMOJIb3YIOTCS HE TONIBKO [UT3 NpPOBEIEHUS SKCIIEPUMEHTOB
1o npoGieMaTHKe 1a6OPATOPUH, HO M UIS BHITONHEHHS APYTHX MCCIENOBZHMI,
B TOM 4YHClie U MeauKo-Guonornyeckux. ITpumepno 30% BpeMeHM YCKOpSIOTCS
NPOTOHBI U B OCT&1bHOE BpeMs — Gonee TaxXenbie yacTvibl. YHCIO OmHOBpe-
MEHHO NPOBOJHMBIX SKCIIEPUMEHTOB HOXOANT 10 5——6. HecMoTps Ha conumubiii
BO3pacT YCKOPHTENIBHOIO KOMIUIEKCa OTKa3bl obopymoBanus [62] 3a mocnemHue
rofsl He npeBbilIany 5—6% OT ILIAHWPYEMOro BpeMeHH paGoThl.
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Tabnauua 7. MHTEeHCHMBHOCTH NMYYKOB YaCTHII, YCKOPAEMBIX B CHHXpoga3orpone

Yacru- | UHTEHCHB- Ionspusosan- |Tun Koadduuuent |HHTeHCHB-
bl HOCTH 3a LMKJI |HbI€ YaCTHLbI MOoJApHU3alHH MNoJIApHU3aLuH HOCTH 3a LIHUKJI
M nepexon
p 41012 P, (3—6) 0,52+0,05 1,2:10°
d 10]2
3He 2:1010 P, (1—4) -0,37 40,04 1,2:10°
$He 5108
SLi 5-108 P, (2—6) | —0,53%0,05 1,2:10°
ILi 4.10°
d
&c 2:10° P,(2—6) | 0221005 1,210
o 2-107
F 2-10° P, (3—5) | -0,60%0,08 12:10°
Ne 104
Mg 3107+ P, (3—5) 0,19+0,04 1,2:10°
28si 5-10%
s 3,5-10%+

*PaGoraer KPHOOTKa4Ka BAKYyMHOi KaMepbl CHHXpo(a3oTpoHa.

HYKIIOTPOH

B 1993 r. Hauan pabGorarh XecTKO(OKYCHPYIOLIHH CBEPXNpPOBOAALIMIA YC-
kopurens JIBD OUAU — HyknorpoH [63,64,55]. YcnewHo 3aBepuieHO cO3-
JaHue, B OCHOBHOM CHJIaMH J1aBOpaTOpHH, S5KOHOMHYHOIO MO KaNUTAJIbHbIM 3a-
TpaTaM M 3KCIUTyaTalHOHHHIM PacXoiaM COBPEMEHHOTO YCKOPHTENS 3apAXEHHBIX
YyacTHL, MW, YTO KpailHe BaXHO, COXpaHEHa BO3MOXHOCTb HCIOJb30BAHHA
cHHXpo(a30TpOHa Wi NPOBEJEHNUs HCCIeNOBaHMii. DTOro ymanoch JOCTUTHYTh
KaK 3a CYeT palMOHAILHOTO pa3sMEILEHHS YCKOPHTEd, TaK H 3a cuer a¢dekTus-
HOH NepecTpOHKH MMEIOIHXCH NOMEIIECHHA U HCIOJIB30BaHUA 060pyroBaHHs yc-
KOPUTENBHOIO KoMIuiekca. HykjoTpoH CMOHTHpPOBaH B KOJBLLUEBOM TOHHEsE B



JYBHEHCKHH CUHXPO®A30TPOH 589

31aHUH CHHXPO(a3oTpoHa. B KauecTBe MHXEKTOpPA UCTIONb3yeTCs IMHEHHBII yc-
xoputens Ha 20 MaB (JIY-20) ¢ cucTeMoii TpaHCIIOPTHPOBKH NyYKa B HYKJIOT-
poH. Ilps HEOGXOMMMOCTH 3TO MO3BOJMT OCYUIECTBIATh NEPEXON MPH MpOBe-
AEHHH 3KCMEPUMEHTOB C CHHXPO(a30TpOHA Ha HYKJIIOTPOH M HaoGOpoT B Te-
YEHUE HEMHOrMX 4YacoB, NEPEKIIIoYast JIMLIL CHCTEMbI TPAHCIOPTHUPOBKHM MydyKa
nocne JIY-20. lns pasmewenus o6opyaoBanusi, HEOGXOAMMOTO LTS MONYYEHHs
XKHIKOrO resids, mnpUcnocobreHsl cyluecTByomme nomeleHns JIBD wu
OTHOCHTEJIBHO HeGONblIME 3aHHA, MOCTPOEHHbIE [ KOMMPEccopoB. BbiBox
MyYKa U3 HYKJIOTPOHA HOJIXEH OBbITh, B EPBYIO OYEPe/b, OCYLIECTBIEH B CTOPOHY
kopn.205 (puc.1), 4TO MO3BOMUT HCMONB30BATH YXE UMEIOLLYIOCS CETh KAHAIOB
3apAXEHHBIX 4YacTUL ¢ ¢u3MuecKumu ycraHoBkamu. HykjoTpon paccuuran Ha
YCKOpEHHE MpPOTOHOB 10 3Hepruu 12 I'sB u sgep no MakcuMaibHOI sHepruu
6 I'sB/nykoH.

OcHOBHbIE OTIHUHTENbHBIE OCOGEHHOCTM HYKJIOTPOHA M0 CPABHEHMIO C
CHHXPO(a30TPOHOM:

1) BO3MOXHOCTb YCKOpEHHs HOHOB BCEX aTOMOB, BKJIIOYas ypaH (BaKyyM B
KaMepe YCKOpHTes 10'° Topp);

2) BO3MOXHOCTb OCYLIECTB/IEHHS B IECATKH pa3 6ojiee IUIMTENbHOO MeUIEH-
HOTO BbIBONA YCKOPEHHOTO My4Ka;

3) cywectsenno nyumme (Gonee yem B 10 pa3s) reoMmerpuueckue Xapak-
TEPHCTHKH MyYKa,

4) BO3MOXHOCTb TNpOBENEHHS JKCIEPUMEHTOB HA BHYTPEHHHX TOHKHX
(CTPYAHBIX M Ip.) MHILEHAX M3 PAVIMYHBIX BELLECTB, B TOM YHCIIE MONSPH3OBAH-
HbIX MPOTOHOB W AEHTPOHOB B LIKPOKOM HHTEpPBAlE IHEPIHIA.

Peanusauus atux Bo3MoXHoOCTel, cosnanne Gyctepa HyKJ0TpoHa [65], He-
NpepbIBHOE Pa3BHTHE HCTOYHMKOB YaCTHL, COBEPLICHCTBOBAHHE KaHA/IOB TPaHC-
NOPTHPOBKH MYYKOB W [p., HECCOMHEHHO, Ha MHOTHE rofibl 0GecneyuT xopouue
MepCreKTUBBI V15l POBEACHUS UCCIenoBaHuii B JIBD.

3AKIIIOYEHHE

lporpamma ¢usmyeckux akcnepumenToB [66] Ha GnuxaiiliHe HECKONBKO
JIET Ha YCKOPHTE/IbHOM KOMIUTEKCEe CHHXPO(]a30TPOH — HYKJIOTPOH HaLeleHa Ha
H3y4eHHE NEPEXOIHOro PeXHMa OT NPOTOH-HEHTPOHHOM K KBapK-IJIOOHHOH Ma-
Tepun. Ocoboe MecTo B Hell 3aHMMAIOT MCCNIENOBAHHA CITHHOBBIX sBIeHHil. o
co3fianua GycTepa HYKIOTPOHA STH BKCIIEPUMEHTHl MOTYT MPOBOAMTBCS TONBKO
Ha CHHXPO(a30TPOHE, i€ UMEIOTCS HHTEHCHBHBIE MyYKH MONSPH30BAHHBIX ei-
TPOHOB H HEHTPOHOB C 3Heprueii ot 0,2 1o 3,6 IsB/nyknon. Beog B geiicTsue B
1995 r. nomspusoBanHO# npoToHHOH MumeHu [67] CYIIECTBEHHO pPacIIHpUI
BO3MOXHOCTH MCCIeloBaHus CHHHOBBIX 3ekTos. IlepBbiM dKCIEpUMEHTOM,
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BbIMOJIHEHHBIM CcOBMeCTHO yueHbiMu OHWSHM u ®panuum ¢ nomoumpo 3TOM
MHILEHH, CTaNo MPONOJIKEeHHe HUCCefoBaHuii, HayaTeix B Cakiie U Teneph mpo-
BEJCHHBIX NPH GONbIIKX 3Heprusx B JIyOHe, — H3MepeHHE Pa3HOCTH TMOJHBIX
CedeHHH HEHTPOHOB C MPOROJIBHONH U MONEPevHON NOoMIpu3alMel Ha MPOTOHAX.
Mocneauuii MpuMep JIMUIHUIA pa3 MOAYEPKHBAET, HACKONBKO BaXHO OBLIO MpH
CO3NaHMM HYKJIOTpOHa ofecrneunTs MUIaBHBIA MEPEeXox OT CHHXpo(a3oTpoHa Ha
HOBBI# YCKOpPHTEJb, COXPAHUTD Il 3KCIIEPUMEHTATOPOB, OPUEHTHPYIOLIMXCS Ha
YCKOpHTENIbHBI KoMiuleke JIBD, yHMKaIbHbIE Nyuku yacTul. To, 4To 3TO CTa10
BO3MOXHBIM, B IEPBYI0O OdYepedb, 3aciiyra BHICOKOKBAIM(HMUMPOBAHHOIO KOJ-
NexTHBa ycKoputensuiukoB JIBD, nauano xoropomy nonoxun B.H.Bekcnep.
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This paper is the third in a series, in which we try to generalize the notion of
superintegrable potentials, as known from the flat space, to the case of spaces of constant
negative curvature. Path integral approach to superintegrable potentials on the two-
dimensional hyperboloid is presented. We find five potentials of the sought type, which
possess three functionally independent integrals of motion (observables), and in each case
we present the appropriate path integral formulation. We list in the soluble cases the path
integral solutions explicitly in terms of the propagators, the Green functions, and the
spectral expansions in the wave functions. The coordinate systems on the two-dimensional
hyperboloid are discussed in detail. The Stickel matrix, the Schrédinger operator, the gene-
ral form of the potential, which must be separable, and relevant observables are constructed
for each coordinate system. A special care is taken of the proper generalization of the
harmonic oscillator on the hyperboloid, i.e., the Higgs-oscillator, and the Kepler-Coulomb
problem. The three remaining potentials are analogues of the Holt potential, the centrifugal
potential, and the last one is the potential which is linear in the flat space limit.

Hacrosmas pabora smnsercs Tperbeii U3 cepuu paboT, B KOTOpoil 06061eH0 NOoHSTHE
CYNEPUHTErPHPYEMbIX MOTCHUMAIOB, W3BECTHBIX JUIS IUIOCKOrO MPOCTPAHCTBA Ha Ciydail
HPOCTPAHCTB NOCTOAHHOM OTPULIATEIbHOMN KpUBH3HBL ChopMynHpPOBaH MeTON KOHTHHYAIL-
HOTO MHTEIPUPOBAHHA UIA CYNEPHHTETPUPYEMBIX MOTCHLMATOB Ha JBYMEPHOM runep6o-
nowie. HadiieHs! NAThH NOTEHUMATOB HCKOMOTO THITA, KOTOPBIE CONEPXAT TPU (OYHKIIMOHAND-
HO HE3aBHCHMBIX HHTErpana ABHXEHHS (HaGNIONaeMbIX), M B KAXIOM Cly4ae BBIIMCAHbI
COOTBETCTBYIOLIME MHTETPANIBI 10 TpaekTopHaM. ONHCaHBI BCE ClY4aH, ITe C IOMOIILI0 Me-
TOa KOHTHHYATHHOTO MHTETPHPOBAHKA BO3MOXHO pellleHHe B ABHOM BUJIE Ha S3bIKE IIPOMNa-
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raTopos, ¢yHKuHil ['pHHA ¥ CIIEKTPATLHBIX PALIOXKEHHUIA 10 BOMHOBBIM (pyHKIMAM. O6CyX-
[A0TCA BCE BO3MOXHBIE OPTOrOHAILHBIE CHCTEMBI KOOPAMHAT Ha IBYMEPHOM runepbonoune.
Ins kaxuoi M3 cHCTeM KOOpHUHAT moctpoeHbl oneparop lpenunrepa u Marpuua LlTex-
Keils, TpUBEeHbl COOTBETCTBYIOLIME MHTErpanbl ABuxeHus. Ocoboe BHMMaHHE YyHENEHO
06061LEHNI0 rAPMOHMYECKOTO OCLIWIIATOPA, WIH ocLMiIsTopa Xurrca, U 3anaud Keruiepa
— Kynona. Ocrasiidecs TpH NOTeHLHaNa SRIAIOTCS aHATOraMH MOTeHLHana XonTa U LeH-
TpoOGeXHOro, a MOCAEAHAS MOIENb COOTBETCTBYET B Mpelesie IUIOCKOro MpOCTPaHCTBA
JIMHEHHOMY NOTEHLHANY.

1. INTRODUCTION

In this paper we continue our study of potential problems in quantum
mechanics in spaces of constant curvature which are separable in more than one
coordinate system. For this kind of potential systems the notion super-inte-
grable has been introduced by Evans [6] and Wojciechowski [66], as well as
Smorodinsky-Winternitz potentials, because the first systematic investigation of
such systems was undertaken by Smorodinsky, Winternitz and co-workers in

Refs.[10,47,65]. In R there are four potentials of this type [10] which all have
three constants (integrals) of motion (including energy), i.e., there are two more

operators commuting with the Hamiltonian and with each other. In R there are
five maximally superintegrable potentials with five integrals of motion [6,21]
and nine minimally superintegrable potentials with four integrals of motion
[6,21,23]. On the two-dimensional sphere we have found two superintegrable
potentials; and on the three-dimensional sphere, three maximally and four
minimally superintegrable potentials [22,23]. Generally, in D dimensions
maximally superintegrable potentials have 2D -1 integrals of motion,
respectively observables; and minimally superintegrable potentials, 2D -2
integrals of motion (this means that the notion minimally superintegrable and
integrable cannot be distinguished in two dimensions).

Let us briefly discuss the physical significance of the consideration of
separation of variables in more than one coordinate system. The free motion in
some homogeneous space is, of course, the most symmetric one, and the search
for the number of coordinate systems which allow the separation of the
Hamiltonian is equivalent to the investigation of how many inequivalent sets of
observables can be found, and there are D integrals of motion. The
incorporation of potentials usually removes at least some of the symmetry
properties of the space. Well-known examples are spherical systems, and they
are most conveniently studied in spherical coordinates. For instance, the isotro-
pic harmonic oscillator in three dimensions is separable in eight coordinate
systems, namely in cartesian, spherical, circular polar, circular elliptic, conical,
oblate spheroidal, prolate spheroidal, and ellipsoidal coordinates. The Coulomb



PATH INTEGRAL APPROACH 595

potential is separable in four coordinate systems, namely in conical, spherical,
parabolic, and prolate spheroidal II coordinates (for a comprehensive review
with the focus on path integration, e.g., [21]):

The separation of a quantum mechanical problem in more than one
coordinate system has the consequence that there are additional integrals of
motion and that the discrete spectrum, if it exists, is degenerate. The Noether
theorem connects the particular symmetries of the Lagrangian, i.e., the
invariances with respect to the dynamical symmetries, with conservation laws in
classical mechanics and with observables in quantum mechanics, respectively.
In the case of the isotropic harmonic oscillator one has in addition to the
conservation of energy and the conservation of the angular momentum, the
conservation of the quadrupole momentum; in the case of the Coulomb problem
one has in addition to the conservation of energy and the angular momentum,
the conservation of the Pauli-Runge-Lenz vector. In total, these conserved
quantities add up to five integrals of motion in classical mechanics, respectively
observables in quantum mechanics. It is even possible to introduce extra terms
in the pure oscillator and Coulomb-, respectively Kepler-problem, in such a way
that one still has all these integrals of motion, however, somewhat modified [6].

In our paper [22] we extended the notion of «superintegrability» to spaces
of constant positive curvature. One knows that the corresponding Higgs-
oscillators (as discussed by, e.g., Granovsky et al. [11], Higgs [30], Ikeda and
Katayama [32], Katayama [41], Leemon [45], Nishino [53], and [58]) and the
Kepler-Coulomb problem (c.f., Granovsky et al. [12], Hietarinta [29], lkeda and
Katayama [32], Infeld [33], Infeld and Schild [34], Katayama {41], Kurochkin
and Otchik [44], Nishino [53], Otchik and Red’kov [55], Schroedinger [59],
Stevenson [62], and Vinitsky et al. [63]) in spaces of non-vanishing constant
curvature do have additional constants of motion: the analogues of the flat
space. For the Higgs-oscillator it is the Demkov-tensor [3,9,53], and for the
Kepler problem it is the analogue of the Pauli-Runge-Lenz vector in a scape of
constant curvature, c.f. [30,44,53]. It is also found that the Higgs oscillator and
the Kepler-Coulomb problem are the only central systems [32] in spaces of
constant curvature. However, additional non-central superintegrable potentials
might exist.

In our investigation the path integral turns out to be a very convenient tool
to formulate and solve the superintegrable potentials on the hyperboloid, and it
provides the natural way in which the analytic structure of the solutions is
manifested. Separation of variables in each problem can be done in a
straightforward and easy way. There are already some studies of the oscillator
problem and the Coulomb problem in spaces of constant curvature. The
oscillator problem is not very difficult to solve, including the case where
additional radial dependences are taken into account, which is basically path
integral problems which are related to the Péschl-Teller and modified Poschl —
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Teller path integral. The Coulomb problem is somewhat more involved, and the
pure case has been discussed by means of path integrals in spherical coordinates
by Barut et al. [1] and [16]. In the present investigation these earlier results will
be used in the calculations, and no detailed derivations will be given in these
cases. The path integral calculation of the Coulomb problem on the hyperboloid
in elliptic-parabolic coordinates is completely new, and it turns out that some
results of the calculation for the free motion can be used in its solution [20].

However, all former studies have taken into account only central systems
and their solutions in spherical variables, which is obvious. Neither a systematic
search for alternative descriptions in other coordinate systems has been done,
nor a search for further separable potentials. In particular, the Holt potential
with a linear term is important, because it allows the incorporation of electric -
fields. The case of magnetic fields on the two-dimensional hyperboloid has been
considered by means of path integrals in [15], and it has been found that in
spherical, horicyclic and equidistant coordinates a separation of variables is
possible, i.e., in coordinate systems which have one ignorable coordinate [40],
i.e., they are non-parametric, and the corresponding solutions are circular,
respectively plane waves in this (ignorable) coordinate. Depending on the
strength of the magnetic field a finite number of bound states can exist. Such
investigations play an important role in the theory of tensor-weighted
Laplacians, automorphic forms, determinants of Laplacians and zeta-function
regularization, and quantum field theory on (super-) Riemann surfaces, e.g.,
[20] and references therein.

The contents of this paper are as follows. In the next section we give a
short summary of the path integral technique we are using, including for
completeness in order to make the paper self-contained the path integral
solutions of the Poschl-Teller and modified Poschl-Teller potential. In the third
section we give an introduction to the formulation and construction of
coordinate systems on the two-dimensional hyperboloid. This includes an
enumeration of all the coordinate systems according to [20,37,38,54], which
separate the Schrodinger equation, respectively the path integral. Furthermore,
we list for all coordinate systems the corresponding observable, the Stickel-
matrix, the Hamiltonian, and the general form a potential must have to be
separable in the coordinate system, together with its observable.

In Section IV we present the path integral formulations of the
superintegrable potentials on the two-dimensional hyperboloid. The two most
important are the Higgs-oscillator and the Coulomb problem. We find three
more potentials with the required properties. One of them, the potential V; is an

analogue of the Holt potential [31], the fourth is a centrifugal potential which
does not have an analogue on the sphere or in flat space, and the fifth model
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potential which is linear in the flat space limit. These systems have not been
considered in the literature before.

In the fifth Section we summarize and discuss our results. Here we also
make some remarks about the problem of ambiguities of the generalization of
flat space potentials to spaces of constant curvature. We also present Table 3 to
illustrate the correspondence of superintegrable potentials in two dimensions.

2. ELEMENTARY PATH INTEGRAL TECHNIQUES
2.1. Defining the Path Integral

For the construction of the path integral in a curved space we proceed in
the canonical way according to Feynman and Hibbs [7], Refs.[20,25], Schulman
[60], and references therein. In the following x denote D-dimensional cartesian
coordinates; q, some D-dimensional; s, coordinates on a sphere; u = (ugy 1y uy),

coordinates on the two-dimensional hyperboloid, and x, y, z, etc., are one-
dimensional coordinates. We start by considering the classical Lagrangian

corresponding to the line element ds” = dq’dq’ of the classical motion in
P 8 8.b

some Riemannian space

2
. M(d M ”
L~ q= Py (Fi] V@) =7 8,@9 9" - V(g). (2.1)

The quantum Hamiltonian is constructed by means of

__7 __ P19 w0
H=-2 A g+ V(")"zM?’Zaqag ‘/g—aqu(q) 2.2)

as a definition of the quantum theory on a curved space. Here are
g =det(g ), (g"b)=(gab)'1, and ALB=g_1/2aag"bg]/28b is the Laplace-
Beltrami operator. The scalar product for wave-functions on the manifold
reads (ﬁg)=qu ‘/Ef'(q)g(q), and the momentum operators which are
hermitian with respect to this scalar product are given by p,=

=— (0 rhs I, /2) with I =dln Vg /9¢°. In terms of these momentum

operators we can rewrite H by using an ordering prescription called product-
ordering, where we assume 8, =h, b, other lattice formulations like the

important midpoint prescription (MP) which corresponds to the Weyl
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ordering in the Hamiltonian, we do not discuss. Then we obtain for the
Hamiltonian (2.2)
2

#w”
H=—o B+ V@ =5, hP, pp + V(@) + AV(@), 2.3)

and for the path integral we have

qt ")y =4q"
K@ q;D= | Daq® Vg@ x
qt=4q

X exp I é J [% h,(qh (@3] - V(@) - AV(@) } dt I =

) M ND/2
= lim [2nieﬁ] _IJ‘qu\j (qk)x

N
xexp{ % [28 Iy @) 1 (85 ) A qu.’—eV(qj)—eAV(qj)”.<2.4)

AV denotes the well-defined quantum potential

2
AV(Q) = oo [T, T, + 26™T,) , + 8% 1 +
+ Il%_ (2hachbc — p hbc — e hbc ) (2.5)
3,74 ,ab - a b booa :

Here we have used the abbreviations €e=(¢" —-t")/N=T/N, qu =

-1 e
q j—l’ ]—2((1]"“1]_1) fOl' q]_q(t +J€)(tj"'t +€.], ]—0,...,N)

and we interpret the limit N — oo as equivalent to € — 0, T fixed. The lattice
representation can be achieved by exploiting the composition law of the time-
evolution operator U = exp (- iHT/#). Then the discretized path integral
emerges in a natural way, and the classical Lagrangian is modified into an
effective Lagrangian via £ =L -, — AV. Note that the factorization of the

metric according to g, =h h, characterizes the h  as Lamé

ac cb
coefficients [52].
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- - Concerning the space-time transformation technique we do not repeat the
relevant formulae once more again, and would like to refer to the literature
instead, c.f. [5,25,28,42], and references therein.

2.2. The Poschl-Teller Potential

As we shall see, we encounter particularly in the case of the Higgs
oscillator, the Poschl-Teller and the modified Poschl-Teller potentials in our
path integral problems. The path integral solution of the Poschl—Teller

" potential reads as follows (Bohm and Junker [2}], Duru [4], Fischer et al. [8],
Inomata et al. [35], Kleinert and Mustapic [43], and [20,27,28], 0 < x <1 /2)

o2-1 g1

4 4
—  +t— dt (=
s x COS X

x(t II)='{/ . t,, M ) hz
J- D x(t) exp i_[ —2~x2————

x(t)=x g t’ M
-iET/% , .
=X e o Py o P, (2.6)
ne N
i}
_ [ dE - ieT/# Ao, B) o .
=] e G P, x; B, (2.7)
R

The bound state wave-functions and the energy spectrum are given by

@ By = nfo+B+n+1) 1/2
0, (x)_[z(a+ﬁ+2n+1)I“(a+n+1)l“(ﬁ+n+1)] x

x (sin x)®* 1/2 (cos x)P *+1/2 Pn(“' B(cos 2x), (2.8)

_7 2
En—ZM(2n+oz+|3+1). 2.9)

The Pn(u’ B are Jacobi polynomials [13, p.1035], and the wave-functions
n/2
q>(°" B)(x) are normalized to unity according to I |¢ia‘ B)(x)lzdx= 1. The

0
Green function G}S;" B)E) has the form

‘M T(m, ~ L) T+ m, + 1)
G ((X, ﬁ) //, xr; == '\/_.XJ—T 1
P S S e+ D T, 4 D)
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X

( 1 -cos2x 1 —cos 2x” ](’"x - "‘z)/z( 1+ cos 2x” 1 + cos 2x” ]("'x +m)/2
2 2 2 2

1 —cos 2x <
XZFI[—LE+m1,LE+m1+l;ml—-m2+1;—————2—-—Jx
Fl-1 L 1. 1. L=cos 2x> 210
X Fi| =Lg+m, Lgtm +1;m +my+1; ) , (2.10)

' 1 1 .
where m,=75 B+ w, L= 2 (N2ME /i - 1); JF(a byc;z) s the
hypergeometric function [13, p.1039], and x_, x_ denotes the larger,

respeciively smaller of x, x”.
2.3. The Modified Poschl-Teller Potential

The case of the modified Poschl-Teller potential is given by
[2,8,20,27,28,35,43]

” ’” ” 1 2 1
Wty =r ot s (- AP--
J. ’Dr(t)exp[—l—j{ﬂiz——ﬁ— 4 4 }dt]z

"th=r 7 : 2 2M | sinh® r  cosh® r

Y _iET/R ., ,
R N (O R ("

Nm
=
n=0
+ 4
0

-iE T/ﬁ ’ 7"
p e r T yle DTy yis Mgy, 2.11)
[ dE —ET/# ~ (5 N)yrr 0
=) ome GV, v, E). 2.12)

The bound states are given by

y& Ny = NP sinh * /2 cosh A2 x

X ,F,(=n, A-n1+x tanh? r,

wry 1 2h—x-2n-DTn+1+x)TA—n)]1/?
N, ‘1"(1+x)[ T - x — nn! ] (2:13)

__ 2
E,=- 2 Cntx=A+ 17 (2.14)

n
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Here denote n=0,1,.., N

m;

1 . .
axz[E(}“—K—l)]ZO’ and only a finite

number of bound states can exist depending on the strength of the attractive
potential through and the repulsive centrifugal term as well. Here [x] denotes
the integer part of the real number x. The continuous states are

Yo () = N M (cosh N (tanh <+ /2

Atx+1-ip k—A+1-ip ) 2
XZFI( ) s > ;1 + x; tanh r),

(x 2 1 \p sinh mp A+x+1-ip K-A+1-ip
N Y= r r
p ra+x 1 2 2

J (2.15)

and E = #%p? /2M. The Green function G”E;‘TM(E) has the form

T(m, - L) T, +m, + 1)
G”(l;,T}\.)(rn’ rl; E) - ﬁ 1 A A 1 %
212 TG, +my + 1) Tm, —m, + 1)

- (m ml+m2+l/2><

X (cosh 7 cosh ) "1 ™) (tanh # tanh r”)

e )

2
cosh” r <

sz1 —L;‘+m1,L)~+ml+1;m1—-m2

X oFy(= Ly +my, Ly +m + 15 my + m, + 1; tanh? r,), (2.16)

where we have set m ,= —;— (x £ N= 2ME /#), L, = % (A—1). We make

extensively use of the solutions of the Poschl-Teller and the modified Poschi-
Teller potentials, respectively.

3. SEPARATION OF VARIABLES AND COORDINATE SYSTEMS
ON THE HYPERBOLOID

In this section we discuss separation of variables in the Schrodinger
equation, respectively in the path integral, and list the corresponding orthogonal

coordinate systems on the two-dimensional hyperboloid AD
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3.1. Separation of Variables in the Schriédinger Equation
and in the Path Integral

Let us consider the time-independent Schrédinger equation in a Riemannian
space
#
H‘I’E[——Z—MALB+VJ‘P=E‘P, 3.1)
where A, p is the Laplace-Beltrami operator as defined in the previous section,

assuming that the line-element for an orthogonal coordinate system
p=(p.... Pp) can be written according to

D
ds* =Y, h(dp ", (3.2)
i=1
and ALB can be cast into the form
D
D a l_I hk(p) a
1 k=1
8= 53 | e . | (3.3)
i=1 H h i hl (p) i
@)

As was shown by Moon and Spencer [51] the necessary and sufficient
condition for simple separability of the Helmholtz equation, in a D-
dimensional Reimannian space with an orthogonal coordinate system p, is the
factorization of the Lame coefficients h, according to

D
[T @
i=1
==—=M_ 15 ®) (3.4)
h,z(P) lj= 1 J
such that
as S(p)

M. (Pyyes P _ 1o Py ppees Pp) =3 = )
2 D (3.5)

D
o) " I1se). r=TIre.

i=1 i=1

where § is the Stickel determinant [52,57]
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se)=| - : S (3.6)
O 0p) oy o PPy

and Mil is called the cofactor of <I)l.1.

For the separation of the Schrodinger equation a potential V must have the
following form ‘

(P)
’ 3.7
i
and the separated equations are (‘¥ = Wlwz""l’u)
1 d
fidpi[ ‘dp ]qu) o= V) ¥ =0. (3.8)

Here o, = 2ME /h2 and o, 0.y,..., O, are the separation constants. By using

these equations one can construct the full set of commuting operators for each
coordinate system. In [61] the following was proven: If the Schrédinger
equation (3.1) admits simple separation of variables in the coordinate system
(Py>---» Pp), then there exists D —1 linearly independent second degree

operators Ik’ k=2,3,..., D—-1 commuting with the Hamiltonian H and with
each other, and they have the form

D

g [1 .4 [,
Ik=—2((l> )lk[fa—[f;dp ]+V:| 3.9
i=1
The separation constants 0, O,...0L, are the eigenvalue of these operators,
ie.,
LY =¥ (3.10)

Superintegrable systems have the property that they admit not only separation
of variables in one coordinate system, but in at least two ones. This has the
consequence that the system has additional integrals of motion, and that the
discrete spectrum has accidental degeneracies.
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The theory of separation of variables allows the formulation of the
corresponding separation formula for the path integral. Introducing the (new)

momentum operators P =— 8 iy ) I" ,I= fi' /. fl., we then can rewrite the

Legendre transformed Ham11toman as follows [24]

D k
__ 7 _2 FRPSRr N
H-E=-5u2m~E MZ | 2 o -E=
1 CRE
j
j=1
b D
21 1 9 d 72 1 P 3
oS T | gy |[1"E= o e My o+ |- E=
2MS:=21[ftapi[’api]] 2 SE “[apf 'aPi]
1D 1 W2
2 2
=—S—2M1,[2 P, —Ehl+8—M(1“12+21“t')]=

(3.11)

D
=%ZM”[1 . Za(bu(p)+ (r2+2r)

We then obtain according to the general theory by means of a space-time
transformation the following identity in the path integral (g = H hf)

”

Dp(r)fexp[ﬁt][—(hp) — AV F(p)] }

tl

Pt =p

pit) =

p@t” )— 2
N p
= Dp(t)H exp[% [Msj—AV(p) }
P(t)— i=1
P =p
ra mWB(1 -D/2) - iET/% ’” ’ n1/4
=(5'S") j2nﬁ jds H(M M) [ Do)
i=1 i(O):p:
5" h2 D
Xexp{%J[ 67 + 507 2, 0B, (P) (r“’~+21“) } (3.12)
0 j—l

Therefore we achieved complete separation of variables in the p-path

integral.
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3.2. Coordinate Systems on A®

In this subsection we consider the coordinate systems of the two-
dimensional hyperboloid defined by

2 2 2_ 2 2 _ 52
Ug = Uy — uy = Uy u" =R"

which separate the Schrodinger equation, respectively the path integral on
AP, The notion Uy > 0 means that we consider only one sheet of the double-

Uy >0 (3.13)

sheeted hyperboloid u(z) —u?>=R?2 The enumeration includes the definition of

the coordinates, the characteristic operator I, i.e., the operator which
commutes with the Hamiltonian, the Stickel-matrix S, the momentum
operators p,, the Schrédinger operator (Hamiltonian) H, and the general form
of the potential which separates in the corresponding coordinates, together
with its observable 7 ). In the notation of the coordinate systems we follow
[38,54] and [64]. The Hamiltonian on A® can be written as

h-2

1
H=Hj+ V(u), HO__ZMALB_ZMRz

2 2 2
K +K}-1), (3.14)

where K, , are (hyperbolic) angular-momentum operators defined by

n( 3 (0,
Kl—i[uoau2+u28qu, Kz—i[uoaul+ul a"o)’ (3.15)
and L, is the angular momentum operator
h ) d
L=" [ul S, =2 J (3.16)

Kl’ K2 are the generators of the Lorentz transformations, and L3 is the gener-

ator of (spatial) rotations in three-dimensional Minkowskian space. They
satisfy the commutation relations

K, K] = iTzL3, (K, L)=- inK,, Ly, K] = - inK,. 317)

The Schrédinger equation for the eigenvalue problem for the free motion on
the two-dimensional hyperboloid has the form [38]

_ __ 7 2 1
Hy¥w = B¥w =1 ( Py J‘}’(u), p>0. (3.18)
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The spectrum is purely continuous with largest lower bound
E, =1/8MR * [20].

For the classification of the coordinate system on the two-dimensional
hyperboloid we need the Hamiltonian H and another second-order differential
operator I which commutes with H. In the following we call the operator [

corresponding to this quantum number (characteristic) observable, respectively
the characteristic operator.

" In the sequel we only consider orthogonal coordinate systems on the two-
dimensional hyperboloid. u € AD s expressed as u = u(p), where p = (p;, p,)

are two-dimensional coordinates on A For the metric tensor then follows
du; du,
g .= G‘k e

ab 3
ik dp, dp,

where G, is the metric tensor of the ambient space, which is in the present

(3.19)

case Gik = diag(l, — 1, — 1, — 1), and in order that the line element ds* =

=X, gabdqadqb is positive definite an appropriate € =* 1 must be taken
into account. Actually €, =¢ =- 1,V , because the metric tensor is

always diagonal. In the following we state for convenience only the explicit
form of ds>.

The nine possible coordinate systems on A now are the following:
1. The first coordinate system is the (pseudo-) spherical system:

Uy = R cosh 7, Uy = R sinh 71 cos o, u, = R sinh 7 sin @ (3.20)
(t >0, ¢ € [0, 2n)). The characteristic operator is '
2
Is = Ls’ 3.21)

which means that in the flat space limit we obtain the polar system in . The
Stickel-determinant is given by

2 1
R - 3 2
S= sinh“t | =R", (3.22)
0 1

and f1 = sinh 1, f2 =1. For the line element we have ds*>=R?

(d’c2 + sinh? ‘cd(pz), and therefore the momentum operators are given by

(a1
pr—i(aT+zcoth1:J, Po=1 30" (3.23)
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The Hamiltonian reads

=- ” '9—2-+coth‘ti+ ! 82
or? Gy 31nh218(p

Lo (e —L 2\ P (3.24)
2MR2( * sinh®1 ‘P) 8MR 2 sinher' '

A potential separable in pseudospherical coordinates must have the form

V(¢ )
Lo =V, () +——— 7, (3.25)
sinh
and the corresponding constant of motion, respectively observable, is
2 2
v __H 9 1
17 = 2 8(p2 +Vy(9) = 2M Ly + V(9). (3.26)

Note that the corresponding observable on the two-dimensional sphere S @
has exactly the same form. In the following the prefix «pseudo» is omitted.

2. The second system is the equidistant system. It has the form
Uy = R cosh T, cosh Ty U= R cosh T, sinh Ty Uy = R sinh T, (3.27)

(%), T, € IR. The operator corresponding to this system is
_ g2
IEQ =K, (3.28)
which characterizes this system as «cartesian»-like, i.e., in the flat space limit
we obtain cartesian coordinates, and the Kl. operators, [ = 1, 2, yield the usual

p,=- iﬁax momentum operators. The Stickel determinant is
R? - 1
S= cosh’ T, | =R?, (3.29)
0 1
and  f =cosht, f, =1 The line element is given by

ds? =R (d172 + cosh? T,d 21:2) and the momentum operators have the form

(3.30)
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For the Hamiltonian we obtain

2 2 2
Hy=- ﬁ (—a—-!—tanht 2 +__1_8 J

2MR ? | at? 1ot cosh? T, 812

= g a——— Y Ui 1+ —L (3.31)
IMRZ| "™ cosh? T, T2] 8MR 2 cosh? T,

A potential on AP separable in equidistant coordinates must have the form

V,(z)
V(‘cl, 12) = Vl(tl) T, (3.32)
cosh” 1
and the corresponding observable is given by
2
m__ 1P -1
E0 =" om 32 + V(1) = M K2 + V,(1,). (3.33)
2
3. The third coordinate system is called horicyclic system:
2 2 2 2
u =Rx_+_u.l u=R£iy—t—l u=R£ (3.34)
0 2y ’ 1 2y ’ 2 y
(r > 0, x € IR). The characteristic operator is given by
- 2_ 2, g2 )
Iio= (K - L) =K, +Ly - {K,, L,}, (3.35)

where {X, Y} = XY + YX is the anticommutator of two operators X and Y. In
the flat space limit this system gives cartesian coordinates. For the Stickel
determinant we get

0 -1 )
s=|{R2 | |= B
)’2 Y
and fi= f,=1. The line element is ds* =R 2(dx2 + dyz) / y2, and the
momentum operators have the form
i d
PxZ7ax Py

) (3.36)

Jd 1
= —-—|. 3.37
( ) ) (3.37)
Therefore we obtain for the Hamiltonian
#? 82 ra
a2 ay2

H =-

0 IMR 27 )’(P ) y. (3.38)

Y E
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Note that we have in this case no quantum potential AV which is due to the
fact that the metric is proportional to L, . A potential separable in horicyclic

coordinates must have the form

2 , Vo)
Vix, y) =V,0) +y V,0)=V,0)+R 7 (3.39)
(uo - ul)
and the corresponding observable is given by
wm__1n 3 2
HO =~ oy o2 S+t V,0= (K L))" + Vy(x). (3.40)

4. The fourth coordinate system is the elliptic coordinate system. In algebraic
form it is defined as

2_ 2(P1 - (13) (P2 - a3)

0T @ —aya—ay”

uzsz(pl““z)(pz““z)’ 3.41)
: (@, -ay)(a, ~ay)

2_p2 =)@ Py
(al - (12)(01 - 113)

(ay<a,< P, <a, <p,). The Stickel determinant has the form

R P 1
“Pp) TPe)| g2 p-p
e I . (3.42)

4 P(p,)  P(p)
fi= \/P(pl), f,=v- P(p,), and P(p)=(p—a,)(p - a,)(p — a,). After putting

Py =a,-(a,—ay) dn’ (o, k), py=a,—(a,-ay) sn’B, k), (3.43)

and
2o a,—a, _ a, —a, (3.44)
a;-ay’ a4~ 4,

with the property Rak?= 1, we get
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=R sn (o, k) dn (B, k),
=iR cn (a, k) cn (B, k), (3.45)

u,=iR dn (o, k) sn (B, ¥).

Here a e (iK', iK' +2K), B € [0,4K "), and sn (W, k), cn (4, k), dn (y, k) are the
Jacobi elliptic functions [13, p.910] with modulus &, and K =K{(k), K’ = K(k')
are the complete elliptic integrals with k and k’ the elliptic moduli. In the
elliptic system the characteristic operator has the form

I.=L}+sinh? /K, (3.46)

with sinhzf as in (3.47), and 2f is the distance between the foci. Analogously
as for the elliptic system on the two-dimensional sphere we can introduce a
rotated elliptic (also called elliptic 1I) system [22]. Instead of a trigonometric
rotation as for the case on the sphere we must consider in the present case a
hyperbolic rotation. We define

a, —a, ’2 a,-a

sinh? f=

= R (3.47)
a,-ay 2 a,-a; §?

and the rotated elliptic system is then obtained by

u

u sinhf coshf O || ¥, |=| uysinhf+u coshf | (3.48)

9 coshf sinhf 0 u U cosh f+ u, sinh f
1

’ 0 0 1

2 .

u u

2 Uy

Explicitly this yield

, R
Uy = a,-a, (‘J(Pl _aa)(pz "a3) +‘I(p1 ‘02)([)2 -02))
[—sn(a,k)dn(B k')+1—cn(o:,k)cn(B k) ]
—a a,—a
(V 2 Py "a3)(p2_a3) + V ;ﬁ (pl —02)([)2—(12) ]

=R[k—’sn(a,k)dn([3,k')+‘i‘cn(a:k)cn(p'k')]’

'\/(p‘ a,)e, pz)—iRd k K 3.4
ey RO @HRBH. (649
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In the rotated elliptic system we get

2 1 .
I, =cosh 2fL3—§smh 2f{K1,L3}. (3.50)
In the flat space limit the elliptic system gives elliptic coordinates in le; and

the rotated elliptic system, elliptic II coordinates in R?. If no confusion can
arise we do not distinguish in the following the rotated elliptic system by
printing the coordinates. For short-hand notation we also omit the

moduli. The line element in each case 1is given by ds* =
=R 2(k2 cn® o+ & % cn? B)(doc2 + de). For the momentum operators we obtain

Py=7| 3 -
@ i oo k2cn20c+k'2cn2|3

p—ﬁ[i k*snBcnBdnB }

B aB_kzanOHk’zcnzB

ﬁ[a K sn o cn ovdn o ]

(3.51)

and for the Hamiltonian we have

2 2 2
oot 1 (8_ a_]=

- +
0" oMR? K cn? o+ kK 2 cn? B| oa? op?

=— 1 @%+r) 1
2MR2‘/k20n20c+k’2cn2B o B\/kzcnzoc+k’20n2B'

(3.52)

A potential separable in elliptic coordinates must have the form

Vi@+V,B) V() +Vy(p))

V(a, B) =
Ken?o+k 2en’ B PL—P,

(3.53)

The observable then is given by

2
w__f 1 9 9

+p, \-P(p,) %;V—P(pz) 5?;; J+

PO +0, V(o)
P1= P
PVi(P ) +pVy(Py)
P1=P '

1 2. . .2..2
=5pf L3 +sinh® FK ) + (3.54)



612 GROSCHE C., POGOSYAN G.S., SISSAKIAN A.N.

Note that the corresponding observable on the two-dimensional sphere has the

form
P1—P;

’

v _1 2. .,2,2
IE,S<2>—2M(L1+k L)+

with p,, p, elliptic coordinates on §® [22].
5. The fifth coordinate system is the hyperbolic system:

2=R2 (Py—a)(a, - py)
0 (al - 02)(02 - (13) ’

2 o2 (P —a3)(a3-p)
! (a,-aj)(a,-ay)

)

(P,—a)a, -p,)
2___R2 1 1 1 2
u2 (al _aZ)(al —03)

(p, <ay<a,<a, <p,). The Stickel determinant is given by

RZ P 1
s_| A Pe) TPR)|_ R PP
|R2 Py 1| 4 PP’

4 Py P,
and f, =VP(p,), f, =N—P(p,). After putting [64]

pi=a,=(ay—a)en’ (LK), py=a,+(a; ~aycn’(n, k),
and
k2=a2—a3’ k,2=al—a2’
al —a3 al -a

3
where p e (iK', iK'+ 2K), n € [0, 4K ") we get

uy=-Ren (4, k) cn (m, k),
u, =iR sn (1K) dn (n, k),
u, =iR dn (i, k) sn (n, ).
The characteristic operator is given by

w22 g2
IH-—K2 sin (x.L3,

(3.55)

(3.56)

(3.57)

(3.58)

(3.59)

(3.60)

(3.61)
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where sin® o= (a2 —a3)/(a] —a3) and 2a is the angle between the two focal
lines. In the flat space limit the hyperbolic system gives cartesian coordinates.

The line element has the form ds®=R 2(k2 cn’ pL+k 2 cn? 11)(d;,L2 + dvz), and
the momentum operators are

p _fi[d _ kzsnpcnudnu
Woilon KPen’p+k Zen?n |

2
e . o “Zd"? , (3.62)
N KZen p+k “cn“n

and for the Hamiltonian we obtain

#2 1 ?
Hy=- 2.2 2 2 2 |2t 2|7
MR k" en“p+k“cen"n| ou” dn

1 1 2, 2 1
= +
MR 2 K cn2u+k'2cn2n @

. (3.63
Wt Py k¥ en® p+k 2 enn .63)

A potential separable in hyperbolic coordinates must have the form

V() +V,(m) _ Vi) +V,(p,)
kzcn2u+k'2cn2n PL—P,

Vin, n) = , (3.64)

and the corresponding observable is

1 ) p)
18 = - —— p,VP(p,) = VP(p,) 5= +
H 17 2[")2 " ap, " ap,

0Py 5o PG

. (ANCHELRACH _
P1=P;
_ 1o o o PViP)+P V()
_2M(K2 sin 0(L3)+ p.-p, . (3.65)

6. The sixth coordinate system is the semi-hyperbolic system:

. [ \/[(p1 W +8(p, ~)* +8%]  fimaa=p)
+
0 (@a-y?+8 a9+ 8
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ul—

2_R_2[ \/[(pl P*+82[(p, — 1) + &7 (pl—a)(a——pz)_

2 (a-y’+8 [(a-y)+8&
(P, —a)a—p,
=R 2————22 (3.66)
(a— 'Y) +9
(P,<a<pp Y, 8 € IR). The characteristic operator has the form
I, ={K,, L} —sinh K2, (3.67)

where" sinh2f=(a—-7)/8 and 2f is the distance between the focus of the
semihyperbolas and the basis of the equidistants. In the flat space limit the
case of sinh2f— 0 gives parabolic coordinates; and the case sinh2f—» oo,
cartesian coordinates. For the Stickel determinant we obtain

R
. 4 1+ POy LR Mt .69
IR% 1 1 | 4 P PRy’ '

and f; =\/P(u1), f2=\fP(|,L2). The special choice of the parameters a=7=0,
8=1 together with p, =, >0, —p, =p, >0 yields

R2
w =" A+ DA +1D) + 1y + 1)

TW“ i) = i) — VA +iR)A + ik s
2

TR (\/m b, - (3.69)

2

- —4— = (1 i) — VI i) =iy T
u% =R zp.luT

The characteristic operator then has the form

I, ={K,, L}, (3.70)

which shows that the coordinate system (3.69) yields in the flat space limit
parabolic coordinates. Note also the relation uju, =R2(u1—u2) /2. In the
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follbwing we only consider this special choice of parameters. The line
element reads as (P(p) = u(l + uz))

2 2
oty [ dul o du
PRI Lo il LM | 371
4 | Py PRy
the momentum operators are
P'(p)
p = a I 1 (3.72)
T TR TTRENTI R R T

and for the Hamiltonian we obtain
2 4 @ Pwy) 2P
Hy=-—— P(1,) 2" Sl ~ P(,) 2

4P 4P —4P - 4P
| [\/ ) ,,2\/ (u,)+\/ (uz)pﬂ/ (uz)]+

2MR2|. Hptiy H o py+p, Bty ot

3P7 %) 3P7%(n)
4P(L) " 4P(,)

#2 1
+ 2
2MR“ K+ 1,

[P ”(lil) -P "(112) - J (373)

A potential separable in semihyperbolic coordinates must have the form

Vi) + V(1)

Vi, 1y = b H,

, (3.74)

and the corresponding observable is given by

3,
Bu

2
m__r _ 1 (
Isy =-om TR [ l“'2‘“"(“1 ‘IP(“l)

1y VP 5 ‘/P(uz) )

+ Mle(lll) - l—ll Vz(uz) _
Wotdy

1 TRATREATRA (T
__{Kv }+ 2 1% 172772
2M 3 Hy+H,

(3.75)
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7. The seventh coordinate system is called the elliptic-parabolic system. It
has the form

R (P1 - al)(al - pz)
U=
0 2| (q,- a2>3/ Np, —a)p, - ay

+\/ \/ (P, - a,)(p, - a,) ]

( 1 2)(p2 a _a

R P, - )(a -p,)

u =" 3‘/2 i B (3.76)

(a - (12) ‘I(P] - az)(pz - )
A \/ 0, - 2)(p2 ay)
(p1 - az)(pz ’
\f(pl - 1)(a1 - pz)
u, =R 7 —a
1 2
(a, <p,<a, <p,). The characteristic operator is given by

I,=K*+(a,-a)K>+I2-{K,, L.} (3.77)
EP 1 1 2/ 72 3 3l ’

Making the special choice a,=0, a,=-1 together with p, = tanzﬁ,
P, =—tanh’a Ve (-n/2,n/2),ae IR) we obtain

4 =R cosh? a + cos O
0 2 cosh a cos §
R sinh® g —sin® 9, (3.78)
1 2coshacos ¥ ’
u, = R tan 9 tanh a.

In this case the characteristic operator has the form
_p2. w2, 52 _ _2p2 2
Ip=K +K, +L;-{K, L} ==R"R"A p+2L;—{K,L,}, (3.79)

which shows that for this choice of the parameters the coordinate system may
be characterized as a polar-parabolic system. The Stéckel determinant then
has the form



PATH INTEGRAL APPROACH 617

R 2
§= cosh? a : —R2 cosh? @ — cos? ©
R? 1 cosh?acos?®
cos® ©

(3.80)

and f| = f, = 1. In the flat space limit we obtain parabolic coordinates. The line

element is given by

2 2
ds*=R?2 M@% (da” + d¥).

cosh? a cos

For the momentum operators we have

» _K i_,_ sinh a cosh a —tanha

“ i(aa cosh? a — cos? & J
fi( d sin ¥ cos 9

Py=" |3t ———5—+tan ¥ |,

o ‘1[6’3 cosh? a — cos® & J

and the Hamiltonian reads

#2  cosh®acos?® 2
Hy=- 2 2 2.l 32 2 T
2MR “ cosh“ a—cos” 8| da“ 9O
1 cosh a cos ¥

2 2 cosh a cos ¥
+ .
P+ Py Vcosh? a — cos® ©

- 2MR ? \/coshz a — cos” ()

(3.81)

(3.82)

(3.83)

A potential separable in elliptic-parabolic coordinates must have the form

2 2
Vi, )=S0 2e08D 1y )y ),
cosh” a — cos“ ¥

and the observable then is

2 2 2
# 1 2 @ 2,0
I(V)=-———“~ cosh® a —— + cos“ § +

EP 2M cosh? g — cos? o> 92

cosh? aVv(a) + cos? BV,(9)
+ =

cosh? a - cos? Y

1 cosh? aV,(a) + cos? ﬂVz(ﬁ)

2 2, 42
(K'+K,+L;—{K,,L,D+
2M 1 2 3 o3 coshza—coszﬁ

(3.84)

(3.85)
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8. The eighth coordinate system is called the hyperbolic-parabolic system. It
has the f
as the form R[ (0, -a,)a, —p,)

U ==
0 2 (al - a2)3/2\l(p1 - 02)(92 - 02)

+\/ ) +'\Fpl ~ %)@, ~p) ]

Py —ay(a, —py) a,-a,

R (Pl —al)(al —P2)
172 (4, -a)*/Nip, - ay)(a, - py) 50
1 2 1 27\ 2
\/ 49 -4 \/ (P, —a))(a,—py)
+ - ’
(P —ay(a,—py) a4 = a
‘J(Pl - al)(al - p2)
u, = R
]
(py<ay<a <p). The characteristic operator is given by
IHP;KIZ ~(a -a) K2+ L - (K, L,}. (3.87)

Making the special choice a,=0, a,=-1 together with p = cot? 9,
P, == coth? b (¥ e (0, n), b>0), we obtain
= cosh® b+ cos® ®
07" 2sinhbsind °
. _gSinh®b— sin? 9 (3.88)
177 2sinhbsin® ’
u, =R cot ¥ coth b.
In this case the characteristic operator reads

w2 2 2
Lp=Kl-K2+L2-{K,L,}. (3.89)

For the Stickel determinant we have

R 2
sinh? b -1 sinh® b + sin> ®
S= 2 =R? 3. 2. (3.90)
__R 1 sinh” b sin” ¥
sin ®

and f1 = f2 = 1. In the flat space limit we obtain cartesian coordinates from this
system. The line element is given by
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inh? b + sin® 3.91
ds’ =R? w (db? +dd?). GAD
sinh” b sin” ¥
For the momentum operators we have
fi(d sinh b cosh b
p,="|5r+—————5——cothb |,
b (ab sinh® b + sin” ® ]
h(d sin 9 cos ¥
=7 T+ ————————cot?d |, (3.92)
P l[aﬂ sinh? b + sin® ]
and for the Hamiltonian we get
H o=— 2 sinh®bsin® 9 8_2+i =
O 2MR? sinh®b+sin? 9| b 99?
1 sinh b sin ¥ 2. 2 sinh b sin ¥
= . (3.93
2MR 2 Nsinh® b +sin” ® = © Py Vsinh? b + sin” & )

A potential separable in elliptic-parabolic coordinates must have the form

)
V(b, 9) = M{—% [V,(5) + V,(O)], (3.94)

sinh? b + sin
and the corresponding observable is
1 2 2

sinh? b E)%E +sin® ® aa— +

2
o1
,'32

HP = 2M Ginh? b + sin? §

sinh’ bV, (b) + sin BV, (9)

sinh? b + sin”

sinh” bV, (b) + sin” BV,,(9)

sinh? b + sinZ &

1
M

(K} -K}+LE— (K, L))+ (3.95)
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9. The ninth and the last system is the semicircular parabolic coordinate
system:

. ®, - P, L]
u,= =
O | 8ip, —aa-pi*/? 2

(P, -~ Py’ 1 E+1H -4
R = - — =R ; (3.96)
I: 8[(p1 —a)a- p2)13/2 2 (Pl a)a P2) 8&“

u2=§[\/ P22 —\/a—pz ):R"2'§2

a-p, p,—a 28n

2 2\2
V(pl—a)(a—pz)}le—g—“)—‘ e *4

U

(p,<a<p,), and we have made the choice a=0, p,=~ 1/7%, Py = 1/&2,
E,n > 0. The characteristic operator has the form

Lip={K,K,} - {K,, L,}. (3.97)
The Stickel determinant is given by
R 2
g Tl e
S=| > =R"2-—=-, (3.98)
R_z 1 &n
n

and f, = f,=1. In the flat space limit this coordinate system gives cartesian
coordinates. The line element reads

2 2
ds*=R?2 5# (dE? +dn?), (3.99)

the momentum operators are

and for the Hamiltonian we have

___ 7 g (P
Hy=- 2g2. 2| a2t 2 [T
2MR“ E°+n°| 0€° om

1 &n 2. 2
= . 3.101
2MR? §2 +n? (p‘i * p“) §2 +1° ( )
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Table 1. Coordinate systems on the two-dimensional hyperboloid

Coordinate system observable I |Coordinates Separates |Limiting
potential |systems
I. Spherical ug=Rcosh 1t Vi, V, Polar
>0, ¢ € [0, 2m) 4, =R sinh T cos @ V=0
I=L% Uy =R sinh T sin @
II. Equidistant 4y =R cosh 1, cosh T, V). V4 Vs |Cartesian
T2 € R u; =R cosh 1, sinh 1,
I=K22 u, =R sinh 1,
IT1. Horicyclic “0=£ 2 +y2+1) Vi, V, Cartesian
2y
y>0,xe R R
u, =2—y(x2+y2-— 1)
I=(K, - L,)? u;=Rx/y
IV. Elliptic uy=Rsnodnfp V..V,  |Elliptic
o€ (iK', iK' +2K) u;=iRcnocnp Vof“’:(»
Be [0,4K") u,=iRdnasnp
I=1%+sinh? K}
I’ =cosh 213 -
= 1/2sinh 2f (K|, L,}
V. Hyperbolic uy= -Ren penn v, Cartesian
pe (iK', iK’+2K) u =iRsnpdnn v{e=0
ne[0,4K") U, =iRdnpsnn
I=K2 - sin? oL}
VI. Semi-Hyperbolic R V. ian**
ype u0=72—( a +M%)(1 +P~%) + b3 Cartesian
+ Wy, + 1)1/2
>0 R (0=0) [Parabolic
ta w=Foadarg- |V
== DY/2
I= (K, L;} 1= RNl
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Coordinate system Coordinates Separates Limiting
observable 1 potential systems
VII. Elliptic-parabolic _ cosh? a + cos2 ® V'V, Parabolic
07" 2coshacos®
ae R,%€ (-n/2,1/2) _  sinh? g —sin? 9§
“17% T2cosh a cos B
I=(K - Ly)*+K} u=Rtan O tanh a
VIIL. Hyperbolic-parabolic _ , cosh? b+ cos? § V, Cartesian
0= " "2sinh b sin 0
b>0,%¢€ (0, m) = sinh? b —sin2®
17" 2 cosh b sin ®
I=(K,~Ly)*-K} u, = R cot ® coth b
IX. Semi-circular-parabolic (;2 + 32)2 +4 Vs, Vs Cartesian
‘=R "5
En>0 —R(§2+3222_4 V4(|k|=1/2)
T
I={K1»K2}_{K2,L3} w.=R 2_¢2
277 8&n

*after rotation

**gystem with whole parameterization

A potential separable in semicircular parabolic coordinates must have the

form

V(g’ n=

2.2

§

and the corresponding observable is given by

2
W

)
—_ — 2—_.
SCP=TOM g2 4 q [Tl on?

1
= Ew_ ({K11 Kz} - {Kza L3}) -

29"
oE?

—z‘ifn—z [V,& + V,a)],

(3.102)

_EV®-nVm)

&2+n2

E2V, (&) -1°V,m)

§2+n2

(3.103)



PATH INTEGRAL APPROACH 623

This concludes the enumeration of the coordinate systems on the two-
dimensional hyperboloid.

In Table 1 we list the coordinate systems on A(2), which separate the
Schrodinger equation, together with potentials which are separated by

coordinate systems, and the limiting cases in IR2, as R — oo,
4. PATH INTEGRAL FORMULATION
OF THE SUPERINTEGRABLE POTENTIALS ON A®
In Table 2 we list the superintegrable potentials on the two-dimensional
hyperboloid together with the separating coordinate systems, and the
corresponding observables. The cases where an explicit path integration is
possible are underlined.
4.1. The Higgs-Oscillator

We consider the potential (k, ,>0)

Lt 2 1 2 1
+“2 w5 q kg

V(u)——(ozR S + , 4.1)
tom 2 2
“o ! 4
which in the four separating coordinate systems has the form
. Spherical (t>0, ¢ € (0, n/2)):
2 1 2 1
2 k-7 k-7
V,(u)=Mw2R2tanh2'c+ L 5 12 24+ 24 4.2)
2 2MR © sinh“ 1{ cos“ @ sin“ @
Equidistant (1:], T,> 0):
=5 o'R? JUTT T
2 cosh T, cosh 12
1 2_1
»? K- 4 k=4
3 2 7+ 3 4.3)
2MR cosh T, sinh” T, sinh T

Elliptic (e (iK', iK’+K),B e (0, K")):
k2 k2 1

; 1
M 1 2 174 2
=2(o2R2(1— e s | et | 4
sn”odn”f ] 2MR|cn“oen“P  dn® osn” B
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G-+

ﬁ & + o'
i+ g+ i+ p U
S ﬁm wx@
| —— | Z-GY+ly |24+
M/ +ai/ )T a+a 7]
U In

mn.:v{l%:;w:

o - {¥1 1y} ﬁum~

meNmOU N_wuﬁm m‘NEN . n—%n+ §7 In+n 57 w=+_=7§:u
—-—=1 14 v Y
At Pk 2icucon e AR - ?
ﬂlm« ﬂ|$ ¢ : i T I 2l
Ty 4 In
A=v~>+AN‘~ N ~v~v-~v<uuﬁ~ +ﬁﬁl{wm =@
I 0
&) ZUuts EN ne | NP Z4so2 N VN % _ m~
Yoy od o y4® WY
in In
b5 059 \we o WT_o S .x.w»+
- - d = Y_z, Y_1, |7
77 1A * MOTH A
! NMEN TUETSTpII o ¢ _(m)!
™A +ET- 57+ 1) =17 o + T 75 =A
dmedte Loy e A
S9[qRAISSqQ woysAs 9JeuIpIOO)) (WA [enusiod

pIojoqiadAy [euorsuamnp-om) 3y} uo spenudjod IqeSuadng 7 Iqe]
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A=Y 1‘
A+
e 3, ({57 %) - (& ._v:v =Y
Iy _ Op
4 4
@A+ET-Fy+bn %ﬁ =1 lul\(l:, ¥0 = ()4
bl O+ i =
w "t H I X1 1dox2 swaysAs e 0=
NR Wt I WT Jed- I3
-_— + —_— —_—_— H b
LA «1-9 r ! srjoqered-orjoqiadAy /1= _u._
p ¢ oroqesed-ondig & e, =% ¢ (P
-§~N STPASTION 14 n
@A +@T-Er+ 4 =y IERIpbY et ”
NC + Nw W +
(UM + Y = 07), L~ (0N + 43+ 00,3 T
€7 Ty _ [Ty Iy AT _
(19} - &y Ty === ('n—On)
l,-‘ —
(- 50 Wz + 0+ (f7 - Ty W -7 n
%SWN orjoqeed-remoxoruag’ (=) 7 Lm0 £
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Hyperbolic (1€ (iK', iK’+2K),m € (0,K")):

2 k2—l k2—l
1 2
=M 2r2(1- 5 1 — |+ L 5| — 42 +— 42 . (45)
2 cn“pen“n j 2MRS | sn“pdn“n  dn“usn®m

The constants of motion for the potential V, are the following

1 2, w2 _ g2 ]
I, = K +K> =LY+ V. (w),
I A I R S
2_1 _1
1—-1—L2+—ﬂ-2— l 4+k§ 4
272M 37 M | cos2g  sine | ‘ (4.6)

-1
Lo dlg2 M ORY W 14
3 2M 2 2 osh? T, 2M ginh? 12'

We have for V, the path integral representations (in the elliptic system we

explicitly state the separated path integral formulation Vi
=M20*R* /12 +1/4):

(Vl) v o
K "W, u;T)
Spherical:
1 1(t,')=1ll «'II)=¢II
=— Dunsilht | Der)x
R® win=v o) =¢
xexp[% _‘I [-1‘21R2(‘i:2+sinh2 1(;)2-(02 tanh? 1)
tl
2_1 2 1
_F 1|5 4+k§ 4 1L, 4.7
2MR? | sinh®t cosztp sin2<p 4] 4 '
Equidistant:
¢ =1 =1
= —12- D1,(r) cosh 1, D,() %
R

=1’ =1’
T () =1 nLit)="1,
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. I[MRz[’c%+cosh2‘cl"c§—m2(l—————I—H—

2 cosh? T cosh? T,

2 1 _
__# 1 K=y L, k WL
IMR? cosh2 T sinh? T, 4 sinh? T 4

NI
—
| ES—
&
—e
~~
&
)
N

1 a(t l') - al’ ﬁ(t /') — ﬁl’
=— Do) | DPE) (e o+ k?cn? B x
R aty=o B =p

SRR —

1 2
2 - -
+ [ L 4 L 4 Hdt} 4.9)

+
IMR? | cn? o cn? B dn? o sn? B

—iM’R*T 2% . < o o) =0 B =p"
ot % [are® /% [asr | Do)y [ DPex
R 0 0 a(0) = o BO) =P’

s”

xexp{% I [%(dﬁ2+Bz)+R2(k2cn2a+k'2cn2 B)E+
0

pe ) =p" ne")=mn

2 .
R™ =y ne) ="
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”

t

x°"p{';§ J [%Rz[(’fzcnzu+k'2cn2n)(¢t2+ﬁ2)—m2(1-—3—1-~D+

¢ cn ucnzn
2 1 2 1.
’ i 4 K 4 d 4.11
+2MR2 2 2t 3 2 th. 4.11)
sn“udn“n  dn“ psn“n

We solve the first two-path integrals explicitly. The two remaining ones are
too complicated to allow an explicit solution.

The two-path integral formulations of the Higgs oscillator have a simple
structure involving Péschl-Teller (2.6) and modified Poschl-Teller path integrals
(2.12). We start with the pure oscillator case, denoted by K(m)(T), in order to
demonstrate the relevant techniques involved in the solutions.

4.1.1. Pure Oscillator Case. Spherical Coordinates. For the oscillator in
spherical coordinates the ¢-integration is easily separated [20], and we obtain
by using the path integral representation of the modified Poschl-Teller potential
(2.12) the following solution (V2 =M 2w?R*/#2 +1/4)

. (") =1" o) =9"
KOw,u;n==5 [ Dupsimnt [ Dewx
=7 ot)=9¢’
iCIMona g2 2o R 1
Xexpi{< — R“(1” + sinh” 1¢” — @” tanh” 1) - 2 1- 3 dt}=
nil2 8MR sinh” 1
. 2
exp{—%T(—n—z+%R2m2H
_ 8MR 5 eij(cp"-w’)x
- 2 . : n1/2
(R smht’smh't')/ jez 2n

ww)=1" " jz_l vz_l
X j ’Dt(t)exp[%,[[%l-Rziz— L [ 4 4 dt (=

W=7 ¢ 2MR? | sinh®t  cosh’t

N

< 4 4 s —"E /”
Y YO, ) ¥ e T+
N=0

-3

jeZ

T -iET/
+jdpe P

]
YO, o) ¥, ¢7) |. 4.12)
0 pJ pJ
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The wave functions and the energy spectrum of the discrete contributions
have the following form (we introduce the principal quantum number
N=2n+ |1| =0, 1, ... where appropriate)

‘I’f\j‘;)(‘c, ©; R) = (2n sinh 7)™/ 2%2')(1; R)eV® (4.13)

2(v—N-—1)[%(N+ ljl)J!F[v—%(N— |j|)] 12

S V; Ry = 1
iy HE RZF(V—%(N+ IjI)](%(N—!jI)]!

. W+ lil+1y/2-v
X (sinh 1) lil+1/ %(cosh 1) X

szl(—%(N—IjI).v—%(N—Ijl);1+lj!;tanh2r], (4.14)

with the discrete spectrum given by

2

E, =~

" 2MR2[(N—V+1)2—-1—]+M0)2R2. (4.15)

4 2

Only a finite number exists with N o =v- | jl —1]20. In the flat space
limit we obtain for the energy spectrum

E, =~ fi(N + 1). (4.16)

The continuous wave functions have the form

\Pg’.’)(r, @; R) = (2 sinh 1)1/ sjg)(r; R 4.17)

Mg Ry = \/Lsinhmv v=lil+1-ip\ (il =v+1-ip
SR = r( - ]r( - )x

J1It 7 an?R?

x (tanh 1) 11 +1/ %(cosh 1P x

>(21'.1(v+ |J|2+l—lp,_|,L| -v2+1—ip 1+ |j|;tanh21:J, 4.18)
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with the continuous energy spectrum given by

ﬁ2

_ 2, 1\ M 2.2
EP—ZMRz(p +4j+ 5 O'R (4.19)

In the limiting case @ — 0 (v— 1/2) the potential through vanishes (note
that in this case E, =0 exactly), only the continuous spectrum remains, and

we obtain the pure continuous spectrum
2
fi 2 1
E =—— = 4.2
=P e ) (4.20)

which corresponds to the case where just a radial part is present, and has the
same feature as the spectrum of the free motion on A,

v)

Let us finally state the corresponding Green function G "(E) of the poten-
tial V,. It has the form (m, ,= (/] +V-2ME'R? /1), LV=—;—(V— 1)E'=E-
12 /8MR? - MR*0*/2)

V) j@"-9) T, —L)TL +m, +1)

G "(, 7, 9", ¢"; E) =—M5 c 1 v v 1
A jeZ

2w T(m,+my+1)T(m —my+1)

m —m,+1/2)

al m1 + m2
x (cosh T’ cosh t7) (tanh 7 tanh )

X

2F1 —Lv+m1,LV+m1+1;m1—m2+1; 5
cosh<

X ,F (—Lv+m1,Lv+m1+1;m1+m2+1;tanh21:<). (4.21)

Equidistant Coordinates. In the case of equidistant coordinates we can
separate the corresponding path integrations in an analogous way, however,
instead of a simple circular wave dependence in the first step leading to a
modified Péschl-Teller problem, we have in this case two symmetric Rosen-
Morse path integral problems [20,43]. This yields

- i _ om_[,_1 - @ _ 1
(l—mz—v+2,m1-—0,...,Nmax—[v—z],mz—o,...,Nmax—[l-—z])
1:1(1 Y= 1:1” ‘cz(t = 1:5’

KOw, ;1= lz [ Dr@eosht, [ Drox

[ - N _
1:1(1 )-‘:l ‘Cz(t )-12
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xexp{-;; I [%Rz(i'%+cosh2‘tl‘i:§—

M p22(1- 21 > —ﬁ221+ 12 dt}=
2 cosh T, cosh T, SMR cosh T

. 2
i i M _ 22
expl —=T +—R"w
p[ h [8MR2 2 ”

= X
(R2 cosh ‘r cosh ‘c" )l/2

g ]F(2V—m3) m -v+1/2 m,—v+1

/2
” 3 ,
m3| v_]/2 (tanh T2 )PV—|/2 (tanh T2 )X

2
T=1 t” 5 [m —v+—} -
. ' 3= VA
x [ Drwes|t[|ZrM+ " 2] 4
T )= o 2MR cosh” 1,

dt |+

dk k sinh mk

R cos? mv + sinh? mk

P* | ,(tanhy ) Py%, ) (tanh 7)) x

11(1 ,')-:tl” ) " 2 k2+l
X I 'D‘tl(t)exp % f %Rz"{%—h—z—;" dt
T ()= . 2MR “ cosh” 1,

N ) N(l)

-~ lE /ﬂ ’ ” ’ ’
=YY e v Wf::{%(q Ty 5 R) ‘I’f::)mz‘(‘tl,‘c2;R)+

m3=0 m, =0

T -iET/nA
+Idpc ’
0

‘P(O)) (1’.1 ’ 12 ’ R) \P(m)*(Tl ’ 2 1 )

T T -iET/R
tacfape WO YD iR, @)
0 0
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The PV“(z) are Legendre functions {13, p.999]. The discrete wave functions

are given by

‘I‘ff::)mz(tl. Ty R)=(cosh 1))/ %8, n @5 RV, (3, 4.23)
‘\/ 1 F(zx—ml) ml—)»+1/2
SA, ml(T1;R)= [ml —X—E )T P}w]/2 (tanh ’tl), 4.24)

m,! v-1/2

r@2v-m,) -v+1/2
v (r2)=\j(m2—v—%]——zpm2 vt/ (tanht,),  (4.25)
2 2

and the discrete spectrum has the form
2

N oMmR?
The bound state energy levels have exactly the same feature as for spherical
coordinates, as it must be. Note that the Legendre functions are actually
Gegenbauer polynomials. The continuous wave functions consist of two
contributions, first where the quantum number corresponding to T, is discrete,

[(N—v+1)2-ﬂ+—@m21e2, N=m +m

5 (4.26)

e

second where it is continuous. For the first set we obtain

\P;‘;;)Z(rl, 1, R =(cosh 7)™'/S, (1;; B) ¥, (), .27
1 inh Tt .
ST B =% \/ EEIP - pip J(tanh ), (4.28)

cos® T\ + sinh? Tp

with the y,_ (1) as in (4.25), and the continuous spectrum is given by
2

#w 2, 1\ M 22
E”—ZMRZ(p +4)+ ) W°R”“. (4.29)

The second set of the continuous wave functions has the form

WO(e,, 1 B = (cosh 1) /78, (1 B) wy(xy), (4.30)
1 psinh p i
Sul® ;R)=‘\/ Pl | (tanhT), (4.31)
skl R cosh2 Tk + sinh2 np k-1/2 1
k sinh wk ik
v =N p¥  (tanht), (4.32)
k2 cos? v +sinh?nk ¥~ 1/2 2
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with the same continuous spectrum as before. The discrete energy-spectrum
in the flat scape limit yields again

E, ~fi(N + 1), (4.33)

the continuous wave functions vanish, and the discrete wave functions yield
Hermite polynomials, i.e., the well-known result of the two-dimensional
oscillator.

The corresponding Green function in equidistant coordinates finally has the
form

(E'=E-1%"/8MR? - MRw? /2)
v) -
G ‘(’c{’,rl’,t{,TZ’;E)=£42—(cosh'c{ cosht” )™ 1/2x

1

1\V@v-my) m -v+1/2 . m—Vv+1/2 ,
x] > [mZ“'_EJ_m'—Pv—ZI/Z (tanh )P, %, » * (tanht})x
,!

XF(%\/—QMRZE’—k+%]l‘[l\/—2MR2E’+L+%Jx

13
~N-2MR"E’ /% -N=2MRE" /%
xPy 1 )2 /%(tanh LI PA1 2 /*(— tanh T+
dk k sinh Ttk ik " ,
+I cos21cv+sinh21tkp"'1/2(tanl”2 )})\'-1/2(tanhﬁcz)><
R
XF(%\'—ZMRzE’—ik+%)F(%\/—2MR2E’+ik+%)x
~N-2MR°E’ /h ~-N-2MR’E" /1
XPy iy Manhy )P YR E M tanhty )b (4.34)

4.1.2. General Case. In order to deal with the general case, we do not
repeat the whole procedure once more. The separation of variables in each case
is performed in exactly the same way, and the evaluations of the path integrals
are similar in comparison to the simple oscillator case, the difference being that
the entire structure of the (modified) Péschl-Teller potential must be taken into
account. In particular, this has the consequence that we have to consider wave
functions with a definite parity.

Spherical Coordinates. First we consider the path integral representation in
spherical coordinates and we obtain (N=m+n ¢ IN) is the principal quantum
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number, we have set A, =2m =tk +k,+1, V=M 0)2R4/2ﬂ2+ 1/4; the range
of the coordinates is given by 7 >0, o€ (0,m/2)

max

~iET/H (V)

= 2 2 G ”R)‘I‘ (‘C(pR)+
m=0 =0
T -ET/E V)
+fdpe W T ¢ R)‘P "B 4.35)
pm
0
and the corresponding discrete wave functions have the form
v) 1/ V) (tk,tk)
¥, @R =inh /25 " T Re, T @), (436)

(k,, 2k ) mT(mtk tky+1) /2
o, ((p)=[2(l+2m:tklik2+l)

T +m2k)T(+mtk,)

1/2tk 1/2xk, (tk,tk)
X (sin @) / 2 (cos @) 'P_ " " (cos 29) 4.37)
sV oL 2(v=A,=2n~-1)T(n+1+A) T(v-n) ‘/2x
n ’ I+, R*M(v-A,=n)n!

A+1/2 _
x(sinht) ' (cosht)'*!/27V F (—n,v—n;1+A;tanh’ 7). (4.38)

The discrete energy spectrum is given by

= ”22[(2N;tklik2—v+2)2—ﬂ+%m2R2,
N =[30-2 =D, 439)
In the limit R = o (v = M@R % /#) we obtain
E, ~Ho@Ntk tk +2), (4.40)

which is the correct behaviour for the corresponding two-dimensional poten-
tial maximally superintegrable in R? [21]. The continuous wave functions
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(3K, £k
and the corresponding energy spectrum are given by (the 5, ¥ U(q) are the

same wave functions as in (4.37))

+k

AT e k)
¥, (e R =Ginh /% " TR0, ), (4.41)

[(RY) [Dsi v-A +1-ip A —-v+1-ip
s R) 1 p sinh tp I“( 1 ]I’( 1

P TTA+A) | 2n2R2 2 2

A+1/2 .
X (tanh 7) ! (cosh 1) x

V+A +1-ip A -v+1-ip )
><2F] > , 2 ;lfkl;tanh T |, (4.42)
2
__*h 2, 1\ M 2.2
EP—ZMRZ[p +4)+ 2 O°R~. 4.43)

The corresponding Green function G(Vl)(E) of the potential V, in the gene-
ral case has the form (ml’2 = (7»1 + \lm/h’), L,= % (v=-1), E'=E-
—h?/8MR? - MR?w?/2)

G w7, ¢, ¢ B)

L(m; - L)T(L,+m +1)
L(m;+m,+ 1) I(m; —m, + 1)

(Eky, k)

(ikZ’ik) G ’7
3 Y M PO 5

)
2H me lNo

—-(m -m +1/2) m +m
X(cosh” coshr’) ' 2 (tanh 7 tanh ) ' 2
><2F1 —Lv+m1,Lv+m1+1;m1-—m +1;,—

2 2
cosh <

X, F) (=L +m, L +m +1;m +m,+1;tanh’r) . (4.44)

Equidistant Coordinates. Next we consider the equidistant coordinate
system. Similarly as in the pure oscillator case we obtain a discrete spectrum
with energy eigenvalues (4.39), and a set of two continuous wave functions
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each with energy spectrum (4.43), with principal quantum number N=m+n,
i.e., we have for the propagator (7» =2mztk tk,+1, V=M 0)2R4/h‘2+ 1/4,
and Ti,> 0)

N(rn) N(n)
W, wi = Z[Z 4 ‘P,,,,,(I,Z,R)\P,,,,,(T 7 R)

m=0\ n=0
|ET/ﬁ

efape T R g R)

0
% lET/ﬁ {A)
+fdpfape 7w, Ve X ,R)‘P (tl,r :R). (4.45)
0 0

Here denote Nrf‘la)x [ L (v Fk, - 1)] lﬁ)x—[ A Fk, - 1)] the maximal
number of bound states for the wave functions in T, and T respectively. The

discrete wave functions have the form

) -1/2 &k, A) &k, v)
k Ty R) =(cosh T,) S’I RV, () (4.46)

n

S(ikz.kl)(tl;R)= 1 2(2.1:sz—Zr;—l)l"(n+1:tk2)l"(ll-—n) l/2+
(1 tk) RT(A, Tk, —n) n!

1/2%k, n1/2-% )
X (sinh T,) (cosh T,) Fi=mn, 7\,1 -mlt k2; tanh 7,),(4.47)

@y 2(v Fk, —2m - 1) T(m+ 11 k,) T(v - m) /2
Ym D=z vk, — m) m! .

1/2+k
x (sinht,) * Yeosh 7)™ *1/27V F (= m,v—m; 1 1 k; tanh® 7,).(4.48)

The first set of continuous states is given by

v) 172, @k A) @k, v)
Yo Gty R =(osh )25 s Ry, (), (449)
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&k, L) :
g I(TI;R) 1 »\,psmnpx

p T tk) ' on?R2

AFk, +1-ip tky-A+1-ip
r r X
2 2
1/2+k .
X (tanh 1) *(cosh 7,07 x

Atk +1-ip 1k —A —ip )
oF 2 , 3 ; 11k, tanh™ T |, (4.50)

xk,v)
with the v, ! (t,) as in (4.48). The second set is given by

vy ) —1/2, &k 0 &k, v)
¥y, (1, T, R)=(cosh 1)) S, TRV, (T, 4.51)

ki) p sinh np
Sp (T R)= TS 2R X

ik Fk,+1-ip\ (tk,—ik+1-ip
[ ()

1/2%k, .
X (tanh 1,) (cosh 1,)" x

iktk,+1-ip 1%k —ik—ip ,
zpl( > ; > ; 1t ky; tanh? 1, J (4.52)

xk,v) :
v, 1 ) 1 ‘\’ksmhnkx

Y7 T(1£k) )

VIk +1-ik Tk -v+1-ik
S

1/2+k .
X (tanh 7)) '(cosh 1:2)'1‘ X

vik1+1—ik likl—v—ik
2F1

14k tanh?
75— ltk;tamh 12]. 4.53)
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Let us remark that the wave functions have been normalized in the domains
¢ €(0,m/2) and 7> 0 in the spherical and in T, , > 0 in the equidistant system.

The positive sign for ki has to be taken whenever kiz—é-(i= 1,2), i.e., the

potential term is repulsive at the origin, and the motion takes place only in the
1 '

2

origin, both the positive and the negative sign must be taken into account in the

solution. This is indicated by the notion *k; in the formulae. It has also the

denoted domains. If 0 < lkil <=, li.e., the potential term is attractive at the

consequence that for each k; the motion can take place in the entire domains of

the variables on A®. In the present case this means that we must (e.g., in the
equidistant system) distinguish four cases: i) 1,,7,>0, ii) 1,>0, 1,€ IR,

i) 1, € R, 1,>0, and iv) (1, 7,) € R%. In polar coordinates the same feature
is recovered by the observation that the Poschl-Teller barriers are absent for
1
|ki| < E .
In elliptic coordinates this feature is taken into account in the following

way: Due to «e (iK’,iK’+K), we have sn(o,k), icn(a,k)>k /k,
idn (o, k) 2 0, and we see that for o € (iK’,iK"+K), Pe (K’,4K’), and Uy 2 0,

the variables up, uy change signs in four respective domains, i.e., Be (0,K"),
Be (K’,2K’), Be (2K’,3K"), and B € (3K’, 4K’). We then have for a#0

sn (0, K)=sn (2K’, k') =sn (4K’, k') =0,

en (K’ K)=cn (3K’ k) =0, ' (4.54)

and dn (B, k)>0, B e [0,4K’). For convenience, we have made the choice
B € (0, K’) in the following. The situation is similar in the hyperbolic system,
where we can choose Le (iK', iK'+ K), n€ (0,K").

This has the following consequences for the degeneracies of the Higgs

oscillator on the pseudosphere. If 0 <k, , S% we have for each N=n+m four

possibilities of parities of the levels, i.e. (+,+); for the cases 0<k1 S% and

k2>% or 0<k, S% and k; >% we have for each N two possibilities (3): for

1 T .
k1,2>5 there is only one possibility: (+). In all cases the degeneracy is
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d=N+1=2j+1 j=0, %, 1, ... |, coinciding with the dimensions of all

relevant discrete irreducible representations of the group SU(1,1). In effect, the
negative signs lower the potential energies, and the respective spectrum as well.
This is exactly the same behaviour as in the two-dimensional singular oscillator
in the flat-space case [10,21,22], and we will keep this notion in the sequel for
all following superintegrable potentials.

The Green function of the potential V, in equidistant coordinates can be
constructed by inserting the corresponding one-dimensional Green function in

the variable 7, into (4.45). We obtain (E’ = E-#*/8MR* - MR?w? /2)
) .
G l(;’,'c;, ”,‘cé;E)=(cosh‘t{ cosh‘c]”)l/zx

N (m)
max

(ik v) ” (ikl'v) ’ (:tk2’x) ’” ’ ’
X Z \V (2)\",” (IZ)GmPT (T]yTl;E)+

xk,v) @k, v)* (:tkz,

T 1 ’” 1 ’ lk)
#Jay, @y, w6 @
0

"’, . i E") (4.55)
in the notation of (2.12, 2.16).
4.2. The Coulomb Potential

We consider the generalized Coulomb potential on the two-dimensional
pseudosphere in the four separating coordinate systems

Vo =-2 1 |+
2 R Qu§l+u2§

7’ K- i - %
+ 3 (4.56)
4M\/ul+u ‘/u +u +u \/u u 2~ Uy
Spherical (t>0, ¢ € (0, n)):
2 1 2 1
2 kKi—-— k-
o 1 2

V2(u) =-7 (cotht-1)+ 2h‘ 3 4 + 4 @4.57)

8MR“sinh“t| 2@ 29

2 2
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Elliptic-Parabolic (a>0,% € (0,7 /2)):
cosh? a + cos> ® _

=-Z 1|+
R| cosh?a - cos2 9
2 1 2 1
#2  cosh? a cosh® ® k- 4 k 4
3 5 o B ST (4.58)
2MR “ cosh®a—cos“ ¥ | sin“¥ sinh“a

Elliptic II (algebraic form, 0 <p, <a, <p,):
[ ‘j(Pl - az)(pl - a3) - \l(pz - 02)(92 - a3) 1 }

_u
R

)

2 (a;—a,Xa,—a,)
_L [kf+k§—lJ 179N ™% 1 + 1 _
aM 2 ) a =P, P1—9

V(a, -a)a, —a) Np,-a)p,—a,) +V(p,—a)p,—a,)
9~ )4 ) VP m 3Py ma Py —a)Py— a4 }(4_59)

2
N GR:
b2 a,—a, Pi=Py

Elliptic II (Jacobi elliptic function form, o.e (iK’,iK'+K), Be (0,K")):

o KsnocnB-KcnBdnp
=R 7 2 2 2, L |F
R kKen“ o+ K “cn” B

+———— —_—
dn®o  sn? B

2,2 1
K2 kitk—3 ¥ 1
; + (4.60)

Ken?oa+k 2en®p

+(k2_k2)k_’k2snoccnoc+k’cnﬁdn[3
V"% Pen?a+k Zen? .

Semi-Hyperbolic (Mg My > 0):

\/1+u2+\f1+ 2 2
[ ! ILL2—1]+ v _1 [(kf+k§

o 1) 1 1
= = || =+= |+
2 )

"R TS AMR? My + 1,
V1+p? V1+p2 '
+ (-1 L 211 (4.61)
Hy Hy
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For the constants of motion for the potential V, we get

I, =

- L (KZ+ K213+ V),

u2V1+m21 —ul\ll+u7
OR —

2
HitH,

LA #2 [(kz k2 E][“1/”2'*”2/“1 ]+

1
13 =2—AZ {Kl’ L3} -

4M My +H,

+ (1 - kD)

(4.62)

2
2\/11“11 +1 \/1+u2
ByHo (i +1y)

The path integral formulations have the following form

(VZ) V7
K “,u;T).

TR )= # =0
= Dr@sioht | Do) x
(=1 ot)=¢

”

.t

xexp‘% I {%Rz(’i2+sinh2 t¢2)+
tl

1 1

# 177 k- 4

8MR ? sinh? ¢ cos2529 n2£22

+% (cotht—1) - dt (4.63)

-lklv—‘

1 ) = a” ﬁ(t If) = ﬂ// h2 2 ﬂ
== | Dpaw [ oDow CO_a-cos 9
R® eh=a = cosh” a cos” ¥
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’

1 2 2 ) 2 2
X exp l“‘ M 2 cosh 2a co: ﬁ(&2+ﬁ2)+g cosh2a+cosz'¢_‘)_1 N
h 2 cosh” a cos R| cosh? a - cos*®

gl e 1
#2  cosh®acos?®d 1 4 2 4 dt]

- + (4.64)
2MR? cosh? a —cos? B | sin?® sinh%a

at”)=a” B "y =B
- Pay | DRI en? o+ k% en? P)x
R ' B =B

ot
xexpl% I [%Rz(kzcn2a+k'2cn2 B)(d2+B2)+
y

o kzsnaan—k’cn[}dnB
*R 2 2 22 -1]-
K en“o+ k" “cn” P

2.2 1
K3+ k2 -

7 2 K21,
k2cn2a+k’2cn2B dn’ o sn2B

4MR?

2 2
+ (kl - k2)

12 4
k" k“snocno+k Cnﬁdﬂﬁ]]d,} (4.65)

k kzcn2(x+k’2B
Semi-Hyperbolic:
B =py B =n

1 J‘ Ky
=—3 Dp,(n) I Dy,
2 1 M7 4P, P
R ul(t')=p'l, ul(")=l-ll' (“’]) (uz

" 22 12 2 2
cexo it MR2ul+uz [ _ u, L \/1+u‘+\/1+|.12"l _
o2 4 | P(n) P,)| R By +H,

\/ 2 2
](L+—1-J+(k%_k§) 1+u| _‘ll+u2 _
He B H )

_# POk VLA ) | R B
2MR?Z 1y +1, M (92)_ 4P(u,) + 4P(,) ‘}'(' )

+
)X
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4.2.1. Spherical Coordinates. In order to solve the Coulomb problem in
spherical coordinates we start by separating off the ¢-path integration which

. 1
yields [ll=m+—2—(lik1ik2)J:

(VZ) ’r ’” /, e— iﬁT/SMRZ
K (", 7,¢", ¢ D=

X
R%(sinh 7’ sinh v")1/?

oo ‘[(t”):‘[”
Gk, tk) (o \ Ek,2k) (o
x Y, 0, ‘(%Jq)m ! ‘(%—)x _[ D ()
m=0 W) =7
1
” A’Z_.._
1| Mp22 @ w_ M4
xexplh tj[ 7 R*2+ % (coth T 1) PR dt]. (4.67)

Gk, k) _
Here denote the ¢ ' the Poschl-Teller wave functions (2.6)

¢(i k2, :tkl) [9

m 2 T(1tmtk)T(1+mtk,

mUmtk thy+1) /2
J:l(l+2mikli-k2+l) k)]
1/2%k, W22k »
x(sin%) (cos%] P 77 V(cos ). (4.68)

V)
The remaining t-path integration, denoted by K, *(T) in the following, is of
the form of the Manning-Rosen potential, which in turn can be transformed
into the path integral problem of the modified Pgschl-Teller problem. This
has been done in [1,16], and will not be repeated here. The corresponding
non-lilear transformation has the form

% (1 -cotht)=~ (4.69)

sinh? 1’
accompanied by the time-transformation dt=ds, with f(r)= R%*tant’r. In
some sense this transformation can be seen as a one-dimensional realization
of the Kustaanheimo-Stiefel transformation [5,42] corresponding to a space of
constant negative curvature because it maps the path integral (4.67) via a
space-time transformation into the path integral of the modified Poschl-Teller
potential which can be transformed by a simple rearrangement into the path
integral of the radial Higgs oscillator. The result has the form (N=0, 1,2, ...,

N ax={m—ll—%],a=ﬁ2/Ma)

m
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« —iET/H vy
(’r” ;)= Y, e Sn (1:) s, T+
n=0
T i (AL (A
+[ape T/ M T ) 5 TE @, 4.70)

0

with the discrete and continuous energy spectrum, respectively, given by
~ 1
[N=N+A,1+E]

~ 1
N2-- 2
o L2 4 Mo
E =—-Hh - > @.71)
NR ~ oMR? 2#’N?
2
__"n 2,1 )
EP—ZMRz[p +4]. 4.72)
The bound state wave functions have the form (o, =a / RN)
Y 1 1/2
~ N+A +-) [ +A +o ]
s, my = ! va"Nzr( L2 2
2T TEM+D)| REIN? (N -A) T(oy~A)
A +1/2 lt(c —N)
X (sinh 7) * ZFI[—n,kl+%+oN;27kl+l;l—;£a;].(4.73)

The continuous wave functions are (p = V2MR 2(Ep ~-o/R)/#)

G(/Dp-p+A,+1/2
A ! FELY
sinh %t
TmR= nT(2A, + 1) IR2

1 i
F(?\.l+E+—;'(p-—p))r(ll+%—‘;‘(p+p)J

A+1/2 i~
X (sinh 7) ! exp[t(

N =
[
+
S
S
|
>
|
|
T
f ———

2

+p); 2A +1,————1+cotht). 4.74)

1 i 1
X2F1[2.1+—2‘+—2'(p—p), 7\.1+E

N|-'
)]
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The complete wave functions of the generalized Coulomb problem on the
two-dimensional pseudosphere in spherical coordinates are thus given by

v) W) (tk,tk)
¥, 9 R =(inh /2 P Ryg T (%J 4.75)
A N AT T S TS

¥, (1,9 R)=(sinh ) /%5 2 (x; R) ¢, (2 ] (4.76)

The Green function of the Coulomb problem has the form

A
G (7,7, 9", ¢'; E)=(sinh 7 sinh 1)1/ 2 x

i q)(:tkz.ikl)[_(g')Q(tkz.ikl)(ﬂJXM F(m L) T(Ly+m, +1)
m=0

m 2 )% 2 )" 2 Tn +my+ )T, —my + 1)
1)/2 - 2
9 2 _ 2 (m +m b/ cotht -1 cotht”—1| m, =m)/ 9
[coth'c’+l coth 7 +1 (cotht’+1 coth‘c”+1J
cosht)-—]
szl(—LE+m],LE+ml+l;ml—m2+l;—“—cotht>+l Jx
F L L 1; 1‘# 4.77
X, 1[— grmpLlgtm +1m +m,+ ootht +1], 4.77)
<
1 25 32
where LE=5(\/—2MR E/t+1/4 /- 1), and m =t

+V-2mR 2(20&/R+E) -1/4/h . This representation can be derived by
means of the Green function of the modified Péschl-Teller potential and the
Manning-Rosen potential, c.f. [20] for_ some details and references therein.
Let us make some remarks concerning the pure Coulomb case. The
calculation is almost the same with only minor differences: The wave functions

Gkytk) o ) e _

' 2 ) are replaced by circular waves, i.e., ¢/ ? /V2r with ¢ = [0, 2x).
This then has the consequence that the modified angular momentum number has
the form 2.1 = | J |. Everything else remains the same.

4.2.2. Elliptic-Parabolic Coordinates. In order to deal with the path
integral (4.64) we perform a time substitution dt=ds (cosh2 a-—

— cos? %)/ cosh® a cos? Bds according to, e. g., [20,27,42] and references
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therein, such that the new pseudo-time s” can be introduced via the

’”

N

constraint I ds (costt a — cos219)/cosh2 acoss®=T=t"—t'. We therefore

0
obtain
V)
K 2 (aN’ al, 13/1, ‘ﬁ,, D -
o a(s”) = a" '0(5”) =9
j 27r,h e ET/H _[ ds” I Da(s) I D H(s) x
0 al®)=d 9(0) =%
S
xexp[% J [——(a + O ) -
0
S
-— 5+ + 5 = 5 dst, (4.78)
2M | sin29 cos’® sinh’a cosh’a
where B%= % —-2MER?/#2, V* = 7} +2MR*20./R - E)/#%. The analysis of

this path integral is rather involved and we first consider the pure Coulomb
case, denoted by K (a)(T).

Pure Coulomb Case. We observe that in the pure Coulomb case the path
integral (4.78) yields a symmetric Poschl-Teller potential path integral in
Y€ (-n/2,n/2), and a symmetric Rosen-Morse potential path integral in
a € IR. The solution consists of two contributions corresponding to the discrete
and continuous spectrum, i.e.,

K((l)(a//’ a/’ ﬁ", ﬁ’, Iv) K((l)(a”, ar, 13", 6/; Tv) + K((X) (aﬂ’ a', 13//, ﬂl, T),

disc cont
=Y e 7 ¥ (@ ¥R @ R+
1" 1™
mm,
T T -iET/A
+ [k [ dpe 7 W@, 85 R) W, O R). (4.79)
0 0

In order to obtain the discrete spectrum contribution to (4.78) we insert the
spectral expansions of the discrete spectrum of the symmetric Poschl-Teller
and the symmetric Rosen-Morse potential. This yields
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K((l)(ar/, a/, ﬁ”’ ‘ﬂ’, D - ﬂ e iET /¥ Z _"ds” X

disc 2rch
R mm_ 0
12
X ex —iﬁ[ m +ﬁ+l i —-im —v+l i ]s" X
Pl % 2m ( L) [ 2 2)
Lim, +2B+1)
x Ycos ¥ cosﬁ”(m +B+= ]—T— B+m(s1n1‘}’)PB+m(sm1f)”)><

[ 1]F(2V"m2) m,=v+1/2
X|my=v—o |——F

1/2 "
o 212 (tanh a”). (4.80)

, mz—v+
(tanh @) P2,

Performing the s”-integration gives the quantization condition for the bound

states:
1Y 1 48]
(mz—v+2 ‘(”‘1+B+2 , (4.81)

and therefore the bound state energy levels have the following form
(N=(m,+m,)/2 is the principal quantum number)

1 i
[N+2)2—4 Moz2

-2
5 .
ZMR 2ﬁ2(N+%]2

o
EN:E

(4.82)

Considering the residuum in (4.80)-we obtain the bound state wave functions
(@) R =
‘Pmlmz(a, O, R)=

1 ( MoR 1\[(2B-m)) /2 W _p+1/2
TN PE e S

F(2v+m +1)

1/2
(m2+v+2 )T] P, (sin 9). (4.83)

X

The analysis of the continuous spectrum is somewhat more involved. We
proceed in a similar way as in [20], where the same calculation was done for

the free motion in elliptic-parabolic coordinates on A®. We obtain by using the
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Green function representations of the symmetric Poschl-Teller and the
symmetric Rosen-Morse potential [43]

a(t ") =qa” ﬂ(t ") =9 2 2
Da(r) J‘ Do) cosh 2a — coz 0] y
at=d 8N =0 cosh” a cos” ¥

”

2 2 . 2 2
Mchosh 2a—co; 6(&2+ﬂ2)+g cosh2a+coszﬁ_1 dr L x
2 cosh” acos” ¥ R cosh® a — cos® ©

dE oo a(s")=a" (") =0"
I e IET/T j ds” I D a(s) I D 9(s) X
0 a0)=d’ ¥ =9

" 2 1 2 1
, S 2 - VO
i M .2 2 I3 4 4
Xexp| % —(@+%)—7— - ds (=
[h {[2 2M o5’ cosh®a

dE -wr/ﬁj‘ds,, fl__E__e—iE's”/ﬁx

Mﬁ - . B, .
x; cos & cos O I'(B-M )T (M ,—|3+1)PME'(—sm1‘)<)PME'(sm13 ) X

dk k sinh Ttk
X 2 12
e—t10 COS” TV +sinh” mk

" o 1S /2M
P} | (etanha) Py (e tanh @) e/

+ (a «9). (4.84)

with ME,=—%+\I2ME */#, and we have written the kernel Kéggt(s”)

according to

((l) ’” ’” .o ’” ' 7 Qr. M
K @’ a, v, ¥ s")=K (a",d';s") - Ky(8”, ;s

l ’” . s” __d_E__'_: -iE’s" /#, QN
K (' d;s") - | e Gy, O, E")

l\)

_1_ ’” (A di’_ —iE'S”/h' v, ’
K (8", ;") f e G (a",d;E") (4.85)

and, of course, both contributions must be taken into account which turn out
to be equivalent. Note that (4.85) actually corresponds up to the additional
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dE-integration to the continuous part of the Green function G(a)(E), whereas
(4.80) corresponds to its discrete contribution. The Green function expression
(4.85) is evaluated by means of the relation for the Legendre functions [46,
p.170]

I'(v—p+1)

B =
P, (y)_l"(v+u+1)

| Pl cosmu—2 0ty sinm |

IV —p+1) SinTp PY(y) +sinmv Pl(=y)
TT(vV+u+1) sin 7T(V + )

(4.86)

Thus we obtain for the ¥-dependent part along the cut B=-ip, where
E=#@p?+1/4)/2MR?

Nt e LI (Loine VofLl o
wkp(t‘})‘l’kp(ﬁ)xin[l“(2+1k+1p]1"(2 ik 1p)x
XPP_ | p=sin @) PP (sin ©) -

| PP NV [ in &) P77 (sin
‘F[§+‘k—lpjr[5_lk+lp JPik‘_”l/z(-—smﬁ )Pikl_l’l/z(sm 13)]?

p sinh ip ip . p—ip Y

= P (esin®) PP (esin®). (4.87)
coshznk+sinh2npe=zik k=-1/2 ik-1/2

We must insert the representation (4.85) into (4.84), and we find that the

ds”dE "-integration gives E’=‘-—7i2k2/ 2M. Hence we obtain the following

wave functions and energy spectrum of the continuous spectrum (ﬁz=—v2,

pPr=—P% &=%1)

LT R)= 1 p sinh wtpk sinh mk v
kp R (cosh? Tk + sinh? np)(cosh? 7tk + sinh? np)
xVeos S PP, (esin®) P¥ | (¢ tanh a), (4.88)
2 ) 1
Ep=2MR2(p +ZJ' (4.89)

Generalized Coulomb Case. To analyze the general case we proceed in an
analogous way. For the discrete spectrum we expand the ¥-path integration into

&k, B
Poschl-Teller potential wave functions ¥, "7 (9), and the a-path integration
1 .
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into the bound state contribution of the modified Poschl-Teller potential wave

+ kz' V)

(
functions of \|I (@) (2.12). The emerging Green function representation

dlsc(E') of K dls c (T) has poles which are determined by the equation

@n 1k +B+ 17 =@yt k= v+1) (4.90)

Solving this equation for E__ yields exactly the energy spectrum (4.71), with
g q nn,

the principal quantum number N=n +n,+ 1+ % &k, k). Taking the

residuum gives the bound state wave functions.

For the analysis of the continuous spectrum we proceed again in an
analogous way as for the pure Coulomb case, the only difference being that we
must insert now the entire Green functions of the Poschl-Teller (2.6) and
modified Poschl-Teller problems (2.12), instead of the corresponding symmetric

cases. For this purpose one constructs the Green function G(Vz)(E) in elliptic-
parabolic coordinates by considering the ds”-integration following from (4.78)
with the solutions of the Poschl-Teller and modified Poschl-Teller potential,
respectively. It can be cast into the following form (c.f. also [20] for some more
details concerning the proper Green function analysis)

v,) &k, V) Ek,v)
G 2 (all, al, ﬁ”, ﬁ’, 1 \" (a") ‘V" 2 (al) X
' n2 2

& kl' ﬂ) ” ’. |
XGpp ' (8,9, E) E'=Il2(2nl:tkl+ﬂ+l)2/2MR2+
@ k2' ’” (ik ”oQ’.
Idk“’ @) ¥, ') PT (" v E)ls' - % /2MR?
+ [appropriate term with a and 1§ interchanged], 4.91)

in the notation of (2.6, 2.10, 2.12) and (2.16). Analyzing the poles and cuts
in a similar way as for the pure Coulomb case we therefore obtain with E; as

in (4.71) and Ep as in (4.72)

v) ST/,
K 2 (a"’ al’ ﬁll’ ﬁ/; 7) = z NT " ( ’” 1311 R) \I‘ ( , ﬁl; R)+
nl, n2 !
T, CiET/ o2 (V. )x
+[dk [ dpe Y@ R, @, 05R),  (492)
0 0 .
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where the bound state wave functions are given by

v) Gk, kD)
‘I’i;(a,ﬁ;R)=\/—]—[m 1]\;; e ), @)
12 1

2R% | #*N? - )
WV 1 [ 2(v Fhy =2y — 1) Dy + 1 £ k) T(v — ) /2 )
K 1tk n, (v Fky — n,)

+1/2-v

1/2+k n )
X (sinh a) *(cosh a) ? o= 1y v—n; 1 £k ; tanh” a), (4.94)

@k, B)
0, (13)=[ 2Bk, +2n,+1)
1

n,T@+k +n +1) /2
I“(nlik1+l)l"(n1+[3+1)} X
1/2+k &k, B
X (sin ©) / Y(cos 9)P*+1/2p 'B(cos 20). (4.95)
1

The continuous states have the form

v, 1 @&k,p)  (k,p)
\Pk; (a,B; Ry =¥, e, o), (4.96)
@k, p)
v, | (@=

1 . 1 -

—(1+ (1% -
F[2(1_k2+1p+1k)]F[2(1_k2+1p 1k)] — r 12
= (tanh q) ? X
. T(1 k) 2n?

Lk, +ip+ik 1k, —ip+ik
2 ’ 2

x (cosh ) F ,1%k;tanh’a |, 4.97)
2°1 2
rlLask +ip+in o[ L2k, +ip—ik
2( Tk, +ip+ik) 2( Tk +ip-ik)
T(1+k)

Ksi +k-1/2 ip+1+k
X M(tanﬁ) ! X (cos 9) 'x

o’
1+k,+ip+ik 1+k —ip+ik 5
X ,F, ) ) 2 s 1£ky; —sin 13]. (4.98)

&k,p)
@, "(®)=

X
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The special case of the pure Coulomb potential follows from the
consideration of the corresponding special cases in (2.6, 2.10, 2.12) and
(2.16). This completes the discussion of the Coulomb problem on the two-
dimensional hyperboloid in the soluble cases. The cases of elliptic II and
semihyperbolic coordinates are not tractable by path integration.

4.3. The Potential V3

We consider the potential V; in its separating coordinate systems:

R+ 442 u
Vw=—2—+ 3o 2 _h—F—, 499)
Y (ug = uy) (g —uy)
Horiocyclic (y>0,xe R):
? M
=L2[a+—m2(4x2+y2)—7\.x], (4.100)
R 2

Semicircular-Parabolic (&, n > 0):
1 En? 1 M
T I GRS R ET XU SRR T R L) RECATIY

V, corresponds to the Holt potential plus a linear term [21,31], i.e., plus an

electric field, in the flat space limit IR%. The constants of motion for potential
V, have the form

__1 2 2 2
Il = 2MR2 (Kl +K2 —L3)+ V3(u),

1 2 2.2
12_2M (K, —Ly)" +a+2Max - Ax,
1 » (4.102)
13 = 5;4_ ({Klv Kz} - {sz L3})
gt E4 2o+ E2A + MY - n*2o - A + Me®n?)
2 §3+n2 .

We obtain the following two path integral representations

(VS) v
K "W, u;T),
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velic:
y(t II) = yn X(I n) X
L] o D x(f) x
R y(t'):y’ y x(t') X
Lt 2 2
xexp[%![%—Rﬂz—J’zL *RLZ(OL+—OJ(4x2+y) MH ] (4.103)
circular-Parabolic:
E=t NGy =n" __—
1 +
L] vy | pnnEN«
R™ guy=t Y= &
‘)/
expl;[ j[z R2§€2_2L(§ +1)-
g

2.2
‘%[a-%(n2—§2)+%m2(§4+n4—§2n2)]}dt]. (4.104)

The path integral (4.104) in semicircular parabolic coordinates is not
tractable. The path integral (4.103) is solved in the following way: We shift

the variable x according to x ——>z=x—k/4Ma)2. The emerging path integral
problem is the path integral of an harmonic oscillator yielding the separation

vy [ © (Mo )72 1
K J(uu’u/;nz__ [__]
R m2='0 nh 2"m!
me(VzMTmz’]Hm( mez"chp[—%g(z’2+z"2)]

Yy =y Lot 2 .2 2

Dy(t M x“+

x —}‘,Klexp[gg | [R27L—‘I§—2(Ea,m,k+m2y2)]dt}, (4.105)
)=y )

t’

with the quantity E o o ) given by

A.Z
8Ma’

(4.106)

Ea,m,x=a+2ﬁw(m+%J—
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e/1-u-ouz/ |V g A(1-uzg-wy/| q|)iue
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0
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(gt L oo/ ey e DIk G4
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X,Hm[@(x_ﬂ)exp[-m[x_%f] @

8w

with the discrete energy spectrum given by

2 2 |E |
H H o, ®,A
E"=8MR2—2MR2[ Ao _2"—1]2' @-112)

The continuous wave functions and the corresponding energy spectrum have
the form

V)
¥, 03 R) =V, (1) ¥, R) (4.113)
E
. py— T psimhTp [1  Ea e ]
Mo >
xw'Ea,m,x/m'iP/Z[_ﬂ—y ] (4.114)
_ 2,1
E”_2MR2(p +4], (4.115)

V)
with the V(%) as in (4.111). The Green function G Y(E) of the potential V3
can be read off from (4.107). This concludes the discussion of V3.

4.4. The Potential V4

We consider the potential V, in its separating coordinate systems
Equidistant (’tl >0, T, € IR):

VM @ +_ﬁi“2‘ _
4 2 u—ul)2 M u%

1
M o 2 # KZ_Z

= e 1+ (4.116)
2R? cosh® 1, 2MR? sinh’ 1,
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Horicyclic (y >0, x> 0):

2
= ___A!E 0)2);2 + A
2R

2
y
2MR? P

Elliptic-Parabolic (b>0,% € (0, t/2)):

M 2 2 2 2
=—— " cosh“acos” ¥+ —

2R? 2MR?

Elliptic-Hyperbolic (b >0, 0 € (0, ®/2)):

2

=M o sinh? b sin® 0+ ——
2R 2MR

(18

_1
4
Semicircular-Parabolic (|x] =1/2, &, n>0):
M 2.2 2
=—— " &n"
2R?

For the constants of motion of the potential V, we find

1 2, 2 2
I = (K2+K2-LH+V, (),
1 2MR2 1 2 3 4

-1

L=-(k —L)2+—h—2— 4
2o 1T Y T 2
_ Ll 2 M 225
13—2MK2+20)e

[ - % Jcot2 ® coth? a

)tan2 9 tanh® b

(4.117)

(4.118)

(4.119)

(4.120)

(4.121)

We discuss the corresponding solutions in the five coordinate systems only
briefly because this potential seems not to be rather important. Also, the
methods how to evaluate such path integrals have been presented already in
earlier investigations, c.f. [20,24]. In particular, for the elliptic-, hyperbolic-
parabolic, and semicircular parabolic we argue along the lines of Ref.[20],
where also more details can be found. The path integral evaluations in

equidistant and horicyclic coordinates are easy to do.

44.1. Equidistant Coordinates. We start with the path integral repre-

sentation in equidistant coordinates. We consider
"wo__ A -l
‘El(t )—‘C‘ Tz(t )—1:2

V)
K * W', u;T)= —1—2 I D,(t) cosh 1 J

"n et N —
‘I:l(t )-‘cl 1:2(t )_12
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” 2T
Lt M 0)2 e 2
X exp lJ. —Rz(‘i:2+cosh2‘ci:2)——————
7 e 2 1 172 R?‘coshz‘cl
1 ;
7 - 4 32 1
- ) 7~ 3 1+ 3 dt 4.122)
2MR “ sinh T 8MR cosh T,

=J. dk I dpexp[—' lhTz(p2+~1—]]x
o o 2MR 4

(V4)* ’ ’ (V4) ” ’” ‘
x‘Ppk (t), 7, B ‘I‘pk (r;, 1) ; R). (4.123)
The path integral in the coordinate T, is a path integral for the Liouville
potential [24], and the remaining path integral in T, is again of the form of a

modified Poschl-Teller potential path integral (2.12). Therefore the separation
procedure and the path integral evaluations are straightforward. The spectrum
is purely continuous and the wave functions are given by (k=mRw /#)

p'? :R)=(cosht,)" /2§ (x . R 4.124
Pk (le 12’ )—(COS Tl) p(T]v )\I/k(T2), ( . )

O | p sinh p ik—x+1-ip k—ik+1-ip
S, B =510V anlRiz r[ ! Jr( : ]x

X (tanh ’cl)l/z *®(cosh Tl)ip X

ik+k+1—-ip 1+x—ik—i
><2F1( 2 £, 2 p;1+K;tanh2tlj, (4.125)

V(1) =V ———ZES::Z R g (Fe™. (4.126)

K ,(2) is a modified Bessel function [13, p.952]. The corresponding Green

function in these coordinates is given by (in the notation of (2.16) with

(Ly=3 (k= 1)

2

1172

(V4) 7y T 3 T 1:; T T;'/
G W, ;D= | dksinhmkKy(ke ) K (Fe? x
0
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M T(m, ~L,) T(L, +m, +1)
Py T(m, +m,+1) T(m, —m, w1~

—(m —m2+1/2) m +m2—1/2

X (cosh T coshty) ' (tanh 7] tanh ;") ' x

P )«

x2Fl —Lx+m1,LA+ml+l;ml—m )
cosh T .

2

Fl (—Lk+ml,L}‘+m1 + l;ml +m,+ l;tanh2 T1,>)' (4.127)

4.4.2. Horicyclic Coordinates. In horicyclic coordinates we see that in the
x-variable we have a radial path integral with a repulsive centrifugal barrier.

Therefore we obtain (; 2=+ MR %? / ﬁz)

ey =y )
v)
K Cwwin=—- [ BXO [ piy«
Y=y )

" -l—
it.[ Mpai+i? oy 2K2 414 4.128

2 T o2 2Y T 2 t (4.128)
hel2 y R? 2MR x

2M dE SET/H o

=Ny j Kl J (k) T ") =5 [ o

g 0K o (0) (4.129)
—iN2MRE/H +1/4 iV2MRE/® +1/4

—XLJR j' kdk J (kx') T (kx") X
2 7 . AT (2. 1 = =
= [ dppsinh - ++ ||k ®) K B @.130
n2£ ip p sin npew[ 2MR2(p 4)] i) K (k™). ( )

The [ (z) and J (z) are (modified) Bessel functions [13, p.951]. In the path

integral for the horicyclic system we simply do the x-path integration (a radial
path integral [25,56]) and we find that the remaining y-path integral looks
exactly as for the free motion with just the separation parameter k shifted by
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M2R%e? / i A path integral like this has been already discussed in, e.g., [20]
and references therein, which is not repeated here, and the solutions (4.129,
4.130) for the Green function and the spectral expansion follow immediately.

'4.4.3. Elliptic- and Hyperbolic-Parabolic Coordinates. In the following
two path integral representations we, first, state the solutions, and second, give
a short description how these solutions can be obtained. In elliptic-parabolic
coordinates we have an explicit solution only for ] =%, and we obtain for
that case

(kp = MR /%)

) ﬂ(t II) = ﬂll 2 2
J‘ ’Da(t) J D) cosh® a — cos” ¥ 9
=

(V4) V7 1
K “(u ,u;T)=—2 5 2
()= cosh” a cos” ¥

R

a(t

I{M 2cosha cos® &
R 2

2
) (a L 132) -2 cosh? acos®® -
2 cosh? a cos® © R

2
L (Kz—%]cotzﬁcothza

- 2 dt (4.131)
2MR

©o

= -1-5 \cos 9’ cos " _[ dp sinh Ttp j dk k sinh 7k

R e €=%10 (cosh2 ik + sinh? np)

x & TG’ +1/4)/2MR? Sl (€ tanh a”; ik )s"‘“) ) (€ tanh a'; ik ) x

i (. 4 2 i ] 4
XPsip_y /(€ sin 0" = ko) psh” | (& sin ;- kf)). (4.132)

The pst(z) and S*V(z) are spheroidal functions [50, p.236, p.289]. In

hyperbolic-parabolic coordinates we have an exact solution only for
|K| =1/2 and we obtain in this case (kp =MRw /#)

b(t u) = b” ‘l}(f ”) = 6“

(V4) v o 1
K twwn=—3 | oy | pog 2, 2
b(t)=b' 8= sinh“ b sin” 9

sinh? b + sin® ®
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coordinates in IR*. However, this is not the case, and therefore we are
restricted to the case IKI =1/2 which is solvable using the result of the free

motion on A® in elliptic-parabolic coordinates. Because A is for

E> 7i2/8MR2 purely imaginary we cannot apply the oblate spheroidal path
integral identity of [20] in a simple way. We must find a proper analytic
continuation, and instead we construct this analytic continuation heuristically.
Since the (a, 9)-path integration in (4.132) corresponds for @ =0 to the path

integral on A? ip elliptic-parabolic coordinates we look for those spheroidal
wave functions [20,50] which have for the parameter ® =0 the limit of the
wave functions of this system and we find for

L0 =P, (x| <1, sFDGo=phe, 2] 21. @.136)

Putting everything together yields the conjectural result (4.132). The case of
hyperbolic-parabolic system (4.134) is done in an analogous way.

4.4.4. Semicircular-Parabolic Coordinates. In semicircular-parabolic
coordinates the potential separates only for |k| =1/2 and we obtain
(g=Mw/n)

(V4) y
K- (u,u;n:
Ee")=¢" ne"=n" 2
1
=— | oo | Dn(t)éTﬂzLx
R Een=¢t neH=v En
t”
iﬂ 2§2+!|2 .2 i) _uiz. 2.2
°"p‘2n J[R £ig? € +19 L2on (d 4.137)

t’

oo oo 4
=3 51 Jdpp(sinhnp)zjdkklr[%(lik2/2q+ip)” x
+ IR g 0 :
. 2 2
&M’ +1/4)/2MR% |

r” 2
X
4 /4q, ik /2((1§ )

x W 2y w "y w ’2y. (4.138
ik2/4q,ik/2(q§ ) :tk2/4q,ip/2(qn ) ik2/4q,ip/2(qn ) € )

This path integral is solved in the following way: After a time
transformation we obtain

)
K @& ;1=
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" N N =n"
=| e cE/E [ g [ DE | Dnex
R 0 Egoy=¢ n0) =7’

s ;\'2__1
xexp[% j[—((é +1‘|) m(c"; +n)) —# 2M4 [L+—L]]ds] (4.139)
0

_ 77 1 o iET/% . [ dE’ o iE's" /1
=\&% 21rh j ds ) 2ni %

s 444

M® M® .2 en2 " M
S CR——— I
* i sin ws” ‘”‘p[ o & & cotos ]%(iﬁ sin cos”)x

F{%(1+X—E'/hm)]

X Mo 21,
hol(1+A) W ' /2he, x/z( P “>)
M
Mg one, x/z( hfn 2]"'@ <), (4.140)

where 7»2=%—2MR ’E / ﬁz' we must take into account a term with § and 1

interchanged. One uses the path integral solution of the radial harmonic
oscillator [56], where for the &-dependent part we expand the propagator by
means of

oo

_ #? dp p sinh tp
I}"(Z)—TCZMRZJ‘ 2 2 1 2
o #| p'+ |/2MR*-E

K, (@), (4.141)

and the integral representation [13, p.729]

2abi T -y e
W @W )= — Je
A )
X
x K, (Vab sinh v) [cosh : Jl . (4.142)

In the n-dependent part one uses the Green function for the radial harmonic
oscillator (c.f. [25] for the functional measure formulation)
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. . rt”)=r"
i J dr el ET/h _[ Dr) px[r ] exp[ o I (r 0)2r2) dt]
0 th=r

r[l(nx—E/hm)]

= Tho NPT T+ R - VE/2h0,0/2

Mo Mo 2
(T% JME/th,A/2( h J(4 143)

and the relation [13, p.1062]

W= @ — By o) @14
F[——u XJ F[§+u—k)

If we have (4.140) as it stands we obtain the Green function G

&”, &, 0", n; E), together with the prescription E’=—h%k*/2M. The final

result (4.138) is then obtained by conbining on the one hand, where
—k*n? /2M and re-inserting

A

Mo , ds” .E’s" Mw ., ” " MwE'E”
—-Ids p[-—l h 21h(§2+§ Z)Co“m ]IA[- - ")=

X sin os” ih sin ws
hod . 2 2
L | _dpsinhmp ’F[l[lﬂp_ﬁ_ﬂ y
11:2q o P°h"/2M ~E 2 2q
x W @ dHw O3 (4.145)

-k /4q,ip/2 - /4q,ip/2

and on the other (¢ = MRw/h)

F[%(1+ip—k2/2q)]

W I2 I: - M 112 _
K /4q, ip/2(qn ) hol'(1 +ip) K/4q,ip/2 )

r[%(l—ip—#/zq)]

; M
hol'(1 -ip) K /4q,—ip/2

(@”?) ]=
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2
iM 1 %
= sinh &, F[—(1+i ———)] X
Tchzq i 2 P 2q
x W (@ Hw (@ . (4.146)

-K/4q,ip/2 —K/4q,ip/2

4.5. The Potential V5

We consider the potential Vj in its two separating coordinate systems

Equidistant (t;, T, € IR):

U
Vyu)=aR —>—=oRtanh 1, (4.147)

Uy — ¥

Semicircular-Parabolic (€, n > 0):

2.2
=ocR—§—ﬂ—§2 2[—@%—%] (4.148)
+1 1

The constants of motion for the potential V are the following

1 2 2 .2
Il= 2 (K1 +K2 —L3)+V5(u),
2MR
_ 1 20R 4.149
12_2M({K1,K2}_{K2’L3})+§2+n2’ ( )
)
13—K2.

We have the following two path integral representations

vy

K >W,u;T)

"mo_ ot mo_
rl(t )-1:l rz(t )—1:’2

L [ Dryoeshr, | Drox
R r](t’)=1:1’ 1:2(:’)=1:£
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Xexp[%f[lgR (1: +Cosh21¢’t) chtanht -

# 1
3 1+ 3 dt (4.150)
8MR cosh T

5=t e )= 2. 2
1 +
—~ | pto | pnpiir
R E_,(t')=§’ n(t/)zn; E-, n

”

xexp[ﬁ f[ 5 §§2—;L(§2+n) ocRu}dt] (4.151)

4.5.1. Equidistant Coordinates. After separatmg off the T,-path integration

we obtain a pure scattering Rosen-Morse potential, a path integral problem
which has been solved in [14, 43]. Therefore we get

. 2
W) kT /8MR
K5 Ty = ———— (cosh 1] cosh 7))~ 1/2 x

" __
tl(t )—'r1

xk(r” -1, )
j <k [ prox
‘tl(t')=‘rl'

” 2,1

t k + =
if| M, #

xexp| — | | T R*?-oR tanh t, — ——— ldt| (4.152)

] tj 2 1 1 2MR? cosh2 T

1k(r -1, )
= (cosh T{ cosh T/ )_1/2_[ dk 4E e ET/7
IR271:1

M Tm —L)T@, +m, +1)
h2 Ln, +m, +1) I(m, —m, +1)

- 2 2
[ 1 —tanh 1:1' 1 —tanh ‘C;'](m‘ )/ )/
X

1+tanh1:1' 1+tanhr{’
2 ' 2

2 2
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1+tanh'c1>
x2Fl —Lk+m1,Lk+m1+1;m1+m2+1;————— X

2
1—tanh1:1 <
><2F1(—Lk+m1,Lk+m1+1;m1—-m2+l; 2 } (4.153)
,[ ‘]-' lET/ﬁ v, o
=|dk | dpe pk ( 1o 2 " RY ]’ Dk (T 2,R). (4.154)

R O

Here denote Lk=—2ik——;—, ml2=~fm/2(\ﬁaR—E-E0 tVoR-E-E))/# ,

E0=7i2/8MR 2, and (4.153) is the Green function corresponding to the path

integral (4.150). The wave functions and the energy-spectrum of the
continuous states are (where * distinguishes between incoming and outgoing
scattering states, respectively)

V) _ ikt
¥ (T, 1 Ry = @rcosh 1) /2 [f*’(rl; Rye 2 (4.155)

1 M sinh (n{m, £ m,[)/2
RT(+m tmy)  hlsinmim +L)]

O - Ry =
Sp (t:R=

1+tanh’tl (m +m)/2 1—tanh‘cl (my=m))/2
Nt [—-—2 ] <

I:ttanht1
x2l’~’1 m1+Lk+l,ml—Lk;l+mlim2;—'2— s (4.156)

" 1
Ep*ﬁ;(p +4) oR. (4.157)

4.5.2. Semicircular-Parabolic Coordinates. In the semicircular-parabolic
system we obtain after a time transformation (A, ,=1/4 — 2M(ER L oR)/ hz)

. E=E n6) ="
44 E 7"
- j dE ~iet/h [ 49 | DE9 [ Dawx
0 EO=F n@=n'

” 1 2 1
ol g (A B
xe"pléj{%[@%"z’“z;RZ[ e n24] ]dJ

0
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2 2 ’” ’
_M_ﬂ' 2Ll lpnVun?? _d_E__ —iET/ﬁ dL ‘_1E__ —iE’S”/'ff
= e ) o © I ) oni © X

xIA{V—ZME’ %]KXI{V‘MWE’ %Jx

M M] (4.158)

’ 2 ” 2
The corresponding wave functions are obtained in a similar way as in [20] for

the free motion on A in semicircular-parabolic coordinates by analysing the
Green function (4.158) on the cut, which finally yields (7, ,=

=—iVp? £ 2MRa /%)

(V) «, AT AN * < —iET/ﬁ
K “w, u';T)=——E"—E"::]2—TL I kdk _[ dppsinh’mpe 7 x
4
0 0

x [(H (k) B0 ™) K (E) Ky () +

, ” 1) ’ (D) g0
+ Ky () Ky (k") HUG (8) HORE), (4.159)
with Ep as in (4.157), and the even and odd wave functions can be read off

from the spectra expansion. The H\fl)(z) are Hankel functions [13, p.952].

5. SUMMARY: AND DISCUSSION

In this paper we have performed an investigation about superintegrable
potentials on the two-dimensional hyperboloid. We have found that the two
most important potentials, the oscillator and the Coulomb potential, admit
separation of variables in four coordinate systems. Each problem is exactly
solvable in two coordinate systems, the oscillator in spherical and equidistant
coordinates, the Coulomb problem in spherical and elliptic parabolic
coordinates. We have also stated the corresponding Green functions.

These particular features are not too surprising. In the flat space limit the
spherical system yields two-dimensional polar coordinates, and both problems

in IR? are separable in this coordinate system. The equidistant system yields in
the flat space limit cartesian coordinates, and the oscillator in R? is separable
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in cartesian coordinates. The elliptic-parabolic system yields parabolic
coordinates (as the semihyperbolic system) and the Coulomb problem in R? is
separable in parabolic coordinates. The elliptic system on A? gives the elliptic

system in IRZ, the oscillator is separable in this coordinate system, but does not
admit an analytic solution in terms of usually known higher transcendental

functions. In fact, the solution of the pure harmonic oscillator in R? can be

given in terms of Ince polynomials [39,48]. The hyperbolic system on AD also
yields the cartesian system.

Furthermore, the elliptic 1I system on A@ gives the elliptic II coordinate

system in IR2, and the Coulomb problem in R? is separable in this coordinate
system [49].

We have seen that the situation concerning separation of variables of these
two potentials in the found coordinate system is very similar in flat space
[6,10,21], on the sphere [22], and on the hyperboloid. The most significant
difference being that on the sphere there are less, and on the hyperboloid more
possibilities.

We have also stated explicitly the relevant Green functions of the
potentials. This includes the simple and general Higgs oscillator, the Coulomb
potential, and for V,, V, and Vs in several coordinate system representations. In

particular, from the spectral expansions in horicyclic coordinates, one can show
with the integral representations {46, pp.732,819]

A+br+c? _aVab
-1/2 =72

[

o cosvn | dk K (ak) K (bk) cos ck,  (5.1)
0

n

a +b2+c gtanhng & + b+ c?
Q _1/2[ } Id 2 RP“/2[—2ab , (5.2)

that the Green function for the free motion on the two-dimensional
hyperboloid has the form [17,24]

m [(xil_xl)2+yl2+y"2] (53)
nh2 —1/2—i\/2MRzE/1|z—l/4 2y’y” T

G(u" u E)—

The Green function is a function of the invariant distance d(u”, ¥’) on A®
only, i.e., G(u”,u’; E)=G(coshd(”, u); E). A similar consideration can be
made for the corresponding path integral representations of the free motion

on A® in spherical [17,19,26] and semicircular parabolic coordinates [20].
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- Let us add some remarks concerning potentials which are separable in the
semihyperbolic coordinate system. We consider the potential 1y ,>0)

1
22 2_Z
2[4u0u1 2} ﬁ2k2 4

M
U, +—

V6(u) = Kitgl| 2

—+ul |+
R2 2 ToM 2

2

(5.4)

2 2
R K. 2 2. M 2 3 3 # 2 1y 1 1
= T (TREThy oy (TE T (k ——] —+—||. 5.5)
po+p, | 2 TR T T e M MW,

The specific features of the potential characterize it as a Holt potential plus a
linear term, i.e.; with an electric field {21,31]. From the flat space case [21]
we know that a potential like (5.4) is separable in cartesian and parabolic
coordinates. On the hyperboloid (5.4) is separable in the semihyperbolic
coordinate system (3.69). The semihyperbolic system can have two flat-space
limits, the cartesian and the parabolic coordinate system, however, on the
hyperboloid they correspond to two realizations of the same system.

The only potential which is separable in the equidistant and semihyperbolic
system is

1
4

Wug‘

2
k-

V=0 = v (u) = (5.6)

and it turns out to be separable in eight coordinate systems, which is almost
trivial. It can be exactly solved in six coordinate systems, but the difference

in comparison to the free motion on A9 s insignificant, and we omit these
solutions. ‘

Another potential which is separable in the semihyperbolic system has the
form M, ,>0)

V() == | el — 1
8 R :Ju§1+u2§
B, \/Vuguf+ u%R2 +ugu, +P, \/Vuguf+ u%R 2_ Ugl

1

+ = 5.7

RN+ 2R G

__ o ‘ll+mf+\/1+u§_1 lBIVu]+B2\lu2 59
R My +H, R p +p, '
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We mention this potential because in the flat space limit it yields

o [31\Nx7+y§+x+[’>2\l\/x7+y2 -x

V.(x,y)=— + s 59
4( ) \/x2+y2 2\r3c2+y2 (5-9)

which is separable in mutually orthogonal parabolic coordinate systems. Such
a notion on the hyperboloid does not make sense. Two of such systems can
be ‘transformed into each other by a rotation, and hence they are equivalent.
In the flat space limit, however, they yield two mutually parabolic systems,
as it must be. Therefore our findings of potentials on the two-dimensional
hyperboloid which are separable in more than one coordinate system can be
summarized as follows:

1. We have found the generalized oscillator and Coulomb systems, each of
them is separable in four coordinate systems.

2. We have found a Holt potential version on the hyperboloid, which is
separable in horicyclic and semicircular parabolic coordinates. However, both
coordinate systems lead in the flat space limit to the cartesian system.

3. The two other superintegrable potentials known from IR? could be
formulated in terms of coordinates on the hyperboloid and are both separable
only in the semihyperbolic systems. They yield the proper flat space limit,
where the semihyperbolic system gives parabolic coordinates, and the missing
separating coordinate systems emerge in this process as well.

4. We have found the simple potential V,(u) which is separable in four,
respectively five (depending on the parameters) coordinate systems. The flat
space limit of this potential is trivial, ie., V,<1/ y2 (R —> o), which is

separable in all four coordinate systems in IRz, let alone that the pure 1/ u%—
potential only alters the corresponding radial quantum numbers in its eight
separating coordinate system in comparison to the free motion.

5. We have found the potential Vs which is separable in horicyclic and
semicircular-parabolic coordinates. Its flat space limit is the linear potential, i.e.,
Vs — o (R — o), which is separable in cartesian and parabolic coordinates.

6. The potentials (5.4, 5.7) are the proper generalizations of the Holt
potential and the modified Coulomb potential (5.9) of 1R2, where both potentials
are superintegrable, i.e., separable in cartesian and parabolic, respectively

mutually parabolic coordinate systems. However, on the hyperboloid A? they
are only separable and the corresponding coordinate systems are not
distinguishable from each other. They are only distinguishable in the flat space
limit R — oo.
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- Table 3. Correspondence of superintegrable potentials in two dimensions

s o e[
V() 43) |Vi(x) 3 (Vi 203)
Vy(u) 43) |Vy(x) A 23)
V3) 2(1) LIRPERENER 2 |—
Ve | 8@ 4 o1/ ¢ Re-iza | 20
A M2
V() 21 o R
V(1) 12) |V,(x) 2 |-
Vg(u) 12) |Vyx) 2. —_

7. We cannot say for sure if we really have found all possible
superintegrable potentials on the hyperboloid. For a systematic search one must
solve differential equations which emerge from the general form of a potential
separable in a particular coordinate system, and then change variables. Becuase
there are nine coordinate systems on the hyperboloid which separate the
Schrodinger equation, there are 8!=40320 of such differential equations. This
is not tractable, and one has to look for alternative procedures, for instance
physical arguments. In this respect, we have found the relevant potentials which
matters from a physical point of view, and which are the analogues of the flat

space limit IR2. This can be summarized in Table 3, where the enumeration of
the potentials in R? is according to [21]; and the enumeration of the potentials

on §@, according to [22]. In parenthesis we have indicated the number of
limiting coordinate systems for R — oo, and constants in this limit are not taken
into account. We see that the correspondence for the superintegrable systems on
the hyperboloid and in flat space is complete, whereas the correspondence with
the sphere is not complete. Note that adding to V;(u) the (constant!) term

f[2
2MR?

(1(2 —1/4) reproduces for R — o the Holt potential V,(x)!
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8. Our discussion lacks a proper treatment of the alternative flat space limit,
i.e., the limit of the two-dimensional Minkowski space, respectively the two-
dimensional pseudo-Euclidean space. We do not know anything about
superintegrable systems in this space. The free motion has been discussed in
[20,36], and the separation of variables of the Schrédinger equation,
respectively the path integral, is possible in ten coordinate systems. It is
therefore desirable to construct and study appropriate superintegrable systems,
an oscillator and a Coulomb potential in particular, in this space. Studies along
these lines will be the subject of a future publication.

In a forthcoming publication we will deal with superintegrable potentials on
the three-dimensional hyperboloid. This will include a detailed discussion of the
relevant coordinate systems and the constants of motion. Concerning maximally
superintegrable potentials like the oscillator and the Coulomb potential the

situation is similar as in IR? and on the sphere, however, there are more
coordinate systems which admit separation of variables for these two potentials.

This property is due to the fact that on A® there exist 34 coordinate systems
which admit separation of variables in the Schrédinger, respectively Helmholtz
equation [54].

The situation is surprisingly different for minimally superintegrable
potentials due to the subgroup structure of SO(3,1), ie., we have
SO(3, 1) 2 SO(2, 1), SO(3, 1) > E(2) and SO(3, 1) > SO(3). This means that all
potentials which are maximally superintegrable in the corresponding subspace

are minimally superintegrable on A(3), and this property increases the number
of potentials considerably.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge financial support from the Heisenberg-
Landau program. C.Grosche would like to thank the members of the Joint
Institute for Nuclear Research, Dubna, for their kind hospitality.

REFERENCES

1.Barut A.O., Inomata A., Junker G. — J.Phys.A: Math.Gen., 1990, vol.23, p.1179.

2.Bohm M., Junker G. — J.Math.Phys., 1987, vol.28, p.1978.

3.Demkov Yu.N. — Sov.Phys.JETP, 1954, vol.26, p.757.

4.Duru LH. — Phys.Rev.D, 1984, vol.30, p.2121.

5.Duru LH,, Kleinert H. — Fortschr.Phys., 1982, vol.30, p.401; Phys.Lett.B, 1979,
vol.84, p.185. )

6.Evans N.\W. — Phys.Rev.A, 1990, vol.41, p.5666.

7.Feynman R.P., Hibbs A. — Quantum Mechanics and Path Integrals, McGraw Hill,
New York, 1965.



PATH INTEGRAL APPROACH 673

8.Fischer W., Leschke H., Miiller P, — Ann.Phys.(N.Y.), 1993, vol.227, p.206.
9.Fradkin D.M. — Prog.Theor.Phys., 1967, vol.37, p.798.

10.Fris J., Mandrosov V., Smorodinsky Ya.A., Uhlir M., Winternitz P. — Phys.Lett.,
1965, vol.16, p.354.
Fris J., Mandrosov V., Smorodinsky Ya.A., Uhlir M., Winternitz P. — Sov. J.
Nucl. Phys., 1967, vol.4, p.444.

11. Granovsky Ya.A., Zhedanov A.S., Lutzenko .M. — Theor.Math.Phys., 1992, vol .91,
p.474.

12. Granovsky Ya.A., Zhedanov A.S., Lutzenko .M. — Theor Math.Phys., 1992, vol.91,
p.604.

13. Gradsteyn LS., Ryzhik LM. — Table of Integrals, Series and Products, Academic
Press, New York, 1980.

14. Grosche C. — J.Phys.Math.Gen., 1989, vol.22, p.5073.

15.Grosche C. — Ann.Phys.(N.Y.), 1990, vol.201, p.258.

16. Grosche C. — Ann.Phys.(N.Y.), 1990, vol.204, p.208.

17. Grosche C. — Fortschr.Phys., 1990, vol.38, p.531.

18.Grosche C. — J Phys.Math.Gen., 1990, vol.23, p.4885.

19. Grosche C. — J Phys.Math.Gen., 1992, vol.25, p.4211.

20.Grosche C. — Path Integrals, Hyperbolic Spaces, and Selberg Trace Formulae.
DESY Report, DESY 95-021, February 1995 (Habilitationsschrift), pp.228, to be pub-
lished by World Scientific.

21.Grosche C., Pogosyan G.S., Sissakian A.N. — Fortschr Phys., 1993, vol.43, p.453.

22.Grosche C., Pogosyan G.S., Sissakian A.N. — Fortschr.Phys., 1995, vol.43, p.523.

23.Grosche C., Pogosyan G.S., Sissakian A.N. — Path Integral Discussion for Smoro-
dinsky-Winternitz Potentials: IV. The Three-Dimensional Hyberboloid. DESY Report,
in preparation.

24.Grosche C., Steiner F. — Phys.Lett.A, 1087, vol.123, p.319.

25.Grosche C., Steiner F. — Zeitschr.Phys., 1987, vol.C36, p.699.

26.Grosche C., Steiner F, — Ann.Phys.(N.Y.), 1988, vol.182, p-120.

27.Grosche C., Steiner F. — J.Math.Phys., 1995, vol.36, p.2354.

28.Grosche C., Steiner F. — Table of Feynman Path Integrals. To appear in: Springer
Tracks in Modern Physics (1996).

29. Hietarinta J. — Phys.Rep., 1987, vol.147, p.87.

30.Higgs P.W. — J.Phys.A: Math.Gen., 1979, vol.12, p-309.

31.Holt C.R. — J.Math.Phys., 1982, vol.23, p.1037.

32.1keda M., Katayama N. — Tensor, 1982, vol.38, p.37.

33.Infeld L. — Phys.Rev., 1941, vol.59, p.737.

34.Infeld L., Schild A. — Phys.Rev., 1945, vol.67, p.121.

35.Inomata A., Kuratsuji H., Gerry C.C. — Path Integrals and Coherent States of
SU(2) and SU(1,1), World Scientific, Singapore, 1992.

36.Kalnins E.G. — SIAM J.Math.Anal., 1975, vol.6, p.340.

37.Kalnins E.G. — Separation of Variables for Riemannian Spaces of Constant Curva-
ture, Longman Scientific & Technical, Essex, 1986.

38.Kalnins E.G., Miller W., Jr. — J.Math.Phys., 1974, vol.15, p.1263.

39.Kalnins E.G., Miller W., Jr. — J.Math.Phys., 1975, vol.16, p.1512.

40.Kalnins E.G., Miller W., Jr. J.Math.Phys., 1978, vol.19, p.1233.




674 GROSCHE C., POGOSYAN G.S., SISSAKIAN A.N.

41.Katayama N. — Nuovo Cimento, 1992, vol.B107, p.763.

42.Kleinert H. — Path Integrals in Quantum Mechanics, Statistics, and Polymer Physics,
World Scientific, Singapore, 1990.

43.Kleinert H., Mustapic I. — J.Math.Phys., 1992, vol.33, p.643.

44.Kurochkin Yu.A., Otchik V.S. — DAN BSSR, 1979, vol.23, p.987.

45.Leemon H.I. — J.Phys.A: Math.Gen., 1979, vol.12, p.489.

46.Magnus W,, Oberhettinger F., Soni R. — Formulas and Theorems for the Special
Functions of Mathematical Physics, Springer, Berlin, 1966.

47.Makarov A.A., Smorodinsky J.A., Valiev Kh., Winternitz P. — Nuovo Cimento A,
1967, vol.52, p.1061.

48.Mardoyan L.G., Pogosyan G.S., Sissakian A.N., Ter-Antonyan V.M. —
Theor.Math.Phys., 185, vol.65, p.1113.

49.Mardoyan L.G., Pogosyan G.S., Sissakian A.N., Ter-Antonyan V.M. —
Theor.Math.Phys., 1984, vol.61, p.1021.

50.Meixner J., Schiifke F.W. — Mathieusche Funktionen und Sphiroidfunktionen,
Springer, Berlin, 1954.

51.Moon F., Spencer D. — Proc.Amer.Math.Soc., 1952, vol.3, p.635.

52.Morse P.M., Feshbach H. — Methods of Theoretical Physics, McGraw-Hill, New
York, 1953.

53.Nishino Y. — Math.Japonica, 1972, vol.17, p.59.

54.Olevskii M.N. — Math.Sb., 1950, vol.27, p.379.

55.0tchik V.S., Red’kov V.M. — Quantum Mechanical Kepler Problem in Space with
Constant Curvature, Minsk Preprint No.298, 1983, p.47;
Bogush A.A,, Otchik V.S., Red’kov V.M. — Vesti Akad.Nauk.BSSR, 1983, vol.3,
p-56.
Bogush A.A., Kurochkin Yu.A., Otchik V.S. — DAN BSSR, 1980, vol.24, p.19.

56.Peak D., Inomata A. — J.Math.Phys., 1969, vol.10, p.1422.

57.Perelomov A.M. — Integrable Systems of Classical Mechanics and Lie Algebras,
Birkhduser, Basel, 1990.

58.Pogosyan G.S., Sissakian A.N., Vinitsky S.I. — In: «Frontiers of Fundamental Phy-
sics», p.429—436, eds: M.Barone and F.Selleri, Plenum Publishing, New York, 1994.

59.Schrédinger E. — Proc.Roy.Irish Soc., 1941, vol.46, p.9; Proc.Roy.Irish Soc., 1941,
vol.46, p.183; Proc.Roy.Irish Soc., 1941, vol.47, p.53.

60.Schulman L.S. — Techniques and Applications of Path Integration, John Wiley &
Sons, New York, 1981.

61.Smorodinsky Ya.A., Tugov LI. — Sov.Phys.JETP, 1966, vol.23, p.434,
62.Stevenson A.F. — Phys.Rev., 1941, vol.59, p.842.

63. Vinitsky S.I., Mardoyan L.G., Pogosyan G.S., Sissakian A.N., Strizh T.A. — Phys.
At. Nucl., 1993, vol.56, p.321.

64. Winternitz P., Lukac 1., Smorodinsky Ya.A. — Sov. J. Nucl. Phys., 1968, vol.7,
p-139.

65. Winternitz P., Smorodinsky Ya.A., Uhlir M., Fris I. — Sov. J. Nucl. Phys., 1967,
vol.4, p.444.

66. Wojciechowski S. — Phys.Lett.A, 1983, vol.95, p.279.



«®H3IHKA DJIEMEHTAPHBIX YACTHL H ATOMHOI'O A[IPA»
1996, TOM 27, BbII1.3

YOK 539.1.076 + 621.384.6

INNOVATIONS IN ACCELERATOR
TECHNOLOGY

E. Tsyganov*, A. Taratin, A. Zinchenko

Joint Institute for Nuclear Research, Dubna, Russia

High energy particle colliders are probably the most sophisticated machines ever built.
Colliding beams have to be kept stable for many hours, and beam parameters should be
preserved for delivering maximal information to the physicists. Optimization of collider
performance is a very important and challenging task, due to the complexity and required
precision of experiments, as well as the high cost of the operating the accelerator
complexes.

We review several promising directions for improvements in high energy collider
performance that have been initiated and reported in scientific publications recently,
namely: extraction by means of a crystal of the beam halo from high energy colliders for
use in auxiliary experiments; compensation of mutual space charge effects of collider
beams on one another; intelligent beam damping schemes and application of these to
feedback systems; beam parameter diagnostics by use of low energy beam probes. To
facilitate these developments an efficient software model of the collider was developed and
applied to study details of the performance of the collider. A computer code for tracking
charged particles in the collider environment was built, and some of its applications
considered. All of these studies show promise of improving collider parameters and
performance. Improvement of collider operations would extend the physics reach of
existing and future colliding beam accelerators, and enhance the accessibility to scarce
collider facilities for experimental groups.

Komnaiineps! yacTyu BLICOKHMX SHEPIHil SBISIOTCS, I0-BHANMOMY, OHHUMH M3 HauGonee
CIOXHBIX TEXHHYECKHX YCTPOHCTB. YCKOPEHHbIE MyYKH YACTHI JOMXKHBI COXPAHATHCS B yC-
KOpHTE/IC B TCUCHHE MHOTHX YacoB, IIPHYEM MX MapaMeTphl HOJDXKHBI OCTABATHCA CTaGWIb-
HbIMH, 4TOCbI OGECIeuuTh MonydeHHe MaKCHMyMa HMHGOPMALMM B SKCIEPHMEHTLIBHBIX
uccnefosanusx. OnTHMU3aums paboTl KOUTAliiepoB ABNSETCS BAXHOH U OUEHb HERPOCTOl
3aflayedl U3-3a GONMBLIOH CHOXHOCTH M TPeGyeMoil BHICOKOH TOYHOCTH B3KCIIEPMMEHTOB, a
TaKXe BBICOKOH CTOUMOCTH paboThl YCKOPHTENBHBIX KOMILIEKCOB.

*State University of New York at Albany, USA



676 _TSYGANOV E., TARATIN A,, ZINCHENKO A.

Haercs 0630p HECKONBKMX MEPCHEKTHBHLIX HANMpAaBICHWA B YCOBEpLICHCTBOBAHHM
paboThl KOJLIaiiiepoB, KOTOpble HEAABHO GBUIH HMHHLMHPOBAHBI HaMH H ONyOIMKOBaHBI B
Hay4HBIX XypHalax ¥ cOOOILIEHHAX, 3 MMEHHO: BBIBOJ [aj10 My4Ka M3 KOJJIAHNEPOB YaCTHILL
BBICOKHX DHEPIHii ¢ MMOMOLIBIO H3OTHYTHIX KPHCTAILIOB MUl OPTraHH3alUMH ROMOTHHTENbHBIX
3KCMEPUMEHTOB Ha (PMKCHPOBAHHBIX MHILIECHAX; KOMIIEHCALIHA BIMSHHS NPOCTPAHCTBEHHOIO
3apsfa BCTPEYHBIX MYYKOB Ha MX CTaGHILHOCTB; HOBbIE CXEMBI ralleHHs KonebaHHil mydka
M MX NPHMEHEHHA B CHCTeMax oOpaTHOMH CBS3H; Hepa3pyllalowias JMarHOCTHKA 11apaMeTpoB
LUMPKY/IMPYIOLUMX MYYKOB C NMOMOILBIO IMY4KOB YaCTHL HH3KHX 3Heprui. s meranbHoro
HCCJIEIOBAHMS 3THX MpPELTOXKEHHH Hamu Obuta paspaborana addexTHBHAS KOMIbIOTEpPHAs
MoZieNlb KO/UTaiiiepoB, CO3MaHbl KOMITBIOTEPHbIE NPOrpaMMBbl [UIS pacyeTa TPaeKTOpHH 3aps-
XEHHBIX YaCTHL B KPUCTA/UIE, 2 TAKXE B N0/1e NPOCTPAHCTBEHHOIO 3apsia, 3MEKTPHYECKHX
¥ MaTHHTHBIX TIOJISX B YCJIOBUSAX, XapaKTEPHEIX VI KOJLIailepoB YaCTHLL BBICOKHX 3HEPIHH.
Pe3ynbTaThl HCCIENOBaHHI AT OCHOBAHHA HANEATHCA HAa BO3MOXHOCTE 3HAYHTENBHOIO
yayuuieHus paGoTl KonaiaepoB. ITo NO3BOMHT PacIIHPHTh 06/1acTh HUIMYECKHX HCCie-
OOBaHMi, JOCTHXHMEBIX Ha CTAIKMBAIOIUMXCSH IMyYyKaX CYLIECTBYIOLIHX H COOPYXAaeMBIX yc-
KOpHTeNeil, M yBEIMYUT AOCTYNHOCTb 3THX YCKOPHTE/IbHBIX KOMIUIEKCOB njis Gonbluero
YHC/1a HCCIIE0BATENBCKHX TPy,

I. BEAM HALO CRYSTAL EXTRACTION
DURING COLLIDING MODE

Bent crystals provide perhaps the only possibility to combine extraction of
some fraction of the proton beam with colliding experiments. Studies on
steering high energy beams using bent crystals and applications of this
phenomenon for beam extraction have demonstrated the feasibility of this
technique [1]. Figure 1 shows the results of the first experimental observation
of the channeled particle deflection by a bent crystal at Dubna. Use of this
technique could provide a double purpose mode of a collider operation, with
extraction of a small fraction of beam intensity. This extraction may be
performed with no interference with the colliding beam experiments.

Bent crystal extraction has been successfully demonstrated on almost all
high energy accelerators [2,3,4,5]. Detailed studies of crystal extraction are in
progress currently at Fermilab and CERN.

Despite success of beam extraction efforts, a practical solution for crystal
extraction simultaneously with colliding beam experiments was not really found
until recently. Early attempts to find the mechanism of «pumping out» particles
from the primary beam and delivering them to the bent crystal without
interference with beam emittance characteristics have been discussed {6,7] but
not yet proved experimentally.

The matter of the high efficiency beam halo extraction from colliders
during colliding mode of operation by means of a bent crystal was for the first
time successfully elaborated by Monte Carlo simulation in the paper [8].
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Fig.1. Angular distributions of the channeled fraction of 8.4 GeV protons outgoing
from the bent crystal in the first experiment to observe bending in Dubna. For the
crystal bending angle 3 mrad (a) and 26 mrad b)

Calculations were performed for the Tevatron collider lattice. According to the
studies [8] halo particles of high energy beams would be extracted from
colliders with high efficiency without interference with colliding beam
experiments. This would eliminate irradiation of accelerator parts by the beam
halo, creating more favourable environmental situation at accelerators. The
extracted beam could be used for parasitic expernments or disposed of in an
environmentally controlled manner.

The authors [8] have chosen the Tevatron lattice for the analysis because
the Tevatron is the highest energy particle collider in the world today. Fermilab
with rich infrastructure and scientific traditions in particle physics would be the
natural center of activity of physicists in the near future, aiming also a
preparation of elements of the LHC experimental detectors. Besides the rich
expertise in colliding beam detectors, Fermilab could provide test beams of the
highest energy. That is essential for a healthy R&D program in detectors for
colliding beam experiments, especially for calorimetry. High energy particle
beams at Fermilab should be considered as an essential contribution to the
future LHC program.

Conventional extraction and colliding beam experiments are technically
incompatible. Fermilab colliding beam program has an absolute priority, and
therefore the fixed target mode of Tevatron operation is very strictly limited.
Fermilab Main Injector extracted beam, 120 GeV, when it will be available, still
cannot provide TeV beams for R&D in calorimetry.

The authors {8], based on the computer simulation, show how to extract
1 TcV beam halo protons from the Tevatron with high efficiency. More than

107 protons per second, now lost on scrapers and collimators, can be extracted
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from Tevatron using bent crystal in a «passive» mode, without interference with
colliding beam experiments. This would reduce background in the colliding
beam detectors. The extraction efficiency can be as high as 99%. Bent crystal
deflectors would also work well for the LHC collider, where background
radiation due to a beam halo loss could be reduced by the factor of 100. The
B-physics fixed-target experiments with the extracted LHC beam halo could be
performed.

"~ A. Resonance Excitation of Longitudinal Beam Halo. The main obstacle
for crystal extraction is a very small impact parameter of a halo beam particle
when it hits a bent crystal. Even if the crystal edge could be polished and
aligned to the circulating beam with precision better than one micrometer, this
effective septum thickness still is much larger than the typical impact parameter
for a halo particle which impinges the crystal during beam loss, and therefore
the septum cannot be effective. A small average impact parameter for particles
striking the crystal could also worsen crystal radiation damage. For the device
to be practical at least several micrometers are required for the mean impact
parameter.

When one tries to excite beam halo particles using some kind of beam rf
gimnastics and send them to the bent crystal septum [6], it is difficult to
guarantee that the core of the beam is not disturbed and a beam emittance is
preserved. Nevertheless, we showed by computer simulation [7] that
perturbation pulses in the main rf voltage, if in resonance with the synchrotron
oscillations of beam halo particles, can effectively eject the particles out of the
bucket without perturbing the beam core. This method can be used to place the
beam halo particles onto a bent crystal for extraction from an accelerator if the
crystal will be located in high-dispersion region and thus particle momentum
deviations can be translated into transverse displacements.

Suppose the driven halo particles are initially located in the 8~! phase space
about (Sp, lp). Here 8=Ap/ p, is the relative momentum deviation from the

synchronous momentum p, and [ is the longitudinal displacement from the

bunch center. Each time the driven halo particles complete one synchrotron
oscillation, the perturbing pulses are switched on with the sign of 8p. Thus the

perturbed halo particles jump onto an orbit of larger amplitude after each
synchrotron oscillation. Figure 2a illustrates the effect of one of the perturbing
pulses in the 8—I space on the trajectory of the driven halo particle. The rf phase
¢p for the perturbing pulse is connected with lp by the relationship

21h
o=0 .+ C. l,
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Fig.2. Schematic picture of the process of ejecting beam halo particles by
means of synchronized rf voltage pulses. (a) Synchrotron orbits in the § — |
phase space before and after the action of a perturbation pulse. (b) Sinusoidal
rf voltage and the position in rf phase of perturbation pulses

where <|>s is the synchronous phase, Cs is the circumference, and % is the
harmonic number of the accelerator. The rf phase ¢p and interval Aq)p, in

which the perturbing pulses are turned on are shown in Fig.2b. To act on halo
particles only, the perturbing pulses, A(pp, need to be short compared to the rf

period.
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Fig.3. Relative momentum deviation amplitude 3 as a fuction of turn number
for a halo particle driven by a muitiple resonance sequence (solid lines) and
by a single resonance sequence (dotted lines). For the pulse duration 13.3 ps
(a) and 267 ps (b)

Because the rf voltage varies sinusoidally in time, the period of a
synchrotron oscillation depends on the amplitude of the oscillation. Thus, to
increase monotonically the synchrotron amplitude of driven halo particles, the
time interval between two successive perturbing pulses has to follow the
increase of the synchrotron period. The time sequence of perturbing pulses is
determined by the initial location (lp, Sp) of the driven halo particles and the
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pulse voltage Vp. This sequence when only one perturbing pulse is turned on
during a synchrotron oscillation was called a single resonance sequence.
A

Figure 3 shows the growth of the synchrotron amplitude & of a halo particle
driven by a single resonance sequence.
A single resonance sequence determined by the phase space point (lp, 8p)

captures and ejects only the particles whose initial phase space locations are
near that point. To eject significantly more of the particles near the synchrotron
orbit passing through (lp, 8p) the pulse sequence can be repeated for a number

of subsequent turns. This number N, should be less than the number of turns
for the halo particle to move along its unperturbed orbit to (lp, -8 p). Otherwise,

compensation of the pulse action will occur.
The resulting sequence obtained by repeating the single resonance sequence
was called a multiple resonance sequence. Figure 3 shows the growth of
A

momentum deviation amplitude & due to a multiple resonance sequence. In
contrast to the nearly linear growth in the single resonance case, the amplitude
growth is not monotonous in the multiple resonance case. However, for pulses
both with a small duration (a), and with a large one (b) the average rate of the
amplitude growth appears to follow the growth rate in the single resonance case.
At that with long perturbing pulses, the multiple resonance sequence is also

effective in ejecting the halo particles with > lp whose initial momentum
A
amplitudes are not near 8p.

So, with the accurate positioning of perturbation pulses in rf phase, one can
eject particles only from the tail of the beam without perturbing the core. The
ejection efficiency and rate may be regulated by the pulse voltage, the pulse
duration, and the resonance repetition number. Moreover, it is possible to act
either on a single bunch or on a few bunches simultaneously.

The longitudinal tails of the bunch can be resonantly excited also by the
transverse kicker to increase betatron oscillation amplitudes and thus bring
particles onto a bent crystal for extraction. Here we review simulation results on
a mean impact parameter versus extraction rate for the Tevatron [9]. Kicks were
simulated as short electric pulses applied to the tails of a bunch, to guarantee
that the core of the bunch will not be disturbed. Applying a kick in a resonant
mode with |AQ| <0.25, i.e., approximately each seventh turn, the authors
studied an impact parameter distribution at the crystal.

The scheme of the Tevatron is presented in Fig.4. For the simulations,the -
crystal position was chosen at the E853 [5] crystal position at CO on the radius
of 3 mm outside the beam position. A simple linear model of the Tevatron was
used, a matrix transformation of particle parameters — X, X', Y, Y', E, Z — from
one location to another. Locations used were present RF position (a kicker was
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TEVATRON also placed there), BO and DO
itch d ..
switehyar positions, where a head-on
C0 - abon, beam-beam interactions were
B0 (CDF) crystail :
extraction simulated, and the crystal

position in CO. Initial particle

parameters were simulated by

Monte Carlo according to the

A0 :&c.,osm;c Tevatron  emittance  para-
EXTRACTION

septum meters. The model was built

initially for the SSC collider

and was adopted to the

Fo 0 Tevatron lattice.

(*h {injection) According to the simula-
tion, a mean impact parameter
is strongly dependent on the
kick value applied. Figure 5
illustrates this. Extrapolation

of data to the mean extraction time of 10° s, which corresponds to 10% of full
beam intensity to be extracted in about 24 hours, predicts a mean impact
parameter less than 0.01 pum, too small to make a simple crystal extraction
scheme to be practical. Of course, a mean impact parameter value could be
dependent on a beam excitation mechanism. However, we are very skeptical to
the opinion that some more sophisticated RF gymnastic could be found in
colliders which provides a good impact parameter and at the same time satisfies
non-interfering requirements. We believe that the good solution of this problem
lies in quite different approach [8].

B. Ultrathin Crystal Scatterer — Crystal Mirror. The dominant
transverse emittance growth mechanisms predicted for the Tevatron colliding
beams are intrabeam scattering and beam-beam interaction. The quality of the
linear aperture generally defines long-term beam stability and formation of the
beam halo. The head-on beam-beam effect is the major source of nonlinearities.
The strongly nonlinear beam-beam force excites high order betatron resonances

causing particles to diffuse into the tails of the transverse distributions and to
be lost. '

Fig.4. The scheme of the Tevatron

For the Tevatron in the colliding mode the measured value of the particle
loss on scrapers placed at 10 ¢ from the design orbit, where ¢ is the rms

transverse size of the beam, is about 0.4 x 10’ protons per second for 10"
particles in the beam [10]. This corresponds to a beam lifetime of about

70 hours. The projected proton intensity for the Tevatron collider is 5.4 x 10'2
[11], which implies proton loss of about 2 x 107 protons per second. It was
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Fig.5. Interpolation of the simulation data for the resonance
transverse excitation of the longitudinal halo of the Tevatron
beam to the extraction time of 10° s, Corresponding mean impact
parameter is equal to 0.0083 um

shown in [8], that practically all these particles could be channeled in a bent
crystal and delivered to the extraction line.

As was mentioned already, there is a serious difficulty with delivering the
beam into the extraction septum. If we suppose that the halo particle moves
away from the beam center at a typical rate of about 0.1 mm per hour, we get
a one turn step size of less than the size of an atom [12]. Of course, an
accelerator is not such a precise machine. Nonlinear effects due to multipole
magnetic components produce turn-to-turn variations of a particle trajectory.
Vibrations of quadrupoles, dipole power supply ripple and other noise sources
produce a beam position jitter. This could produce an impact parameter at a
crystal perhaps of an order of fraction of micrometer. Still, a simple crystal
extraction scheme would not be effective under these conditions because of the
large ratio of septum thickness to mean impact parameter. Radiation damage to
the crystal, which usually does not present a problem [13], in this case could be
worsened because of the very high spatial density of radiation, and would
reduce the channeling transparency of the crystal.
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Placing a crystal at a radial distance of 16-20 ¢ could partially solve the
problem. At this distance particles have stable trajectories for only several turns
and are well scattered in space. However, this is not really feasible because
scrapers must be placed at about 10 ¢ to control the beam loss.

One could overcome the difficulty of delivering halo beam particles well
into the crystal septum by using a crystalline scatterer. This idea and its
application to the SSC were examined in 1991 [14]. Instead of impinging
directly on the bent crystal, a particle first hits a thin crystalline scatterer placed
at the proper radial distance. To scatter a particle in the horizontal direction,
crystalline planes are placed vertically.

The crystal which thickness equals a quarter of oscillation wavelength of
particles in the planar channel works as a good scatterer. It broadens the angular
distribution of incident beam particles. However, a large part of incident
particles gets small angular deflections, smaller than the critical channeling
angle. They will form a maximum at the edge of the crystal deflector when such
a scatterer is used to throw circulating particles over the imperfect layer at the
bent crystal surface.

It was proposed in [8], as a development of an idea of a crystalline scatterer
[14], to align a scatterer along the beam with an angular offset of about 1/2 of
a critical angle, which makes the scatterer a «crystal mirror». Planar channeling
in such a mirror gives particles a kick, in a proper direction, of about a critical
angle of channeling, 17 prad for a tungsten (110) plane. The optimal thickness
of the crystal mirror in this case is one-half of a channeling wavelength,
because, in the first approximation for the parabola-like plane potential this
thickness images a paraliel beam into a parallel beam. For the tungsten (110)
plane and a proton energy of 900 GeV this thickness is about 24 um, and about
42 um in the case of silicon. For a beam with small angular divergence, more
than half of the incident particles are reflected in one pass, and this probability
rises due to multipass mode.

When a crystal is used as a mirror to throw halo particles of a circulating
beam over the crystal surface edge, the maximum of the impact parameter
distribution will be far enough from the crystal edge. Therefore, a particle loss
on the imperfect layer becomes smaller than with amorphous scatterer or with
crystal scatterer of 1/4 wavelength [11]. The remarkable peculiarity of such a
scatterer is the small thickness needed to give the particle a large angular
deflection, because scattering of particles occurs when the contributions of
crystal atoms are added coherently. It is important because the particle loss due
to inelastic interactions with scatterer atoms will be considerably smaller in this
case. Besides, a crystalline scatterer provides an angular deflection in only one
plane, perpendicular to the crystallographic planes.

An amorphous scatterer is less effective than the crystalline scatterer
because of the much larger thickness required. To provide the same scattering
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Fig.6. Iilustration of using ultrathin crystal as a crystal mirror. Angular distributions
of particles outgoing from the silicon crystal for the cases when its (110) planes are
tilted by 3.5 prad (a) and 5.25 prad (b) relative to the direction of the incident beam
of protons with energy 900 GeV. The insertion in (b) shows the trajectory of particle
reflected by the crystal plane

angle, 17 prad, a 0.4 c¢m thick amorphous tungsten scatterer would be required.
The rate of nuclear interactions in such a scatterer would amount to about 7%,
which would preclude to use such a scatterer in a multipass mode. Besides, it
always gives a maximum of an impact parameter distribution at the edge of the
crystal.

Figure 6 demonstrates angular distributions of outcoming particles for
different tilt angles of 900 GeV parallel proton beam with the silicon scatterer
of 42 um thickness (a Monte Carlo simulation). The large part of the particles
are mirror reflected, their deflectiornr angles are twice more than the tilt angle.
Figure 7 presents the mean deflection angle of protons versus the tilt angle of
the silicon scatterer. One can see the ability and limitations of the «crystal
mirror» technique.

At a typical thickness of 20-40 Hm angular miscut, nonflatness, other crys-
talline defects on the crystalline scatterer do not present serious problems. How-
ever, to reduce a problem one can use a very thin amorphous target as a
prescatterer. A 20-um thick amorphous tungsten prescatterer is a proper choice
for the Tevatron, providing about 1 prad angular kicks for particles in both
planes due to multiple scattering. At a radial position of 10 G it gives a mean
impact parameter at the crystalline scatterer of about 1 um. Naturally, the
amorphous target has no edge problems similar to the crystalline one. If a
particle did not pass through the full thickness of the prescatterer at the first
strike, initial angular disturbance due to multiple scattering will be increasing
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Fig.7. The mean deflection angle of 900 GeV protons by the
silicon scatterer versus its tilt angle. The straight line
corresponds to the case of an ideal mirror

with the subsequent passes until, finally, a particle will go into the bulk of a
prescatterer material and undergo a full multiple scattering.

C. Beam Halo Extraction Scheme and Simulation Results. During fixed
target runs, the electrostatic septum placed in DO straight section of the
Tevatron provides a 50 prad kick and drives 900 GeV protons to the extraction
Lambertson magnets in AQ. Therefore, a 100 urad bend in a crystal septum
would be quite enough to extract beam halo particles. Placed at radial distance
of 10 o, a crystal septum gives a particle an angular kick of about 10 rms beam
divergence, therefore providing a necessary separation of its trajectory from the
main circulating proton beam.

The authors [8] made quite detailed Monte Carlo simulation of the Tevatron
beam halo extraction. The location of the bent crystal was chosen again at the
CO straight section at the azimuth of E-853 experiment [5]. Here we remark that
although all calculations have been made for the CO section, results on the
bending efficiency are generally applicable to the most of the azimuthal
positions in the Tevatron.

The scheme of the extraction is presented in Fig.8. The extraction system
could be placed either in the horizontal or in the vertical plane. The extraction
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Fig.8. The diagram of
crystal extraction. SC1 —
amorphous prescatterer,
SC2 — crystalline scatterer,
BC — bent crystal, n —
number of turns necessary
for a particle to hit the next
target. SC1: Scatter foil
20 pm W; SC2: Crystal foil
42 um Si; BC: Bent Crystal
5 mm Si. nl: number of SC1 sc2 BC

turns to hit crystal foil,

typically about 300. n2: number of turns to hit bent crystal, typically 7-20. SC1, SC2, BC
are mounted on an optical table and aligned with tolerances about 1 pm

device consists of an amorphous prescatterer, SC1, a crystal scatterer, SC2, and
a bent crystal septum, BC. Although the most efficient azimuthal positions for
all three extraction elements would be different for each element, the same
azimuthal position for all of them was used in studies to simplify the
calculations and present a more practical case. In the simulation, the crystal
scatterer was placed immediately behind the bent crystal in the beam direction,
and the amorphous prescatterer was placed immediately behind it. The radial
position of the SC1 was chosen to be 6 mm, i.e., 10 6. Typically, a 20 um thick
amorphous tungsten prescatterer SC1 was used with an rms multiple scattering
angle of 1 prad. The inner edges of the crystal scatterer SC2 and the bent crystal
BC would be additionally shifted from the beam orbit. The radial positions of
SC2 and BC were varied to obtain an optimum for the extraction. The results
are typically obtained for the case with the bent crystal radial offset of 15 pm
relative to the SC2, that is close to optimal with respect to the loss in an
imperfect surface layer. The authors used a geometry in which particles were
deflected in the horizontal plane.

Beam dynamics in the accelerator enhances performance of the bent crystal
as an extraction device. Due to very slow transverse diffusion, beam halo
particles that encounter the crystal extraction system have a very narrow angular
spread (quasi-parallel beam), therefore providing a very high channeling
efficiency. In addition, due to the small scattering angles involved, a scattered
particle will make multiple passes through the bent crystal, increasing the prob-
ability of channeling. These two circumstances drive up the extraction
efficiency significantly. ;

The particle orbits were calculated for the two-dimensional (X-S) case. If
the halo formation is going independent in the X- and in the Y-plane, only half
a halo will be extracted by one crystal and another half will be scraped by the
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Y scraper. In this case one should place a similar extraction system in the Y-
plane to extract all the halo particles. The authors believe, however, that the
halo particles of large amplitude oscillations in the X-plane have large
amplitudes also in the Y-plane, and vice versa. In this case a bent crystal
extraction in one plane will work as an efficient drain for all the halo particles.

Particle trajectories both in the crystal scatterer SC2 and in the bent crystal
BC were calculated by a numerical solution of the equations of motion in the
potential of bent atomic planes. After a step size, which is much smaller than
the wavelength of a particle oscillation in the channel, the change of transverse
velocity due to multiple scattering was computed. More details of these
simulations can be found in reference [15]. The model describes well all the
existing experimental results on channeling with bent crystals.

A full simulation code was used that combines collider simulation with
tracking particles in a crystal. The code is based on previous studies [16] and
was adopted for the Tevatron lattice.

To simulate the beam halo, initial values X, X’ of particles were generated
at the bent crystal position using a uniform phase distribution and a flat
distribution from 6 mm to 6.0001 mm for the particle amplitudes X, . Typically,

1000 particles were generated for each version of initial conditions. After the
first collision with the amorphous prescatterer SC1, which gave a particle an
angular rms kick of 1 prad, a particle traveled typically many turns before it hits
the crystal scatterer SC2, placed at a radial position of 6.001 mm, i.e., outward
from SC1 by 1 um. A full turn transfer matrix for the X-plane was used to
transport particles through the accelerator ring.

As was mentioned before, the authors use a crystal SC2 as a crystalline
mirror with a tilt angle of about 1/2 of the critical channeling angle. Figure 9
shows typical impact parameter distributions at the bent crystal position for the
cases when the silicon (a) and tungsten (b) scatterers were used. The scatterer
SC2 clearly works as a crystal mirror. The distribution maxima are far enough
from the crystal edge. So, the thin tungsten crystalline mirror increases the
mean impact parameter at the bent crystal to about 200 pum.

Most of the particles that hit the bent crystal BC can be captured into
channeling regime by the bent planar channels. These particles are deflected at
a bending angle if they are not dechanneled due to multiple scattering by crystal
electrons and nuclei, and do not experience nuclear interactions. Another part of
particles will experience multiple scattering in the crystal (that is rather small)
or could be lost due to inelastic nuclear interactions. After multiple scattering in
the bent crystal, particles continue to travel around the accelerator and strike the
bent crystal again. The authors [8] assume that a particle is extracted if it leaves
from the crystal at the crystal bending angle, within the critical angle of
channeling. It was also assumed that the imperfect layer 0.5 pm thick exists at
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Fig.9. The impact parameter distributions of protons at the bent crystal when
different crystal mirrors SC2 were used: @ — silicon, b — tungsten

the crystal surface. These imperfections can include short planar channels due
to a crystal miscut or surface planar channels with shorter dechanneling length
than in the body of the crystal. These give particles large angular deflections,
but do not allow them to be extracted. It is probably a stricter limitation than in
reality.

The calculations were continued until all the particles end the process being
extracted, or experience a nuclear interaction, or being lost in the imperfect
surface layer, or dechanneled and lost in the accelerator.

Cooling the bent crystal allows one to reduce dechanneling and therefore
the particle losses in the crystal. The results of simulation presented below for
the bending angle of 100 prad and a 5 mm long silicon crystal were obtained
for the case when the crystal was cooled to 4K. For the optimum orientation
angle of the bent crystal, which is about 4.5 rad, the extraction efficiency was
0.988. For comparison, in the case without crystal scatterer, i.e., when the
tungsten amorphous prescatterer was used only, the extraction efficiency was
equal to about 60%. It is much smaller yet for the case of a bent crystal alone
due to larger particle losses in the imperfect crystal layer.

The fraction of protons extracted at the first passage through BC decreases
fast with the crystal disorientation, Fig.10a. However, a total extraction
efficiency decreases less than 10% in the angular range of 10 prad due to the
contribution of multiple passages of particles through the crystal deflector. Fig-
ure 10b presents the extraction efficiency versus SC2 orientation. Again, there
is no sharp efficiency dependence on SC2 orientation, due to multiple passages
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Fig.10. Extraction efficiency versus bent crystal orientation (a), curve 1.— first hit
extraction, curve 2 — multipass extraction, and versus crystal scatterer orientation (b)

through the crystal deflector BC. However, if one needs to reduce particle loss
during extraction to the level of less than 10%, a careful orientation of SC2
should be done because width of local maxima is of about a channeling critical
angle. The left local maximum in Fig.10b is suppressed in comparison with the
right one because BC orientation for these calculation was optimized for the
right one. ‘

The radial offset of the bent crystal BC relative to the crystal scatterer SC2
could be also important to get the highest extraction efficiency. There is no
strong efficiency dependence when this offset is bigger than 5 pm. For small
offset of about 1 pm there is a large fraction of particles which are not mirror
reflected in SC2. They hit the bent crystal near its inner edge. This leads to the
efficiency decrease because of the particle loss in the imperfect layer.

A 100 prad bend was considered as the most efficient. Extraction efficiency
was studied also for a 600 prad bend and for a 3 mrad bend, and happen to be
0.981 and 0.840, correspondingly.

II. BEAM IMPROVEMENTS AND BEAM DIAGNOSTICS

A. Collider Model. Few years ago a Monte Carlo computer code was
developed [17] to simulate the decoherence of beam oscillations in the SSC
collider due to the tune spread generated by the head-on beam-beam interaction.
The code was proven to be a reliable tool in studies of major beam dynamics in
colliders and recently was successfully applied to the LHC. The results of the
simulations [17] were compared with previous theoretical estimates on the
decoherence time [18], and sufficient disagreement was found.



INNOVATIONS IN ACCELERATOR TECHNOLOGY 691

In a collider, there exist many external circumstances in which the centroid
of a circulating beam is displaced from the design orbit. If particle motions are
linear, the displaced beam will undergo betatron oscillations as a whole
(coherently) because all particles in the beam have the same tune, defined by
the number of betatron oscillations in one revolution. However, nonlinearities
in the machine can cause different particles to have different tunes, i.e., can
generate a tune spread in the beam. When this is the case, the betatron motions
of particles in a displaced beam will not be coherent, and the so-called phase
mixing or decoherence results. Eventually, the phase space distribution of the
beam will approach an equilibrium with the beam centroid returning to the
design orbit; and the beam size (emittance) enlarged. For the SSC Project, the
tune spread was primarily generated by the nonlinear Coulomb force
experienced by the two counter-rotating beams when they collide at the
interaction points, i.e., the so-called head-on beam-beam interaction.

In the paper [17], using the so-called weak-strong model, the authors
simulated the head-on beam-beam interaction for the SSC Project in the two
low-B IRs and estimated the decoherence time of an initially displaced beam in
the presence of the beam-beam interaction.

Particles were tracked in the four-dimensional phase space (X, X', ¥, Y)
using a linear lattice for the SSC collider. Three locations in the lattice have
been considered: the two interaction points IP1 and IP2, and the location M
where the beam positions are measured. The Table lists the relevant lattice
parameters at these three locations.

The initial values of X, X', ¥, ¥ of the particles were generated at the
location M using Gaussian distributions with a normalized emittance of
gy = 1 mm-mrad for both X and ¥ directions. The initial rms beam size in one

Table. SSC Project lattice parameters at locations IP1, IP2 and M

IP1 IP2 M
N 36 947.925 m 39 467.925 m 86 525.550 m
Oy -0.003 -0.015 0.115
Bx 0.501 m 0.502 m 427477 m
Qy -0.024 0.001 —0.495
By 0.505 m 0.493 m 533.929 m
Ox 52.022 56.275 122.735
Oy 51.138 55.385 121.753

S: path length; o, B: usual Courant-Snyder parameters; Q. Qy: tune advances. The total
tune advances in one revolution are: v_ = 123.285 and vy, = 122.265.
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direction is then 6 =140 pum. Once generated, the initial beam was displaced
horizontally by an amount AX,, i.e., for every particle X; - X;+ AX,. Three

transfer matrices were then used to carry the particles once around the collider
ring: from the location M through the interaction points IP1 and IP2, and back
to the location M. Typically 10,000 particles were tracked for 5,000 turns. At
the interaction points, particles were given kicks due to the Coulomb force
between the particle and counter-rotating bunch, so that their angles were
changed to

X 5X+AX, Y5 Y +AY. 1)

The kicks, AX’ and AY’, were calculated using the weak-strong model in
which the beam under consideration is regarded «weak» and the counter-
rotating beam, unperturbed by the weak beam, is regarded «strong».
Assuming that the particle distribution in the strong beam is a round
Gaussian, i.e., the beam sizes in X and Y directions are the same, the kicks
are given by [19]

’ 2N, r 2 2
2Ny, [ xPey?)I[x
[AY'] - YP X2 + Y2 (1 o ( 202 JJ[Y] , (2)

where N, is the number of particles in a bunch of the strong beam, r the

classical proton radius, A the Lorentz relativistic factor for a 20 TeV proton,
and ¢ the rms beam size at the low-p IPs. The authors have used
N, =0.8x 10'° and 6=5 pum in accordance with the SSC baseline design. In

the formula (2) X and Y are the real positions of particles in the weak beam
with respect to the design orbit, which is fixed and coincides with the beam
centroid of the strong beam.

After each turn, at the location M, the authors calculated the beam centroid
in phase space

N N

1 , 1

X=y X X. X=X X, 3
i=1 i=1

and the beam emittance relative to the beam centroid

N
T A A A A
é:N .Z (¥X* + 20X X', + BX) , @)
A A i=1
where X,=X,-X, X';=X,-X, ‘y=(l+(x2)/B, and N is the number of

particles being tracked. As we will see below, this relative-to-centroid beam
emittance will grow and reach a maximal value in the decoherence process.
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Fig.12. Oscillations of the beam centroid X . (a) and growth of the relative-to-centroid beam
emittance € (b) due to the decoherence process after an initial beam displacement of 50 um

Hence its growth profile is used in the following to characterize the time scale
of the decoherence process.

To illustrate the decoherent process due to the beam-beam interaction, we
show in Fig.11 the phase space distributions of the beam at 1000 and 5000 turns
after its initial displacement of AX,=500 pm. Here we see that the beam

distribution in phase space is being homogenized. The authors [17] show the
time evolution of the centroid position X_ and the beam emittance €in Fig.12a,b

respectively for an initial beam displacement of AX, =50 pm. Here we see that,

as the beam decoheres, X_ oscillates with decreasing amplitude and eventually
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settles around zero (the design orbit), and that € increases monotonously (on the
time scale of a few turns) and finally approaches a steady-state value. Both
figures clearly indicate that a new equilibrium is being reached in the beam after
an initial displacement. Shown in the figures is typical what will occur during
the decoherence process, regardless of the amount of the initial displacement.
As discussed earlier, phase mixing of particles due to the tune spread generated
by the beam-beam interaction has lead to a new equilibrium in the beam.

It is convenient to use the evolution profile of € to determine the time scale
of the decoherence process or the decoherence time. The autho/{s define the
decoherence time to be the time or the turn number at which € reaches the
midpoint between the initial and final values. The decoherence time so defined
and its dependence on the initial beam displacement is shown in Fig.13. It
appears that the decoherence time remains fairly constant (about 400 turns or
0.12 seconds) for small beam displacements and increases rapidly when the
beam displacement exceeds 1.5 ©.

It was reported in [18] that the decoherence time is approximately 0.8
seconds for the SSC. This seems in serious disagreement with our simulation
results [17], where it was about 0.12 seconds. Because the decoherence time is
an important parameter in the design of feedback systems, it should be
estimated carefully. After we pointed out the discrepancy, a more detailed
theoretical calculation [20] showed good agreement with our simulation.

B. Compensation of the Beam-Beam Effect in Proton-Proton Colliders.
As it was already mentioned, the head-on beam-beam effect is the major source
of nonlinearities in high energy colliders. Such a nonlinearity imposes strict
limits on the collider luminosity due to the beam instability. The head-on beam-
beam instability remains as the most fundamental luminosity limitation for
proton-proton colliders. The strongly nonlinear beam-beam force excites high
order betatron resonances, so particles diffuse into the tails of the transverse
distributions and get lost. For the SSC collider Project the beam-beam
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2 -1

interaction luminosity limit was about 3 x 103 em™ s, i.e., well above the

design luminosity of 10% cm™%7L. However, the tune spread generated by

head-on beam-beam interactions causes fast decoherence of the betatron
oscillations [17] and, therefore, imposes more stringent requirements on any
feedback system. This was especially important for such a low emittance

machine as was in the SSC Project. For the LHC collider the beam-beam

2 -1

interaction luminosity limit is about 2.5 x 1034 cm ‘s, i.e., still above the

design luminosity of 1.0 x 10°* cm™2s™!, but this gap is already not as big as

was for the SSC Project. Therefore, for the LHC collider a solution for reducing
the head-on beam-beam effect is important.

The head-on beam-beam effect in proton-proton machines might be
compensated, under certain conditions, by collisions of the bunch on each turn
with a space charge of the opposite sign, for example, with a low energy
electron beam. Originally, the idea of a beam-beam effect compensation was
suggested in [21].

An ideal solution for compensation of the beam-beam effect in proton-
proton machines is an instantaneous collision of a proton bunch with a counter-
rotating beam of negatively charged particles having the same parameters as a
counter-rotating proton bunch. In this case the angular kick delivered to each
primary proton by the space charge of the counter-rotating proton bunch would
be exactly canceled by the kick delivered by the space charge of the
compensating beam. A low energy electron beam could be proposed as a
compensating beam. It is important that the compensating beam be formed with
the same two-dimensional transverse coordinate distribution as the proton
bunch. The longitudinal profile of the compensating beam is not very important,
because the angular kick delivered to the primary proton by the compensating
beam could be accumulated along the length of the available collision region
(about two meters for the SSC Project and the LHC), which is still short in
comparison with a betatron wave length.

Instead of a compensating collision point placed immediately after the
proton-proton collision, one can place the collision point in a more accessible
location with a betatron phase advance relative to the proton-proton collision
point of n%, where n is integer, the same in the X-plane and in the Y-plane. Here
the image of the proton beam in the X—Y plane is similar to the image in the
proton-proton interaction point, being different only in scale. By using a place
in the lattice with high beta values one could relax the requirement to form a
beam of a very small size, as in the low-B IPs.

The current in the relativistic electron beam that is necessary for
compensation of the beam-beam effect of the counter-rotating beam is defined
by the current of the proton beam and its size. Electron guns with necessary
parameters are available from the industry.
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Fig.14. The scheme of a beam-beam compensating device. A
low energy electron source collides with a bunch of protons.
Electrons are kept stable in space by a solenoidal magnetic
field. After collision with the proton bunch an electron beam is
deflected to the image detector which is used for steering the
electron beam relative to the proton bunch

One of the problems with using a low energy electron beam for beam-beam
effect compensation is electron oscillations during passage through the proton
bunch. Even passing once and then being dumped, electrons experience some
oscillations inside the proton bunch, which makes distribution of proper kicks
among all the protons in the bunch difficult. Several different methods were
considered by the authors [21] to avoid this difficulty. The ZBEAM tracing
code [22] was used to study the electron trajectories inside the proton bunch. It
was found that the use of a solenoidal field presents the best solution to the
problem. Therefore, for a round Gaussian beam a collision of a proton bunch
“with a low energy electron beam kept stable by a solenoidal magnetic field will
adequately approximate a proton-proton collision with the opposite sign of the
effect.

Figure 14 presents a design for a possible device for beam-beam effect
compensation. A low energy electron beam, being kept transversally stable by
the solenoidal magnetic field, is directed by the deflecting magnets to the
interaction region to produce a head-on collision with the proton bunch. The
influence of the solenoidal magnetic field on the proton bunch is then
compensated by the same field configuration with the opposite polarity.

In paper {23], the authors presented simulation results related to the prob-
lem of beam-beam effect compensation for the LHC. The results are
summarized in Figs.15,16, where the decoherence time and the rms beam tune
spread are plotted versus the electron beam displacement, its relative charge,
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Fig.15. Results of using the beam-beam compensating device. Decoherence time
expressed in number of turns (a) and rms tune spread of the beam particles (b)
versus displacement of the compensating electron beam from the closed orbit

RMS tune spread

Fig.16. Results of using the beam-beam compensating device. RMS tune spread of
the beam particles versus the ratio of the electron to proton bunch charges (a) and
versus the ratio of the electron to proton bunch sizes (b) (white circles).
Displacement of the electron bunch is 0.1 ©. The leftmost point corresponds to the
case without compensation

and transverse size. The authors [23] proposed to use a solenoidal magnetic
field as a method to prevent electron oscillations. It was shown that in the case
of B=2 Tesla for the LHC beam the radial position of a 10 keV electron
remains constant with an accuracy of about two micrometers.

The presented results show that in the case of the LHC it is possible to
achieve a good beam-beam effect compensation with the resulting reduction of
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the beam tune spread by a factor of up to about 100, with reasonable tolerances
on the electron beam parameters. Further increase of the design LHC luminosity
becomes in principal feasible.

C. Intelligent Damper System. A novel transverse beam damper system
improving stability against ground motion, resistive wall instabilities, and other
effects in colliders was proposed and developed during the SSC Project
evaluation [24]. The novel feature of the system is the use of two kickers, which
permits almost exact orbit compensation within one turn.

Transverse damping is very important for large circular accelerators, such
as the LHC, because of resistive wall instabilities, motion of quadrupoles due to
ground motion, power supply ripple in dipoles, etc. A minimal transverse
damping system consists of one Beam Position Monitor (BPM), followed
downstream, with betatron phase advance that is an odd multiple of © /2, by
one kicker. For a beam bunch oscillating with optimal phase, this configuration
can provide single turn, unity-gain damping. That is, the kicker can cancel the
full betatron oscillation measured by the detector the first time the bunch passes
the kicker.

This minimal scheme has two disadvantages. One is the operational
difficulty of preserving the required betatron phase relationship between pick-
up and kicker as the lattice optics are altered. This is especially true because
according to transit time requirements the kicker to be displaced by a large
fraction of the ring circumference. A well-known fix for this problem is to
provide two pick-ups, separated by roughly ©/2 in phase.

The other problem with the minimal scheme is that the phase of the bunch
is uncertain, and instead of full cancellation, damping of the betatron oscillation
is provided only in some number of turns that depends on the lattice tune.
Proposed scheme [24], requiring the use of two kickers, spaced presumably by
n/2, is able to cancel the oscillations for each bunch exactly, not just
statistically. This cancellation is independent of the betatron oscillation phase.
Damping of the transverse bunch oscillations may be treated as a pure trajectory
task and, in a linear machine approximation, has an exact, single turn, solution,
not just a statistical solution. Of course, the precision with which this can be
accomplished depends on the accuracy of the beam position monitors.

Damping systems with two BPMs and two kickers have been discussed
before [25,26,27,28], but without elimination of phase dependence. The
proposed scheme provides improved damping of instabilities with shorter
growth times and noise sources of greater amplitude.

A simplified diagram of the proposed two-BPM, two-kicker scheme is
shown in Fig.17. As far as we know, the basic idea is original. It can be called
«intelligent» in that it is assumed that a certain amount of calculation can be
performed in the time available before the kicker voltage is applied.



INNOVATIONS IN ACCELERATOR TECHNOLOGY 699

Collider Bunch Damping System

BPM2

Fig.17. Collider bunch-by-bunch transverse damping system.
Kickers K1 and K2 apply kicks calculated from displacements
X1 and X2, measured at BPM1 and BPM2. Betatron phase
advances between elements ¢, ¥ and &, are defined as shown.
The solid line is the uncorrected trajectory. The dashed line is
the corrected trajectory

Let us consider fully decoupled motion restricted to a single plane, say
horizontal. Two beam position monitors, BPM1 and BPM2, separated by beta-
tron phase angle ¢, measure horizontal positions of the bunch in two locations
along its orbit. This information is processed, and correction signals are sent to
two kickers, K1 and K2, separated by approximately ®/2. To simplify the
picture, it will be assumed that the gain of the electronics is 1. At the first
kicker K1 an angular kick is produced which sets the slope of the bunch motion
X’ to some value, X’;, which is necessary to bring a bunch at the K2 position

with zero displacement. Let us bring the bunch from point 3 to point 4

Bs 1/ : .
x,) |@) st rogsind (g3B4)‘/ 2sin& X,
1T 1 P3.1/2 . X ’
. +a3‘11;‘ 5 sin§ + (13_0:4/2 cos § (B4) 7? (cos &-o, sin &) 3(@)
(B;B,) (B;B,)

where X',(a) is the slope of a bunch after the K1. Here o, and B, are the

Courant-Snyder parameters of the lattice.
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Therefore,

(E—)l/ 2 (cos &+ ay sin )X, + (B,B 4) 2sin € X'5(a).

Because we are seeking X, =0, then

X ya)=- Bl— (cot & + o)X,
3
where
= (P—)l/2 (cos ¥ + o, sin )X, + (B3B2) /2 in 7 X’

where

1+o,00 )

X, =- sin ¢ + cos ¢ X, +
2 [ B,8y'"? 3,8,/ ‘
+ (Pi)‘/ *(cos ¢ — o, sin $)X',,
B,
where
X, X,
X, = < (0, +cotd).

' sing B,B' 2 By
At the same time, the slope of the bunch before K1 X'3(b) is

“2“3 sin "2 %

+(%1/2
3

Therefore, the necessary kick AX’ 3 is

(cos ¥ — oy sin W)X,

AX', = X' y(a@) = X'(b).

Again, from the matrix transformation,

lvoge, oo
X, =~ +
4 [ G B4>‘/2°°S+

+ (?'3)1 "%(cos & - o, sin E)X'y(a).
4

(5)
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To bring the bunch slope to zero after K2, the necessary kick is

AX ==X, (©6)

Eq.(6) can be simplified immediately if the optional choice, E=m/2, has been

made. However, it is not essential for that condition to be satisfied exactly.
The computations needed to determine kicks AX’; and AX’y can be

expressed as two linear relations

AX';=a X +a,X,, )]
AX', =b.X, +b,X,, ®)

where constants a a,, b‘, and b2, are precalculated from the lattice constants.

Since the phase differences ¢,y and & are functions of the tune these
constants must be recalculated when the lattice is retuned.

To insure that the information from BPM1 and BPM? is maximally inde-
pendent, which optimizes the accuracy of AX’; and AX’,, their phase separation

should approximately satisfy the condition ¢ ~ = /2.

In any practical system, since the bunch will outrun any correction signal
to downstream kickers, one must wait for almost one revolution of the bunch
around the collider circumference. This sets a natural limit on the performance
of the damping system. All stochastic deviations accumulating in one turn can
then be corrected after an additional turn.

The configuration can be used for bunch-by-bunch damping. If digital
arithmetic is used, analog-to-digital conversion of bunch displacements, for
colliders similar to the SSC, must occur at the 60 MHz bunch passage
frequency, and performing the calculations of Eqs.(7) and (8) must proceed at
a 240 Megaflop rate. Also the kicker rise time must correspond to the same
60 MHz frequency. It appears at present time to be technically possible to meet
these requirements.

The damping system proposed could be used for all stages of collider ring
operation — injection, acceleration, collision — if the dynamic range of the
apparatus is made wide enough, from micrometers to millimeters.

D. Electron Beam Probe for Beam Diagnostics. Recently, a low-energy
electron beam was proposed [29] for nonperturbing diagnostics of high-energy
electron beams, based on earlier works [30]. This approach could be applied to
any high energy collider for precise and nondisturbing beam diagnostics.

A diagram of the beam emittance monitor for high energy colliders using a
low-energy probe electron beam is presented in Fig.18. An electron gun directs
a 10-keV electron beam perpendicular to a proton beam. Deflected electrons are
detected with a position sensitive detector. The monitor can use a well-focused
electron beam sweeping through the proton beam, or a wide, parallel electron
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Fig.18. Electron beam profile monitor for a high energy collider

beam. Single bunch measurements are possible in the latter case, i.e., when
illuminating a bunch of high-energy particles by a wide parallel electron beam
one can obtain a specific «shadow picture» of the proton bunch.

The authors [29] used the ZBEAM simulation code [22] to trace probe
electrons in the vicinity of a 20 TeV beam of the SSC Project. The bunch
structure of the 20 TeV beam was taken into account. The bunch was

considered as a moving charge equivalent to the charge of 10'° protons with
three-dimensional Gaussian distribution in space. A Gaussian distribution with
Gz=5 cm was used in the Z-direction. For a round Gaussian, O‘X=0y, different

transverse beam sizes were considered. The electrons were exactly synchronized
with the proton bunch. The Z-component of the electrical field of the bunch is
rather small, and authors neglect it.

It was found that the electron deflection angle is quite sensitive to the
position of the electron beam inside the proton bunch. Figure 19a presents the
deflection angle of the electron versus its distance from the center of the proton
beam (impact parameter) for different beam sizes. By measuring the deflection
of the electron beam, it is possible to obtain the rms transverse size of the beam
with good precision. The probing electron beam would be swept across the
main beam to obtain a full deflection profile. Electrons should be focused in the
plane of the proton beam in a spot less than 10 pum in size in order to not
introduce any significant broadening to the measured beam size.



INNOVATIONS IN ACCELERATOR TECHNOLOGY 703

6| 3 g
= [ g 2
& [ -
g *2r b I
t S os
~ f S o
L L. -
S af 3 ': 04
8
s . 1 =
g ®F S e
S S
S of i =
~ -3 -0.4
8 - a
% 9 2 -08
. - [
L -
2
= 4 - E 12
3
[HUUN VU VU TUUIE TUUI VU FUUNE TUU PN =0 TUUUN SUUUS YUUUR FUNUE TUUUY DUUIN SUUEN SUUNE
0.08 o 018 02 025 03 02 04 04 OF «20 ~180 =12 =08 ~04 O 04 08 12 1.8 20
Impact parameter, mm Impact parameler, mm

Fig.19. Deflection angle of 10 keV electrons (a) and its X-position at the detector (b)
versus impact parameter with the proton bunch. The distribution of the proton bunch
charge is three-dimensional Gaussian with 6, = Oy, um: 50 (solid line), 100 (dashed),

200 (dotted), 500 (dash-dotted). o,=5cm

A notable feature of Fig.19a is the leveling off of the deflection angle for
values of the impact parameter which exceed the X-extent of the beam. If the
impact parameter b is beyond the X-extent of the beam, but still very small
compared to the Z-extent of the bunch, it is reasonable to model the force felt
by the probe electron as that due to an infinite line charge,

FR —2eq,R
ME

where e is the electron’s charge, g, is the linear charge density of the

, )

idealized line charge, and R is the two-dimensional vector (X, Y).
The change in momentum experienced by the electron is given by the
impulse produced by this force along the electron’s trajectory,

Ap= [ dtF@R()). (10)
In our case the electron deflection angles are small enough, 6<<1,
therefore, the impulse approximation, 8 =Ap/p, can be used. So, for the
deflection angle we have
2eqL 2meq,

T bdt
0=- = sgn(b). 11

That is the deflection angle received by the electron is actually independent
of the impact parameter value b.
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Let us now try to extend the model to apply to smaller values of the
magnitude of the impact parameter b. We must abandon the simple line charge
in favor of an X—7Y charge distribution p,(R), which is still constant in the

Z-direction,
[ rp,®) =g, (12)
where q; is the X—7Y integrated constant linear charge density, as before. In

this case, the force on the probe electron is given by the appropriate gene-
ralization of Eq.(9),

, . (R=R)
F(R)=-2¢ | Rp,(R) 2= (13)
-[ L I R-R I 2
For the deflection angle we obtain in this case
zn o0 oo
o) =-—=% [ ar [ dxp, X, 1) sen (o -X). (14)
m’Yv —0 —X3

When the magnitude of the impact parameter b exceeds the X-extent of the
charge distribution p, (X, Y), Eq.(14) simply reduces to our previous result
given in Eq.(11).

The equation (14) has an interesting property. The only b-dependent factor
on the right-hand side of Eq.(14) is sgn(b - X), which appears within the X-

integrand. It is well known that differentiating the sgn function produces a delta
function,

d

& sgn(b-X)=28(-X) . (15)
Thus,

40 4me [

B e i dYp, (b, V) . (16)

In other words, the derivative of the deflection angle as a function of impact
parameter is proportional to the Y-integrated profile of the transverse beam
charge distribution p,. This happens to be precisely the same information as

one obtains from a probe wire («flying wire») which is passed perpendicular
to the beam in the Y-direction (that of the probe electron) through the X-point
corresponding to that electron’s impact parameter b.

Figure 195 presents the dependence of the X-position of a deflected electron
at the detector (at Y=2 cm) versus its impact parameter (initial X-position at
Y=-1 cm). Electrons are «switched» in the X-direction by the proton bunch
charge around the center of the proton beam, and the shape of this switching is
defined by the proton beam profile.
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Fig.20. The diagram of the PSD fe— A—
position sensor. 10 KeV X
electron beam strikes the
20 TeV proton bunch. If
the proton bunch is
displaced off-center by the
distance of a, electron beam
position will be displaced
by the distance of A. PSD
— a position sensitive
detector
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Our simulation studies for the alternative case with a wide, parallel,
uniformly distributed electron beam have shown, that the shape of the beam
profile resulting from the interaction with the proton beam is very sensitive to
the size of the proton beam [29].

High energy accelerator complexes require feedback systems to dump down
injector errors and prevent an emittance growth due to quadrupole vibrations,
multibunch instabilities, power supply ripples, etc. Such systems usually
involve beam position monitors, providing the information which is used to
correct a particle orbit by electrostatic kickers. The noise of a beam position
monitor is one of the limiting factors of the systems. An alternative approach to
the construction of the essentially «noiseless» beam position monitor based on
using a low energy electron beam probe is discussed in paper [31]. Electron
beam scattering on an electromagnetic radiation in equilibrium with a
temperature of surrounding beam tube is very small and has been neglected.

The diagram of the sensor is presented in Fig.20. If one uses 10 keV
electron beam as a probe, the maximum angle of the electron beam deflection
by the proton bunch for a collider like the SSC Project is about 40 mrad.
Displacement of the bunch with the X-size of 100 pm in transverse direction by
the distance of 1 pum typically will cause a deflection of the electron beam by
about 0.8 mrad, which at the distance of 50 cm from the 20 TeV beam center
translates to about 400 pm, a distance well measurable.

E. Charge Tracing Code for Collider Environment and More
Applications. A full Monte Carlo computer code describing behaviour of
electrons and ions in the vicinity of any space charges, electrical and magnetic
fields was developed. Parameters of the code were optimized for a high energy
collider environment. Some results of calculations with a neutral beam profile
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monitor, a residual gas beam profile monitor, and an electron beam emittance
monitor were published [22].

Transport codes to trace particles in high energy accelerators are well estab-
lished for many years. However, some miscellaneous processes accompanying
acceleration of particles, such as motion of the residual gas ions and electrons
in the field of a beam space charge, under the influence of external electrical
and magnetic fields usually have not been treated accurately. Nonperturbing
beam diagnostics using low energy electron beams as a probe also require
special computer codes to understand the results.

The motion of charges in the laboratory frame in some external electrical
and magnetic fields and in the presence of some additional moving electrical
charges can be described by the equation

d2r ‘ n n
;E=q(E+[va]+ > E+ Y [vxB)). 17)
i=1 i=1
Here m is the particle mass, ¢ is its electrical charge, v — its velocity, E and
B are external electrical and magnetic fields, E, is an electrical field created

by the electrical charges nearby the particle (bunch charge), B, is a magnetic

field associated with a moving charge. In a simulation code a bunch could be
presented as a «cloud» of moving electrical charges with a total charge equal
to the bunch charge.

The authors [22] found, however, that the practical limit due to a limited

speed of computation restricts us to use more than 10° separate charge sources .
in the trajectory code. This amount of charges still does not allow to perform
precise trajectory calculations due to the large fluctuations of a «charge density»
in such a bunch. This is especially emphasized by the circumstance that the
longitudinal size of a bunch at high energy colliders is much larger than its
transverse sizes. The design length of the bunch in the collider (the SSC Project
case) is of the order of 10 cm, at the same time its transverse sizes are about
100 micrometers. The authors [22] represent the bunch by the set of the «wire»
charges. As it happens, it is quite possible to reach a satisfactory solution of the

problem with a number of «wire» charges of the order of 10*. This essentially
means that the longitudinal component of the electrical force of the bunch
charge is neglected. The code, although being truly three-dimensional, uses a
virtually «two-dimensional» X—Y bunch representation. The Z-variation of the
bunch charge density is described with the corresponding time variation of the
«wire» charge (and current) density. Lorentz shrinking of the electrical field of
an individual proton does not really change the time integral of the bunch field
in the case of the dense bunch [32].
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The X- and Y-distributions of the bunch charge were varied separately
according to the desired shape — Gaussian, uniform density, etc. The
electromagnetic field created by each «wire» is calculated as a field of infinitely
long wire with a charge (and a current) density variable in the Z-direction:

_ {2y, |
= 2mey {19
1
B,=— (VXE). (19)
C

In its turn, Z=Z(f) = ct, c is a speed of light, v is a bunch velocity. Additional
input parameters are ion (or electron) velocity and magnitudes of the external
electrical and magnetic fields.

Tracking a particle in ZBEAM code is achieved by integrating the equation
of motion over successive small time steps. Tracking stops when the particle
reaches a detector or leaves the region of interaction.

ZBEAM code was used for calculations of possible beam-beam space
charge effect compensation in colliders, described earlier. Low energy electron
probe monitor calculations described earlier are based also on this code. In
addition, a residual gas ionization beam profile monitor for the SSC was
considered in detail [33] using ZBEAM code [22]. It was shown that a good
spatial resolution in beam profile measurements could be obtained using a
combination of electrical and magnetic fields.

Calculations indicate that the statistics are high enough to expect good
spatial resolution for a residual gas ionization monitor. However, systematic
effects could smear the resolution for the SSC beam. Electrons produced with
velocity close to zero are affected by beam charge, and so the space information
could be essentially lost. One can expect a better performance of such a monitor
if strong external electrical and magnetic fields are applied.

A diagram of the residual gas ionization monitor using a dipole magnetic
field is presented in Fig.21. Two magnets are used to compensate for the
influence of the magnetic field on beam dynamics. Electrons are accelerated up
to the energy of about 30 keV and detected by a position sensitive detector. One
can achieve some magnification of the beam profile image using specially
shaped magnetic and electrical fields.

A two-dimensional Gaussian distribution with 0,=0,= 50 wm was used to
describe a bunched beam; the bunch length was taken to equal 10 cm, and
protons were uniformly distributed in the Z-direction. The number of protons in

the bunch was 10'". External electrical and magnetic fields directed along the
Y-axis (perpendicular to the beam direction) were applied. Ion-electron pairs are
produced in space according to the proton density in a bunch. The energy
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spectrum of electrons was produced according to a 1/E 2 dependence,
beginning from E, =3 eV. It was assumed that 90% of electrons will produce a

good image of the beam, i.e., the authors neglect 10% of all electrons with
recoil energy of more than 30 eV. The velocity vectors of the electrons were
distributed isotropically in space. Finally, electrons were «collected» by the
detector at the Y =2 cm plane.

The distribution of electrons arriving at the detector plane of the residual
gas ionization monitor for a uniform magnetic field of 2 T and external constant
electrical field of 10 kV/cm was studied. An rms spread of about 5 pm was
obtained, and this was satisfactory for the requirements to the SSC emittance
monitors.

SUMMARY

As was already mentioned, beam extraction experiments with bent crystals

are in progress at CERN and Fermilab. 107 protons per spill are being extracted
on a regular basis from the 70 GeV accelerator at IHEP, Serpukhov. Studies
related to the crystal extraction from the LHC are planned at CERN. However,
rather low extraction efficiencies (about 10% at CERN SPS) up to now have
been a serious obstacle to a practical use of the method. The studies [8] promise
to overcome this limitation and open the way for wider application of the
technique.

During these studies the authors believe they found the practical way to
make proton collider a double feature machine, producing low intensity
extracted beams simultaneously with colliding beam experiments. They have
presented a high efficiency stationary passive device for the beam halo crystal
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extraction. It would extract the natural proton beam loss, the beam halo, which

for the Tevatron is about 2 x 107 protons per second, and about 10° protons per
second for the LHC. The process does not interfere with colliding beam
experiments. Thus, the device is suitable for cleaning up the proton beam halo
(a clean crystal scraper), or for useful extraction of the proton beam halo
particles with about a 99% efficiency. When it is used as a clean scraper, it
could work as an efficient clean radiation drain preventing radiation due to a
proton beam loss. Alternatively, small fixed target experiments could be carried
out making use of this proton flux, including fixed-target B physics. The device
could enhance detector R&D studies.

The device is suitable to be used at the LHC collider for both circulating
proton beams. It could reduce the background radiation due to a beam halo loss
by a factor of about 100.

Computer simulations were carried out to study the decoherence of beam
oscillations in the SSC in head-on beam-beam interactions in a collider. It was
found that, for the SSC baseline conditions, the decoherence time due to the
beam-beam tune spread would be around 0.1 second, about seven times shorter
than the previous theoretical estimate. Since the damping time should be short
compared with the decoherence time, this result has important consequences for
the design of the damping systems.

It was shown that the head-on beam-beam effect in proton-proton machines
might be compensated, under appropriate conditions, by collisions of the bunch
on each turn with a space charge of the opposite sign. For the positively-
charged proton beams, for example, such an opposite-sign space charge might
be provided by a low energy electron beam. Studies carried out for the SSC
Project and for the LHC indicate that for reasonable tolerances on the electron
beam parameters it is possible to achieve a good beam-beam effect
compensation and reduce a tune spread due to the head-on space charge beam-
beam effect by two orders of magnitude, which would improve considerably the
high-luminosity performance of future colliders.

A full Monte Carlo computer code describing the behavior of electrons and
ions in the vicinity of a space charge, and of electrical and magnetic fields was
developed. The parameters of the code were optimized for a collider
environment. Calculations were performed with the code for a residual-gas
beam profile monitor, and an electron-beam-probe emittance monitor.

Initially the use of flying wires and synchrotron radiation imaging were
proposed for determining the beam profile for the SSC Project. It was thought
that the synchrotron radiation imaging would provide a continuous, non-
interfering monitor of the beam profile. However, closer examination revealed
that, because of a small size and high energy of the beam, the image would
suffer from a large amount of diffraction broadening. This broadening would
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reduce the sensitivity of the measurement to an unacceptable level. The
realization of this difficulty led to a survey of the known minimal-interference
measurement techniques which might be applicable at the SSC for determining
the beam size. It was concluded that, of the approaches that appeared to be
feasible, use of a low-energy electron beam probe offered the most promise.
The results of simulations using this approach showed promise for providing
useful transverse and longitudinal beam profile measurements, and this could be
effectively used at the LHC.

In the course of the SSC Project design the authors [24] devised and studied
a so-called «intelligent> damping scheme, involving the use of two kickers,
spaced by preferably 1/4 betatron wave lengths. This design provides the
capability of exactly canceling the coherent betatron oscillations for each bunch
in a single turn, in contrast to the statistical cancellation of previous devices.
The cancellation would be independent of betatron oscillation phase. This
scheme would be vital for the LHC and future colliders because of the very
strict operational tolerances required.
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MPABUTALUMOHHAA N SNIEKTPOMAIHUTHAA
SA0AYN NBYX TEN
B CMEULUATIBHO-PENTATUBUCTCKOM
NOAXOOE NMYAHKAPE

P.A.Acanoes, I'.H.Aganacves
O6beanHeHHBIN MHCTUTYT SaepHbIX uccnesosaHunii, QyGHa

PaccmatpuBaercs cucreMa ABYX DENSTHBHCTCKHX GECCIIMHOBBIX Tell, B3aHMOMEHACTBY-
IOLIKX C TOMOLIBIO TOJILKO 3aNa3fbIBAKINKX CUJI, PACTIPOCTPAHSIOIIMXCS CO CKOPOCTHIO CBE-
Ta. ®opMmynuposka [lyaHKape rpaBHTAlMOHHOM 3a4a4M CONEPXHT [BE TMPOM3BOIBHBIE
¢ynxuuu. [lpu onpeneneHHoM BHIGOpEe 9THX (GYHKLMIl TIOMY4EHO HMPABWIBHOE OIMCAHHE
Tpex u3BecTHhX 3pdexros OTO u sdexra 3amepXKu PagHONOKAUHOHHBIX CHIHATIOB.
OGoGwentr ypaHenus [lyaHKape M faHbl MIPUMepBl CII, PHBOAAIIMX K NBHXEHHIO IBYX
TeJl IO OKPYXXHOCTH, H CHII, IPUBONAILIMX K NpsAMONMHEHHOMY nBHXeHuo. KpaTko paccMmor-
PEHBI HEKOTOPbIE JIPYTrHe MOAXOMLI K 3a1aue.

We consider two relativistic spinless bodies interacting via pure retarded (action at
distance) forces propagating with the velocity of light. The Poincaré formulation of the
gravitation theory contains two arbitrary functions. A specific choice of these functions
provides a correct description of three «crucial» experiments supporting General Relativity
and the time delay of a radar signal. For a correct description of electromagnetic interaction
it is necessary to introduce also forses depending on acceleration of bodies. Some
examples are given of the forces resulting in a stationary circular motion and in straightline
motion. A brief survey of some investigations of the two-body problem is given.

1. BBEXIEHHE

W.HooToH BnepBeie nanm MaTemaTH4ecKyio (OPMYTMPOBKY MEXaHHYECKOl
3agauu AByX Ten [1]. Bonee Tpexcor sieT Hazan oH mokasan, 4To 3akoHbl Kemne-
pa MOryT GbITh MONYYEHBI H3 3aKOHOB MEXAaHHMKH M 3aKOHA BCEMHPHOIO TAIO-
TEHHd, T.€. NPEANOIOXEHHS O LIEHTPAILHOM MIHOBEHHOM HATbHOACHCTBUM CHJI H
YObIBaHMHM CHJT NMPOTIOPUHOHANLHO KBapaTy PacCTOSHUS MEXY TATOTEIOLIMMH
TenaMu (Wi o6ocHOBaHMA BTOpOro 3akoHa Kemiepa — 0 HOCTOSHCTBE cek-
TOPHATBHOH CKOPOCTH ILIAHEThI — JOCTATOYHO IPEANONIOKEHHS O LEHTPalb-
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Hoct). ONHOBpEMEHHO OH TOKa3ald, YTO NMPHUMEHHUTENBHO K 3ajave ABYX Tel
3aKkOHbI B (hopMynuposke Keruiepa sigsiiorcst npubnuxendsiMu. B TouHo# ¢dop-
MyJMpOBKE HAI0 TOBOPMTb HEe O JBMXEHMM miaHeThl BOKpyr Conuua, a o
ABUXEHHU OTHOCHUTEIBHO UX LEHTPA THXKECTH.

HbIOTOH TaKXe MCCNeNoBan OTKJIOHEHUs OT 3aKOHa OOpaTHBIX KBajparoB C
LeNbI0 OGBSCHEHMs, B YACTHOCTH, HabIIOJaeMbIX BpAUIATENbHBIX CMEIUCHUH
op6MT maHeT (B MIOCKOCTH MX JBHXXEHHS) OTHOCHTEIBHO HEMOABMXHBIX 3BE3,
uneHTHdULUpYEMBIX ¢ aGcomoTHEIM npocTpaHcTBoM. HenocpencTsenHo Habmio-
JATHCh CMELLIEHHS MepHUresines opoUT 3a OMpele/ICHHblE NMPOMEXYTKH BPEMEHH.
Sanumaics HploTOH M cHNamy, 3aBHCSIUMMH OT CKOPOCTH Tenl (KOHKDPETHO,
CHNIaMH TPEHHs), KOTOPbIE TAKXe NPUBOIAT K CMELIEHHIM MepUTe/IneB.

[Topo6Hble BONPOCH OCTAIOTCH aKTyalbHBIMH M MO cell JieHb — OT KOCMO-
oMK ¥ HeGecHOM MEeXaHWKH 10 3neMeHTapHbIX 00BbeKTOB. OTKpHITHE KOHEY-
HOCTH CKOPOCTH CBETa (O.Pemep, 1675), co3panue nonesoii 3/IEKTPOMArHUTHOH
Teopun Makcsena, cneudanbHoit (CTO) n obuwieil TeOpMH OTHOCHUTEILHOCTH
(OTO) npuBenyu K AanbHeiiuleMy pa3BUTHIO HayKH o mByXx (u Gonee) Tenax. Ha-
KOHell, TMOSBHJIaCh M KBAHTOBas TEOpPHsS, KOTOPOH, OIHAKO, 3/1€Chb KacaTbCs HE
GyneM. :

MHoMMe yyeHble 3aHMMAIMCh MeXaHHUYECKOH (B pamkax mexaHukd Hsioro-
HAa) M 3VIEKTPOMArHMTHON 3agaYamu ABYX Testl. CpeftM HMX HYXHO YIOMSHYTh
l'aycca, Be6epa, Pumana, Putua, T'epbepa. Mexay Tem K Haualy ABagUaroro
BeKa HAKOIM/IOCh JOCTaTOMHO HaHHBIX, YTOOBI BO3HHKIA CHeuMalbHas TeOpHs
OTHOCHTEJILHOCTH W PEeNSTHBUCTCKas MexaHuka. Ha atok ocHose Gbuta nocras-
JieHa ¥ pelleHa 3a1aya O JBHXEHHH 3apsXEHHOH YaCTHLbI BO BHELIHEM 3JIEKTPO-
MarHMTHOM TI0JIe, XOTH M 3ECh BO3HHMKIIH OCIIOXHEHHS, CBS3aHHbIE, HANPHUMED,
c coGCTBeHHBIM M3myueHueM. B cBoeil paGote «O [MHAaMHKE 3/1€KTPOHa»
(1906 r.) [2] A.Tlyankape nan pensiTMUBUCTCKH-HHBapHaHTHOe 06o6iueHHe cucre-
MBI ypaBHeHuil HpioTOHa 15 ABYX B3aHMOAEHCTBYIOLIMX, B TOM 4YHMCJIE TAroTe-
JOLIMX, 6ECCIIMHOBBIX «TOYEYHBIX» TElI.

PaGoThl MO YaCTHO-PENSTHBUCTCKOM KJIaCCHYECKOW HEKBAaHTOBOi 3anaye
JIByX TOYEYHBIX Te B 3aBUCHMOCTH OT XapakTepa B3aMMOLEHCTBHA YC/IOBHO
MOXHO pa3IeJIATh HAa HECKONBKO HaNpaBIeHHH.

K nepsoMy MBIl OTHOCHM Te paboThl (cM., Hanpumep, [3]), B KoTOpBIX Npea-
MIO/IaraeTcsi, YTO YCKOpPEeHHe OXHOH M3 4acTHIl B HEKOTODBIH MOMEHT BPEMEHH
MoXeT GbITh MPEACTaBIeHO B II060it HHEPLHANLHOMN JIOPEHLEBOH CHCTEME B BHIE
(YHKUMH OT MapaMeTpoB ABHXEHHA BTOPOH 4acTHUbI (KOOPAMHAT, CKOPOCTEH H
T.J.), B3STHIX B TOT Xe caMblii MOMeHT BpemeHH. IToHATHE ONHOBPEMEHHOCTH HE
ABIAETCA PENITUBUCTCKU-HHBapHaHTHBIM. [loaToMy ycnosHe OXHOBPEMEHHOCTH
NapaMeTpoB ABMXEHHs YacTHL B M0OOH MHEpUManbHOH JIOPEHLEBOH CHCTEME
HaKJIa[bIBaCT XECTKME OrpaHMYeHHs Ha XapakTep B3aMMOAeHCTBHA. B Takoi
$opMyTHPOBKE BO3MOXHBI H CBEPXCBETOBBIE CKOPOCTH YacTull [4].
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Bropoe nanpasnenue Geper cBoe Hayano oT u3BeCTHbIX pabor Burhepa u
Ban Jlama [5]. B HuX 4-ycKopeHue OOHONH M3 YaCTHLl 3alHCHIBAETCH B BHIE
HHTErpaia OT ONpPEAESICHHOH «IBYXTOYEYHOH» (YHKUHM BIOJIb MHPOBOii JIMHHH
BTOPOii YacTuupl. BTa (yHKUHMs, Hrpaiolias poib B3aNMOACHCTBHS, OTIMYHA OT
HyJISl IJI8 TOYEK MHPOBOi JIMHHM BTOPOH 4acTHIIbl, CBA3AHHBIX IPOCTPAHCTBEH-
HOTIOAOOHBIM MHTEPBATOM C PACCMATPHBAEMON TOYKOH MHPOBOH JIMHHH nepBoii
4acTHLbl. B npenene npu cTpeMiaeHHH CKOPOCTH CBETA ¢ K GECKOHEYHOCTH MOJTy-
yaeTcs OO6bIYHAA HEepEIATHBUCTCKAS 3aaya C TEM HJIM MHBIM B3aHMOJIEHCTBHEM.

Hakonen, x TpeTbeMy HanpaBlEHHIO OTHOCHM pPaGOTbl, B KOTOPHIX MpENo-
JlaraeTcs, YTO B3aUMOACHCTBHE MEXIY YAaCTHLAMM PacHPOCTPAHSETCs CO CKO-
POCTHIO CBeTa. BTO HanpasieHue, B CBOI0 OYepedb, MOXeT ObITh pasleNeHo Ha
Tpu rpynnsl. K nepsoii npunagnexar paGoret [6], B KOTOpHIX B3auMomeiicTBHe
CBOAUTCA K MOJIyCYMME 3ana3bIBalolero M ONepexarnlero p3aumoneicteuii. Ko
BTOPOWM Ipynne OTHOCHM paboTsl [7], B KOTOPHIX MPEANONAraeTcs, YTo B3aUMO-
HCHCTBYIOLIHE JacTHIIBI JIEKAT Ha ONHOM H TOM Xe CBETOBOM KOHYce. DTO 03Ha-
4aeT, HallpyMMep, YTO YacTHLA | B3aMMOJAEHCTBYET C YacTHUEH 2 3ana3bBaloLMM
obpasoM, Torga Kak 4acTuua 2 ¢ vactuueil 1 — omepexaiomum. [ina paGor
NEPBOii ¥ BTOPO# IPYNN B 9J€KTPOMArHUTHOM CJIydae yaanoch MOIYYHTh TOYHbIE
pelIeH s, OTBeYaloIie PABHOMEPHBIM KPYTOBBIM IBIXKEHHSIM, U HAUTH COXpaHs-
oimuecs Beu4uHb [8]. Ilox cmoBaMu «3/1eKTPOMarHUTHEIN Clyyaii» TIOHUMAeTCs
cnepylomee: cuna JlopeHua, ACHCTBYIOINAs Ha OJHY M3 YacTHILl, BHIPAXaeTcs ue-
pe3 HanpsXeHHOCTH 3EKTPHYECKOIO M MarHHTHOTO MoJieid, KOTOphbie, B CBOIO
OYepenb, ¢ MOMOUIBIO NOTEHHHAO0B JIneHapa — Buxepra MOryT GbiTh BBIPaXeHbI
yepe3 KOOpOMHATBI, CKOPOCTh M YCKOpeHHME BTOpOH M3 YacTHl. B utore Bce
TIOJIEBBIE [IEPEMEHHBbIE OKA3bIBAIOTCS UCKJHOUYEHHBIMH U MOJTyYaeTcs pcmlmBMCT-
CKas 3ajaya JBYX Tel C JaIbHOLEHUCTBUEM.

Hns paboT mepBBIX ABYX IPYII BO3HMKAIOT TPYRHOCTH H3-3a BO3MOXHOIO
HapylleHns NpPUHLMNA NPUYHHHOCTH. Hampumep, HalMuMe OMNEPEXAIOIIEro
NOTEHLMAIA O03HAYaeT, YTO OTOH MOIIOAETCS OXHOH YacTHUEH paHblie, YeM
ucmyckaercst Bropoi. Ui yctpaHenus sToro mapagoxca Ywiepy U ®eiinmany
NpPUILTOCH BBECTH NOHsTHe abcopbepa [9].

Hns pa6ot TpeTheii rpynnel, KOrga B3aMMOAEHCTBHE TOJBKO 3ama3biBaloLiee,
TOYHBIC PELICHUS, PaBHO KaK M 3aKOHBl COXPaHEHHs, KO MOCIEAHEr0 BPEMEHH
ObuiH Heu3BeCcTHbl. M3BECTHBI TOJILKO TeOpeMbl €AHHCTBEHHOCTH M CYILECTBO-
BaHUA PELICHMH Wid CIydas ABUXCHHS ABYX 3apsKEHHBIX YAaCTHL BOONb OTHOH
npssmoii [10], a Takxe pa3lTOXeHUS IBYXYACTHYHBIX JIATPAHXHAHOB K CHJI

B3aMMOJIEHCTBUS [0 CTEMeHIM ¢ 2 f11,12]. Pabotsr ®ToOit rpynnsl 6K
- HHULMHPOBaHbl 3HaMeHUTOH paGoroii A.Ilyankape «O HMHaMHMKe 3JIEKTPOHA»
[2]. B Heit OH man peNATHBHCTCKHM-WHBapHaHTHOE (B JyXe HANbHOREHCTBHs)
0606weHre cucTeMbl ypaBHeHHH HblOTOHa IS ABYX B3aHMONEHCTBYIOLIMX TO-
YEYHBIX TENl C Y4ETOM KOHEYHOM CKOPOCTH, PaBHOH CKOPOCTH CBeTa, pacipocT-
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paHeHHs B3auMofeHcTBus. B Heil Xe oH moneiTancs cGOpMyIHpPOBaTh NEPBYIO
YaCTHO-PENATHBUCTCKYI0 TEOPHMIO TArOTeHMS IBYX Tel. Tak kak 4-ycKopeHue
KaXIOW M3 YacCTHILl SABJISETCA YEThIpEXMEPHBIM BEKTOPOM, TO MpaBas YacTbh ypas-
HeHMii aBMXeHHs (TO ecTb 4-cuna) Takxe JOMXHa ObiTh 4-BexTOpoM. IlyaHkape
NPEANooXui, YyTo 4-cujla BHIpaXaeTcs Yepe3 IMHEHHYI KoMOuHauuIo pasHoC-
Teil 4-koopauHaT ¥ 4-CKOpOCTH Kaxnod u3 yactuil. Kosduuuents npu atux
4-BeKTOpax SMBJSIIOTCS TPeMA MPOM3BOJIbHBIMH HMHBAapMAHTHBIMH (DYHKLMSAMH.
OnHa U3 HuUX ¢ukcupyercs TpeGoBaHMEM TNOCTOSHCTBA 4-CKOPOCTH YacCTHLbI
WIH, YTO TO X€ CaMoe€, — OPTOrOHAILHOCTH €€ 4-CKOPOCTH H 4-yCKOpeHHs.
Ocraiotcs iBe npou3BosibHbie (yHKuud. [lyankape motpeGoBan nanee, uToObI
€ro ypaBHEHHMs OTIMYAIMCh OT HBIOTOHOBBIX YPABHEHHH [ [ABYX 4acTHL,
B3aMMOJEHCTBYIOIMX [0 3aKOHY BCEMHUPHOrO TAFOTEHHs, WiEHAMH MNOpsaKa He

Huxe ¢ 2. BToMy, KaK 0Ka3alocs, 10BOMBHO c1a6oMy OrpaHHYEHHIO OH YAOBJIET-
BODHJI, MOJIOXKB OfHY M3 YHKUMil paBHOW HymO, a BTOpylo BbIOpan BecbMa
cneunansibiM o6pasoM. Cneunduunocts csoero Bpibopa Ilyankape oryerTiueo
OCO3HaBa1 M Cpaly Xe yKa3al Ha BO3MOXHble 06001enus. B nanpneiem 6buin
HEONHOKpATHblE MOMBITKH (CM., Hanpumep, 0630p B knure [13]) npumenurs
ypaeHenus [lyankape Qi OnHcaHUs aCTPOHOMHYECKMX HaOMIOEHHH — TaK Ha-
3LIBAEMBIX TPEX «PEILAOLIMX ONBITOB» MO MPOBEPKE OOIEH TEOPHH OHOCHTEINb-
HOocTH. Bce BBHIMHCIIEHHS OCHOBBIBAIMCH, OJHAKO, HA YNOMSHYTOH yNpOLIEHHOH
dopme ypasuenuit [Tyankape. D10 06CTOATENBCTBO, @ TaKXKE OTCYTCTBHE OAHO-
3HAYHOrO pelenTta BoIGOpa MPOM3BOMBHBIX (YHKLHIR, MOCTYXKHIH NPHYUHOM
MHEHHs!, YTO YaCTHO-PENATHBUCTCKUE TEOPHH HE MOTYT OMHMCATh AAHHbIE OMbITHI.
B paGorax [14] Gbu1 paccMOTpeH NOTEHHHAIbHBIH Npenes (KOrna OTHOLIEHHE
Macc 4acTull <<l) HCXOOHBIX, TO €CTb C OBYMS NPOH3BONBHBIMH (YHKUHSAMH,
ypasHenuii [Tyankape. [TpoussonbHbie HyHKLUHH (PHKCHPOBANHCH H3 TpeOOBaHUS
COBNajJcHHs YpaBHEHMii [BHXeHHs c obuiepensTuBucTckuMH. Kak cnenctsue,
NOJIy4eHO KOPPEKTHOE ONMHCaHHe KakK «pewawoumx» onsitos OTO, Tak u Bpe-
MEHHOTO 3ana3ibiBaHHs PaJMOJIOKALUMOHHBIX CHTHANOB. BB yKa3aH OIMH M3
BapHAHTOB BHIGOpa NPOM3BONBHBIX «JBYXYAaCTHUHBIX» (DYHKUHH, BXOOSAILKX B
ypasHenus Ilyankape. B noreHunanbHOM npeaesie OHH MEPEXOMAT B YpaBHEHHs
nBUXeHHs Mpo6GHOM yacTHLbl B ChepHUECKH-CHMMETPHUHOM T0JI€ TATOTEHMS.

B sTHx ke paGoTax Mbl HCKaJlH YacTHblEe TOYHBIE CTALIHOHAPHBIC PELIEHHS
PEJIATUBUCTCKOH JBYXYaCTHYHOM 3ajayH.

Bynem npuaepXuBaThCs CEAYIOUIETO [UIaHa H3NOXeHHs. B pa3n.2 suinuuiem
OCHOBHBIE ypaBHeHMs, sBngiomuecs o6o6menHuem ypasHenuit Ilyankape. B
pasn.3 Mer yOenuMmcs, YTO 9Ta CHCTEMa JOCTATOYHO IIHPOKA, 4ToObl OMMCaTh H
BNIEKTPOMArHUTHBIH Cay4ail ¢ TONBKO 3ana3fbiBalolluM B3aHMonedcTeueM. Pac-
CMOTpPHMM TIpaBHTALMOHHYIO 3amady. [IpuBefeM ONHCaHHE TpeX «pellAIMIHX»
ONBITOB M 3ama3JbiBaHHS pafgMallHOHHLIX CHFHAJIOB, NaAMM pPacyeT NpEeLecCHH
rupockomna, obpamaioierocs no opbure Bokpyr 3emnu. [IpusesieM cpaBHeHue ¢
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HEKOTOPbIMM JIDyTHMH MOJXONAMHM K 3ajaye AByX Ten. B pasn.4 monmyuum yc-
JIOBUSL  CYWIECTBOBAHMS PpEIUEHUH, OTBEHAIOLIUX CTALUHOHAPHBIM  KPYTOBbIM
nBuxeHusaM. Tlokaxem, 4TO TaKMX JBHXEHHI HET HU B BJIEKTPOMArHUTHOM cny-
4ac, HH B YNPOLUEHHOM BapuaHTe ypasHeHui [lyankape. BoisicHuM, kak crenyer
BbIOpATh JIBYX4aCTHYHbIE UHBApUAHTHBIE (DYHKLMH, YTOGHI ypasHenus [lyankape
obnafanu pelweHMAMH, OTBEYAIIIUMH CTALlMOHAPHBIM KPYTOBBIM HABMXXEHHSIM.
OTMMH (PYHKIMSIMHE MOXHO PaclopsSaMTLC TaKHM 06pa3oM, 4To6bI MOJyYanock
KaK Kpyrosoe ABHXEHHE, TaK M IPaBWIbHbIH HEPENSTHBUCTCKUIA npeaen. B ka-
YECTBE HErO0 MOXHO BbIOpaTh, HAaNpHUMEP, HLIOTOHOBbI «IBYXYACTHUYHbBIC» ypas-
HeHus Tarorenus. Hakoweuw, B pasn.5 mwis yactHoro BeiGopa HHBapHaHTHBIX
YHKLMI NOMyYUM peleHus, OTBEYAIOLIUE NPSMOJIMHEAHOMY ABHXEHHIO.

2. YPABHEHHA IIYAHKAPE H HX OBOBIIEHHUE

Hrak, cnenys Ilyankape, HanuiueM ypaBHeHHs ABMXEHHS UIS KAXIOrO M3

TEJ:
d*x dx dx d*x
B fy g (1
d‘cf "u "2 dr, 3dr, 4 d‘c%
2 2
d*x, =_gx+gdx2 +gdxm+gdxIH o
dt% 1"n Zdtz 3d1:1 4 dtf '
w=0,1,2, 3.

3necs T T, — cobcTBeHHble BpeMeHa Ten (dT = \Jdt12 - (alx)z/c2 R xlu’

HX 4-K00pﬂHHaTbl; xu =X

Koy —
I~ Yo Pa3sHOCTH KOOpAMHAT MCMOJIBL30BaHBl AMs
TOro, 4TOGHl ypaBHEHHs GbUIH HE TONBKO JIOPEHL-, HO H nyaHKape-HHBapHaHT-
Hbl. Maccor Bkiouensl B pyHKUHK f 1 g. Vpauenns (1) u (2) HomxHbI nepe-
XOAMTL ApYr B Apyra NpH 3aMeHe MHAEKCOB Tel 1 > 2. DTo NpMBOIMT K ciie-

AYIOWHM COOTHOLIEHHAM Mexay YHKUMIMH f M g gi(l,2)=fi(2, 1),

i=1,..,4. CoorHowenus (1) u (2) Hamucansl U3 coobpaxeHHii KOBapHaHT-
HOCTH. JIeBble YacTH SABNSIOTCS 4-BEKTOpaMH, NMOITOMY IpaBble HaCTH TAKXKe
HOJIXHBI OBITh JIMHEHHBIMH KOMOUHALHIMH 4-sexTopos. Torna fu g — Heko-
TOpbIE MHBADHAHTHBIE OTHOCHTENBHO rpynmsi Ilyankape (pyHKUMH OT BeKTo-
POB, BXOIAIUKX B MpaBble YaCTH YPAaBHEHHH, H Macc. YPaBHEHHS!, pACCMOTpPEH-
Hsie IlyaHkape, He comepxXaiu B npaBoii yacTH 4-yCKOpEHHMid, TO €CTh OH BbI-
Gpan f4 =8, = 0. Onn He0OXOMMMBI, OAHAKO, I8  ONHCAHUA

9JIEKTPOMArHUTHOrO ciyvas (cuM. m.3.1).
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CoorHoutenus (1), (2) ¢usnyeckd HENOCTATOYHO ONpeENEeHbl, MOCKOJBKY
cojlepXaT [Ba KOOPOMHATHBIX M JBa coOcTBeHHBIX BpeMmeHH. Heobxomumo
KakuM-To 00pasom cBa3ats f; u f,. 'noresa Ilyankape cocTouT B TOM, 4TO

BpeEMs t «IIPUTATUBAEMOro» W BpPEMA t «TPUTATHBAKOIICTO» TEJI CBA3AHBI
PEIATHBUCTCKU-UHBAPDUAHTHBIM COOTHOIUEHHEM
3 1/2
n = ~ 2
t=t—r/c, r=y 3, [z -2 -/} ?3)

i=1
30€Ch Zi, Zl — KOOpAHHATHI NPHUTATUBAEMOIO U NPUTATHBAKIIErO TEJI.

CootHoumienne (3) 03HAYaeT, YTO B3AMMOICHCTBHE KaK Obl «IOKHIACT»
NIPUTATHBAIOLIEE TEJIO PaHbLIE, YEM «IOCTHIAeT» NMPHUTATHBAEMOrO, IPHYEM CKO-
POCTb pacpoCTpaHEeHUs! B3aUMOIEHCTBHS paBHA CKOPOCTH cBeta. O4eBUAHO, UTO
(3) HaxogUTCs B COITIACMM C NMPHUHLIMNOM NPUYHHHOCTH. COOTBETCTBEHHO 3TOMY
Mbl JOJIXHBI MTOJTOXHTh

3 1/2

=t ty=t—r/c, r=1 > [x 6 - Xyt —r/))
i=1
B(l)u

3 1/2

ty=t, t,=t—7/c, 7= 2[262,0) ht—"/C)]
i=1

B (2). B cootHomenusx (1) ynoOGHO pa3menuTs MPOCTPAHCTBEHHYIO M BpeMEH-
HYIO YaCTHU:

d*x, dx dx. d*x.,.
1i ll 2 2i .
=fixth o tfh ot =123,
dt, dt, dr, &t
;;i f f2 dT +f3}t_+f4_. 4)
1 2

Eue pa3 HanoMHuM, 4TO B (4) Bce BENMYHMHBI, OTHOCsALIMecd K yactuue 1,
Oepyrcs B HEKOTOpPHIi MOMEHT BpPEMEHHM !, a K 4YacTHle 2 — B MOMEHT
t—r/c. U3 opTOroHAIBHOCTH 4-CKOPOCTH H 4-YCKOpEHUS IOJy4yaeM

cf A+, +f,CHfD=0 )



8) =G - DL o/ Caa), G- DY+

[ —
+ /168 - DA - /41"y = z?l

waenArrou atowu g *'; wianrenurdoox

ly kwods QOHHQE12Q00 ILHHIWEE (4) XBHHOHgedK xadi xivadou @ OHQOXK
‘HWHHIdONoA Lexdaroo oH
aadorox ‘) ‘g ‘v eiHendesHn udi odqrol rurosd (7] adedHeA[] OLh ‘WHIIWLQ

[4
ar 4
RLICEIR RN RIEE L

2
‘(Q/ZAJ—J)Z/‘_(§9~I) ﬂﬂﬂ— q
L

resHendesny HdL oMo BOLEQOWEHOL WeH WamuoHdwer g 9/ la=5g 0/ a= g

‘snHodooA n uidododo amHdIWXxadi 9MHRNQO — ity Lbk) ity
-1 lp mp
Jdeal, | T |t Td _ Iq_
. Tl _ Td _ Iq p hp 2
(/A= 1 8- Dy 8- 1 H—H;T =9

‘(O/IM_J)Z/[_QQ_[) ;{-‘x—,;ﬁo— |4

:uuHodONOA M HaL
-o0doxo ‘1eHHTdOON-{ MWEHIIBHHQWOM MWIIHIHeHdesHU-MoLOMENLKLAd KOLOI
-BUdE (7 ‘D ‘'Y IHURHIOE () f '8 HUNNHAQ BT OMHIMOHLOOD 9OHRHIOLRHE U

61L UhVIVE KEVHLUHIVINOdLYAIE U KVYHHOUITY.LUGVdI
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Pagy NONMHOTH NpHBENEM AHAIOTMYHYI0 CHUCTEMY YPAaBHEHMH Ui BTOpOH
YaCTHLBI:

Wy, . - -
1- ;32 =8,(x; = vy /€)= (vy; = v) [g5(1 = Bg) 2y
2

+8,(1= B2 v, w) /AT +gw (1 -BD ©)

B (9) Bce BeNIMYMHBI, OTHOCAIIKECS K YacTule 2, 6epyTcs B MOMEHT BPEMEHH
t, a K yactuue 1 — B MoMmeHT ¢t — 7 /c. Kpome Toro,

1/2

3
F=x,0)-xt-F/c) F=| X, G
1=i

Bo3HHKaeT BONPOC, HEJb3s JIM UCIONB30BaTh YpaBHEHMs (9) M MCKIIIOYEHHUS
W,; U3 TpaBoi 4acTH (8), a 3areM WieHBI C W,; EPEHECTH B JIEBYIO YacTh (8).

B uTOre ycKopeHue ONHON M3 4acTHII MOXHO ObUTO OBl BRIPA3MTh TOJILKO Yepes3
KOOPAMHATHI M CKOPOCTb BTOPOW. DTa MpouLefypa OKa3blBaeTCs HEBO3MOXHOM,
€CJIM BCIIOMHHTB, YTO BCE BEIUYUHBI, OTHOCSIIHECT K YacThuuaM 1 u 2, 3aBucsT
OT pa3HbiX BpeMeH. BBHAY CHMMETPMM OTHOCHTE/IBHO NEPECTAHOBKH YaCTHI
JIOCTaTOYHO PACCMOTPETh TOJNBKO OAHY CHCTEMY ypaBHEHHMil, Hampumep (8).
Cnenys Ilyankape, npepmnonaraeM, YTO HHBapHaHTHBE QyHKUMH f: MOCTPOEHBI

U3 UHBAPUAHTOB A, ..., F. KoHkpeTHbll B (yHKLHH MOXET ONpPEAE/AThCS He-
CKONBKUMH (hakTOopaMu: (PU3UYECKHM COmepxkaHueM (TpaBUTalMs, BJIEKTPO-
MarHeTH3M, SJEepHbE CWIB), HEOOXOOUMOCTBIO MONYYEHHS  TOYHOTO
aHAJIMTHYECKOrO pelleHus U T.A.

3. YACTHBIE CIIYYAH

3.1. DnekTpoMarHHUTHas 3ajga4ya JAByX Teld. [loxaxem, 4YTO 3JIeKTpO-
MarHuTHas 3afaya ABYX TOYEYHBIX TeJl ONHUCHIBaeTcA ypaBHeHuamH (8), (9) npu
COOTBETCTBYIOIEM BhIGOpe (hyHKUMH f, g. 3anuieM SIEKTPUYECKOE U MarHUTHOE
NOJs, CO3AaBaeMbleé YacTHLEH 2 B MecTe HaxoXIeHus dactuusl 1 (cm,,
Hanpumep, [15]):

rv2 rw,

I 2, 2 2
E,=eyY, ||T— 1——[32+ 2 —wz'yzr/c s

c

’sz[%xsz]. (10)
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3neck e, — BNEKTPHYECKUI 3apa YacTHLH 2, Y, =r-rv,/c. BTo anekTpo-
MArHUTHOE MOJe NEHCTBYeT Ha wacThuy 1 c 3apsgom e, M Maccoit m, c
nomous1o cunsl Jlopenna:

dp, 1
7=el (£2+;[V1><'H2]),

OTKYy[Aa Haxoaum

mw,

1 é1
ﬁ—el (£2+C[V1X'H2] )—cz (vlgz)vl' an
1
Hoxcrasnas B 310 Bhipaxenue & ) M ’H2 u cobupas koathuUHEHTH npH
Xpp V1 Vop Wy HAXONMM MHBAPHAHTHBIE PYHKIHH Jf; Anst 3eKTPOMAarHuTHO# 3a-
JaqH JBYX Ten:

€14
fi=- B3[C(1 +E/H-BD/J ],

elezA ) elezA
fi=———"—=0+E/c, = (12)
3 cm1B3 4 czmlB2

OYHKUMHA g BHYUCISAIOTCS TeM Xe crnoco6oM, uto u S, TO ectb BRIMMCHAETCS
3amnasapiBalolee 3IEKTPOMarHUTHOE TOJie, CO3JaBaeMoe YacTuieil 1 B mecTe
HaXOXNIEHUs YaCTHUb! 2, 3aTeM CTpouTes chna JlopeHua. Hanpumep, dynxius
8, MMEeT BHI

‘1% [ca +E/H-BD/c. (13)

8= =
1m2B3

A, B,..,F nony4aoTtcs u3 A, B,..,F nepectaHOBKOH HHAEKCOB YacTHL:

rv
~ 1 ~ ~
B=\r——1|/ ‘\11—[371 M T.1. B uHBapuautax A,...,F BCe BeNMYMHBI, OTHO-
c

CALMECS K yacTulaM 2 U 1, 6epyTcst B MOMEHTHI BDEMEHH ¢ U { — r / ¢ cooTBert-
CTBEHHO. Ml yXe ynoMunamu, uto ¢yHkuun g nojyyawTca u3 f popManbHoil
NIEPECTAaHOBKOM MHAEKCOB YACTHL. DTO NOATBEpXKAACTCS BhipaxeHHaMu (12) u
(13). U3 ux cpasnenus Clleayer, uTo m, fl #m,g.,, TO €CTb NPHUHLMI PaBEeHCTBA

IEeNUCTBHS U NMPOTHBOAEHCTBUA KaK Obl He BBINTOJIHACTCS.
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3.2. T'papuranMoHHas 3aga4da xByx ten [14]. IIpu cnemywomeMm BbiGOpe
uHBapHaHTHbIX (PYHKUHMH f MOMyyaeTcs ynpolleHHbIH BapuaHT ypaBHeHui Ilyan-
Kape:

Y YA
5H=f=0, fi=—"73 fi=- , Y= const. (14)
2 74 1 B3 3 CB3C
Toraa ypaBHeHus (8) BHIMIAAAT CiedyloliuM obpa3om:
"1i Y Vi 3 v2iA
o= — . = V1 - -— 1. 15
1-p2 g3l c rmA/NI=B)="c (15)

IC1y’] YpaBHEHHUA OTJIHYAKTCA OT HEPEAATHBUCTCKHX TIpPaBUTAlHOHHBLIX YpaB-

HEHHWIl wieHaMH mopsiakKa ¢ Mu yXe YNOMHHa/IM, YTO OHH HEJO0CTaTOYHbI
s onucaHus «pewaowux onsitos» OTO. Haiinenusie B [14] dyHkuum f,
aJleKBaTHbIe 3TUM OIBITAaM, CYLIECTBEHHO OTIHYaloTca oT pyHkuui (14).
3anuueM 4aCTHYHO paclIMpeHHbie ypaBHeHMs BHAA (4), MCNoONAB3yd TONLKO
ABe TPOM3BOJIbHBIE (PYHKLUMH WHBApHAaHTOB W, M ,. Beenenusie ans ynobersa

GbyHKUHHM Y CBsi3aHBl C NPeXHUMH [y, =B 3f1, Y, = cf,. ®yHKUHA [, sBAsIOLIA-

sicst K03(hHULMEHTOM NPH YCKOPEHHH BTOPOH YacTHLBI, NOJOXEHA PaBHOH Hy-
Jo:

TR T e YOO W AT
dﬁ 1p3 " ¢ dr, cC| g3 2 dr,
2

d“% 1eg3 cdtyy cC| g3 "2ldr,’

Ecnu 3apmaTh aCUMNTOTHKY NPOM3BONBHBIX (YHKUMH MPH ¢ — o0 TaKylo, 4TO
v, ~0(1/0¢), Y, ~ const+ o(1 /cz), TO U3 ypaBHeHu# (16) monyuarcs, ¢ Tou-
HoOCThbIO 10 1/ P ypasHeHust HpioTOHA 1)1 JBYX YacTHL, B3aUMOAEHCTBYIOLIMX

mo 3akoHy BcemupHoro TaroteHus. Cam [Ilyankape wucnonb3osan Gonee
MPOCTOE BHIPAXEHHE, MONOXKHB Y, =0.

Eme 6onee cnenuanpHeie ciaydad GbutH paccMorpedsl I'.Muukosckum [16]
u B.C.Bpexuesrim [17]. B atux paborax BriGHpanoch Yy, =const, y, =0. Huxe

6ymer mokas3aHO, YTO NMpPH 3TOM (MM MpPEIbUIYIEM) OIPAHHYEHHH HEBO3MOXHO
NOMY4HUTh ONHCAaHHE «pEHIAIOIMX OMNBITOB» IO IpOBepke o6med Teopuu
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otHocuTenbHocTH. Ecnu ke mans BeiGopa dyHKumMii W, My, HCHoOns30BaTh

pewenne IlIBapuiuniabaa, TO OKa3bIBAETCA BO3MOXHBIM ONHCATh TPH M3BECTHBIX
3¢pexra no nposepke OTO u schpexT 3aepXKH PaTHOTOKAUMOHHBIX CUTHATIOB.

3.3. IloreHumanbHbIil npenen pPeIATHBHCTCKOH 3amaum. [Ipexne uem
06CynuTh IpUGIMXEHHBIE METOLBI PelleHus ypaBHeHHii (16), a TAKXe U3BECTHbIE
TOYHBIC YaCTHbIE PELIEeHH s, PACCMOTPHMM NMOTEHUHANBbHBIH Mpegen (Macca BTOpOi
yacTuLbl M, — ). B 310M Ciyyae yacThua 2 ABMXETCS MPAMONHHEHHO U paB-

HoMepHo. Ilepexops ¢ momompio npeoGpasoBanus JlopeHua B CHCTEMY KO-
OpIMHAT, IIe YacTHLA 2 MOKOUTCS, Mojy4aeM BMecTo (16)

dzx’. VX, W /c d4 \yl(xv) wzvl/c

1
= + y T = . 17
P NI-F ad MR an

IlepeiineM 3mech OT COGCTBEHHOTO BpeMEHH T, K KOOPAHHATHOMY 1,

d*x

. yx v Y. (xv,)
==Y =5+ | V=BT -5 | (18)
r rc

Cpasuum (18) C TOYHBIMH ypaBHEHHSMH IBHXeHHs npoGHoro Tena B OTO (B

metpuke Llpapummunbna ds’ = 02[1 - 2ij i - ax® - 1 (xdx)%):

2
2
- dp OV o mc|( 2m
=v M V) -x; o, W+ : 1-="1 (19

34€Ch

_Zm( 2m\]1 _GMI
u=_ 1_— £ m=_’
r r

G — HBIOTOHOBA IPaBHTANMOHHAs KOHCTAHTA. YpaBHEHHs ABHUXEHHS NPOGHOro

Te/a B JIOPEHU-UHBapHaHTHOH Teopud H B OTO coBmagaioT npu cieayoieM
€IMHCTBEHHOM BhIGOpe hyHKUME \:

\yl=(1 —2—:"—)(1 B2 -1 [r -E(xvl) +uv r +mc2]

v V1=B2 =y, v e+ pov) e (1A (20)
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IMocTaBuM creAyOIMii BONMPOC: BO3MOXHO JIM BOCCTAHOBUTb M3 YPE3AHHBIX
oxHoyacTHuHbiX GyHkuuit (20) nonHele aByxuacTuuHble QyHkunu Y, (4, B, C),

V,(A, B, C), Bxonsumue B CHCTEMY ypaBHeHuii (16)? Bor ogMH U3 BO3MOXHBIX

peuentoB. B Bbipaxenusx (20) Bmecro 7, vzl’,m M (XV|) cnenyer MOACTaBUTH

BenWuuHb A, B, C no cneayiolieMy npaswiy:

(xv,) ‘
—)B—%, 1)

r— B, \/1—[571 —1/C, m—GM,+M)/c,

rae BeJlH4HHbl A, B, C 3aBMCAT OT KOODAMHAT M CKOPOCTEH ABYX 4acTHL H
onpeaeneHst cooTHouweHusiMu  (6). Torma nopeHu-KoBapHaHTHbIE ABYX-
yacTHYHble ypaBHeHus (16) c onpeneseHHbBIMH TakMM 00pa3oM (PyHKUHUAMH
v, (4, B,C)wu \yz(A, B, C) uMeT B KayecTBE ONHOYaCTHYHOI'O Mpelaena ypas-
HeHus JBHXeHus npobuoro tena B OTO.

3.4. Cpapuenue ¢ apyruM mnoaxomom. Cosnanenue (18) c ypasHenusmu
asuxends npobHoro tena B OTO MOXHO MOAYYHTh TaKXe B paMKax TaK Ha3bl-
BAEMOro MOJHOCTBIO KoBapuaHTHoro dopManusma [18]. B atom noaxone npen-
nonaraercs, 4To B AaHHOH JIOPEHUEBOH CHCTEME B3aHMOAEHCTBYIOT TOJIBKO Te

4aCTH Tpaemopuﬁ 4acTHLU, KOTOpbi€ COOTBETCTBYIOT paBHbIM BpEMEHaM. B atom
CbOpMEUIPBMC YpaBHCHHS NBHXKEHHA HMEIKOT BHUI

Wiy =0y =y v+ (v, = 991,08
w,, =—{x, = YoV )F + (v, — y4v2v)G, v=1,..,4.

3nech xu=xlu(t)_x2u(t); Vir Wiy — 4-CKOPOCTb M YCKOpPEHHE i-H 4acCTHILIbI,
¥, =XV)), ¥, =(XV,), y3 = (xx), y, = (v, v2);f, g, F, G — yHKUHM MHBApHAHTOB
¥, YCIIOBHE IOPEHL-KOBAPHAHTHOCTH MPHBENCHHBIX YPABHEHUHA NBHXEHHA Ha-
KJIafbiBaeT orpaHHueHus Ha ¢yukuuu f, g, F, G. OxaspiBaetca [18], uto 3TH
(yHKUMH HOJIXHBl YHOBJIETBOPATh CHCTEME 4YeThipeX HenuHeiHblx audde-
PEHLHATBHBIX ypaBHeHMii. B noreHuuanbHOM mnpeaene ogHa M3 4acTHl, CKa-

XeM, BTopasi, JBHXETCH C MOCTOAHHOH ckopocThio. Torna G =F =0, u ynoms-
HyTas CHCTeMa YpaBHEHHH CBOOMTCA K Clenylolied JHHEHHOH CHCTEMe:

Df=0, Dg+f=0, rmme D —  nuddepeHunansHelii  oneparop:
d d 0
D=y, =—+=—+2y, =——. DTH ypaBHEeHHd JieTKC pewuTb. BoT oTBeT: f MOXeT
sy, ", Yy %, yp P f

6bITh NPOM3BOMBHOM (yHKIMEH ABYX clieayloIuXx KoMOMHALHI HHBApHAHTOB:
2
Yy = Y3 B Y, —Y,Y,; GyHKUMS g paBHa
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2 -1
g =_.ﬂy2 = Y3 ¥ _y4y2)y1y4 +gp

roe gl — ONATb-TaK” MNPOU3BOJIbHaASA quHKL(Hﬂ BCE TE€X X€ HMHBAPHAHTHBIX

KoMOuHaumui. Hanuude OBYX NpOM3BOIbHBIX dbyHkuMiH no3Bonser, Kak M
paHee, JIeTKO BOCIPOM3BECTH ypaBHEHHE, COBMAjaloliee C ypaBHEHHEM
IBMXeHus npobHol yactuun B OTO.

3.5. Onucanne 3xcnepumenTos no nposepke OTO Ha ocHose CTO. Wrak,
COBMANAlT TPOHKH YPABHEHWi, B KOTOPBIX IUBAPLILMIILAOBCKMI HHTEpBAI B
OTO u nopenu-unsapuantHsiii nurepsan CTO Bbipaxensl yepes KOOPAMHATHOE
Bpems f. Mexay TeM TpaaMLMOHHOE ONMMCAaHWE TPEX KJIACCHYECKHX OMBITOB B
pamkax OTO 0CHOBaHO Ha MCTOJIb3OBAHHM KaK NPOCTPAHCTBEHHBIX, TAK U Bpe-
MEHHOH KOMIIOHEHT ypaBHEHWH ABMXeHus. JlokaXeM, YTO CHCTeMa Tpex ypas-
Henui (19) noctatouna ans onucanus Tpex onbiToB. IIpexie BCEro BHIMMCIMM
MHTETpaibl yrnoBoro Mmomenra. M3 (17) unu (19) cneayer

Px. dx dx.  dx.

Y N S N S U PO
X; e X; ” X T G (xx)u,
oTKyHaa
XX, — XX, ’
—“;L_l Zom/) Lj = const. (22)

Touka Han koopauHaTamu o3HayaeT auddepeHLHPOBaHKE 11O KOOPAMHATHOMY
BpeMeHH. UnTerpan sHepruu pasen

2

(xx) N 2m ’ (xx) _ 2mc

= 23
(A-2m/r* rd-2m/n> r-2m @

W3 (22) cnenyer, 4yto ABMXEHHE MPOMCXOOMT B MIIOCKOCTH. [Mepenuwem noc-
nenuue ¢opMynbl, BHOpaB B KauecTBe 3TOH MIOCKOCTH Z = 0

\ 2; 2 2.2 2 2
r<o =L r+r¢+2mr/r_2mc

=L, =¢. (24
1=-2m/r (A-2m/r* (1-2m/r? r-2m &9

Hckiiouas BpeMeHHYI0 NepeMeHHyI0 f, II0TyYaeM ypaBHEHHE OpOHTHI npo6Hoii |
YaCTHLbI:

_du
9’ ¢ dq)

wl+ (1= 2mup® ——(Z-s)+i, u
L? L

]

1
- (25)
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Huddeperuupyem no ¢:

u . +u=3mu? +mL7c* - g). (26)

o

DT0 ypaBHEHHE COBNANAET C ypaBHEHHEM ABHXEeHUs Npo6Hoi yactuusl 8 OTO.
ToaTOMy cMelleHMe NepUreNus IUIaHeT OKa3blBaeTca OOHMM M TeM xe. [laiee,

TaK Kak s (OTOHA BelUYMHA € (SHEPTHs Ha eJMHMIy MAacChl) paBHa‘CZ, TO
(26) npuHuMaeT BUI U o q>+ u =3mu2, YTO COBMAJla€T C ypaBHEHUEM DacIpocT-

paHenus nyda csera B OTO. Takum 006pa3oM, BelMYHWHA OTKJIOHEHMS BCE Ta
xe, uto ¥ B OTO. CToap Xe 3JIEMEHTApHO A0Ka3biBAETCH COBINAJCHUE BPEMEH
3alepXKu panronokauuoHHeX curHanos B OTO (uetsepthiil apdext OTO) u
IaHHOM JIOPEHL-KOBApPHaHTHOH TeopHuHu. [ljis 9TOro A0CTATOYHO 3aMETHTh, YTO
ypaBHenus (24) ogunakosel kak B OTO, Tax u B gannoii Teopuu. Ilepeiinem K
KpacHoMYy cMeleHu0. MnenTuduuupys nomycymMMmy mepBbiX ABYX WJIEHOB Kak
KMHETHUYECKYIO YHEPIUI0, YTO CJeAyeT M3 HEPENATHMBUCTCKOrO fipefena, H
npupaBHUBasd ee K 3Hepru ¢ortona hv, MOy4aeM IPABIIBHYI0 BENTUYHHY
KpacHoro cmemenusi vV~ GM /r. Hexoropas OCTOPOXHOCTh, ORXHAKO, HEOO-
xonuMa. YpapHenus (24) oOpa3ylT nonanywo cuctemy. [1osToMy HEBO3MOXHO
st GOTOHA HOMOJHUTD UX YPaBHEHHEM

2 2

Flerlo=2, 27
TaKk Kak ypaBHenus (27) u (24) OKa3bBalOTCd HECOBMECTUMBIMHU. COOTHO-
menue (27) o3HauaeT, YTO CBET HE B3aUMOLEHCTBYET C TATOTEHHEM. TOT ¢axr,
4TO OTCYTCTBHME TAKOTO B3aUMONEHCTBHS BEAET K MHOTOYHCIICHHBIM NapamokK-
caM M HECOBMECTMMO C 3aKOHOM COXpaHeHus 3HepruH, OblI OTMEYEH
A.DitnmreiiHoM ewe B 1911 r. [19]. [ToaroMy and pacnpocTpaHEHHUS CBETa MBI
He HakianbiBaeMm ycnoBus (27). BMecTo sTOro Mel paccMaTpuBaeM JBHXEHHE
¢oTOHOB M MPOOHBIX TEN C €AMHOH TOYKH 3pEHMsS M omnpejenseM (HOTOHB KakK
TaKue NpoOHbIE YaCTHLbI, CKOPOCTh KOTOPHIX paBHa ¢ Ha GECKOHEUHOCTH (WM
B OTCyTCTBHE TaroreHus). Toraa m3 cooTHomeHus (23) cnenyer, 4TO 3HEp-

2
reTudyecKkas KoHcraHta € mis ¢oToHOB paBHa ¢~. CKa3aHHOE BBIIIE OTHOCHUTCH
TONBKO K ypaBHeHuio (24), kotopoe ObuI0 monayyeHo U3 Gosnee obuiero ypas-
Henust (18) ¢ momousio BechMa cneuuduyeckoro BuiGopa Qynkumii f; u f,,

MMEBLIEr0 LENbI0 B TOYHOCTHM BOCHpou3secTd ypasHeHus nsuxenus OTO.
DiieMeHTapHbIE BBHIYMCJICHUS MOKA3bIBAIOT, YTO YNPOIUEHHBIA 3JEKTPOAMHAMU-
YyeCKMil BapMAHT JByXYaCTHYHBIX CHJI, NpemloxenHulii B [16,17], maer B
MOTEHLKANLHOM TIpejielle HeNMpaBWiIbHOE 3HAUeHHe CMelleHus nepurenus Mep-
KypHs, paBHOe OHOM wecToil HabIoIaeMOro Ha OIbITE.
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- 3.6. Cpasnenne c Teopueit Bupkroda. Jlo6onsirHo CPaBHHTb Pe3YJIbTAThI
AQHHOTO IOAXOMA C pe3yibTaTaMH MOJeBOH Teopun rpaButauxd JIx.Bupkroga
[20,21], 6auskoii mo AyXy K JIMHEapH30BaHHOH TeOpUH DiHUITEHHA, XOTH npu
9TOM MBI yXe€ BBIXOAHM 32 paMKH KNacCHYECKUX TEOPHil HabHOACHCTBHS.
H3sectHo [21], uro B nuneapusosanHoit OTO HEBO3MOXHO OIHOBPEMEHHO
OmucaTh BCE TPH «pewarnuux onsitas. Teopus Bupkroga coorsercrsyer nos-
HOCTBIO MJIOCKOMY MPOCTPAaHCTBY-BPEMEHH M BO3HHKJA HaMHoro no3xe OTO
(1943 r.).

YpaBHeHus 9TOH TEOPHM SBIAIOTCS YaCTHBHIM ciyyaeM ypasHenui (17) npwu
crenywoumeM BeiGope pyHK LML Vi Wyt

2
2 2my 2 2 B m(rv)c m(rv)c
\VB=—mc - =—mc” -2mv°, y, = = . (28)
: 1-p? 2o3-pr 3
Asropsl pa6ot [21] yrBepXaaioT, 4TO NpH TakoM Bbi6ope yHKuMil V.V, B
NepBOM NOPsAKE NO l/c2 [paBUIBHO BOCNIPOM3BOAATCS CMELIEHHE MEPUTreNnus

Mepkypus, kpacHoe cMelleHHe U OTKJIOHEHHE Jlyya CBeTa B rpaBMTALHOHHOM
none. CpasuuM yHKuMH V> ¥,, OTBe4awolle NaHHOMY paccMoTpeHHio (20),

n Monenu bupkrocda (28). INpeneGperas unenamu nopsizka Gosee BHICOKOTO,
yeM 1/(‘2, nosay4yaem

2m  3v*) . 3m(rv)?
Yy = ome? |1 S | SOV, _me 29)
c r r
\yfz—mcz'—vaz, \V23=\|12. (30)

Cronb cylecTBeHHOe OT/IMuHE VY, u \y‘f BbIHYX/AAeT HAcC NpoaHaIU3HpPOBaTh

cutyaunio 6onee netanbHo. Be3 orpaHHueHHs OGLWHOCTH MOXHO CYHMTATh, YTO
ABUXKEHHE NPOUCXOAUT B ninockocT z=0. Ypasnenns Bupkroda umenT Bux

2 :
ébﬁx}ﬂvzﬁtﬂrglx, V2i=32432

Py mt om maV). . _dx ._d
e e B e S A s AR CS - T SN )
r

Orciona HaXOIHM HHTErpansl SHEPruM M yIJI0OBOIO MOMEHTa:

(V2+ch exp (—2m/r) = c? +€ (xy—yx)exp(+m/r)=A\. (32)
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Ucknoyas coOCTBEHHOE BpeMs, HaXO[WM YpaBHeHHE OpPOMTHI, MOJy4eHHOE
Bupkrocgom:

2
(%) +ut =™ (P +E) ™ -, u=1/r (33)

Tpenebperaem B (33) wienamu Gosee BEHICOKOTO MOPsAKa, ueM 1/ &
2 2
du 2 2m” .2 = 2= 2, o
— | +u |1 =" @Bc"+4e) |= A [E+2mu (c"+2£)].
[w) 3

PeuieHue atoro YPaBHEHUS HMEECT BUI

r=rl+pcosw¢)”, (34)
rae
PN VZ
2.2 gr 2
roz______ﬁ‘” . p=|1+ 202 i m2=1_—2"; (3c? + 48).
m(c” + 2¢) Ao A

Ilnsg nBUXeHUd miaHeT € < 0, | £ | << 02, H TIO9TOMY

22 l £ | 22 3m2c?

e VA =] -

mc 26 2M*’ A2

e
U
.
S
n

—

B 3TOM ciiyyae TpaekTOpHs npoOHoH yacTHLbl 6113Ka K dMnTHYecKoif. CMe-

6mm*c?

INEHUE TMEepUuresiug IUIaHEThl 3a OOHUH 060p0T COCTaBJIACT A=——-2———, 4YTO B
A

TOYHOCTH COBMNAJAET C pe3yjbTaToM, npenackassiBaeMbiM OTO. Ddrdext xpac-
HOTO CMELIEHHUs, ABJISSCh CIEICTBUEM 3aKOHA COXPaHEHHs SHEPIUH, JIETKO BBI-
BOAUTCA W3 MHTerpaia aHepruu (32). Pesynprar, KaK jerko Osul0 NpegBUIeTs,
cosnanaer ¢ pesynsrarom OTO.

INepexomuM K OTKJIOHEHMIO jiy4ya cBeTa B Teopuu bupkroda. B (32) ymobHo
nepedTH OT cOGCTBEHHOrO BpPEMEHH T K KOOpPOMHATHOMY f. [locre HeclOoXHBIX
nipeoOpa3oBaHmil NoNy4yaeM

2 2
v/t =1-exp(=2m/r (1 +§/c2)_1, v25[—) +(%J . (35)
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Honbiraemes mopobpars € B (34) Takum 06pa3zoM, uYTOGB MOYYHTH

MMPpaBUJIPHOE 3KCNEPUMCHTANIbHOE 3HAYEHUE 83](0“ 1A yrjla OTKIIOHEHHS CBETO-

BOTO Jiy4a BOJIM3M COJHEYHOTO JHCKA. DTOMY YCIIOBHIO YIOBIETBOPSET ClIEy-
I0llee 3HAYEHHE E:

E=?/D6G. r Jam—-1)", (36)

9KCI1 MHH
3nech rMHH — HaHMEHbLIEE yJaJICeHHUE CBETOBOIO Jiyya OT LHEHTPpa NPHUTAXCHUS.

IKCIT rMHH
PaznuuHbie SKCIIEPUMEHTH AT IS BEJIWYUHBIT —— — OGIIICPC-

4m
JATHBACTCKOE 3Ha4eHHue 1 ¢ TouHocThIo oT 2 o 15% [22]. Otcrona noaydaem

CNIEAYIOIUE OLEHKH: € > 3c2 (15%); €> 2502 (2%), nipuueM € = oo, ecnu yron
OTKJIOHEHHS] CBET2 B TOUHOCTH COBITAJAeT ¢ OOMIEPEIITUBHCTCKHM 3HAUEHHEM.

Beruucium Teneps BpeMs 3ana3gpiBaHKS OTPAXKEHHOTO PATMOIOKALHOHHOIO
curnana. Pagu npocToTsi paccMoTpuM Cilydaii, KOLa pagvMOCHTHA pacrpocTpa-
Hgercs B paguajibHoM Hanpasienud. Torza u3 (35) Haxomum s BpeMeHM 3a-
HOEPXKH CHrHANa

,
M= B T e - )+ 2N e 2. (37
1

OTO (a cnenoBarensHo, ¥ KaHHad Bepcus noxxona Ilyankape) mpenckassiBaer
CIIefyIoliee BpeMst 3alepXKH:

r,—2m r 38
ardmp T dm T2 (38)
c r1—2m c r

KOTOpO€ 9KCNEePUMEHTAIbHO NOATBepXAaeTcs ¢ GoNbmoi ToyHOCThI0. JIO CHX
0P IBMXEHHE CBETa HUYEM HE OTIIMYAI0Ch OT ABHXEHHs NpobHbIX Tesn. Onpe-
JieJIMM Teneph CBET KaK Takhe NPOOHBIE YaCTHLbI, CKOPOCTh KOTOPBIX PaBHA ¢
NpH OTCYTCTBHUH TArOTeHHs (m=0) win Ha OGECKOHEUHOM yOaleHHU (r = oo).
Torna u3 (35) cnenyet, 4to €= co. IIpH TaKOM 3HAYeHHH € BPEMEHHAS 3aepX-
Ka paiHONIOKAaUMOHHBIX CHIHANOB paBHa Hydi0. TakuM o6pasoM, jaBas
NIPAaBHIIbHBIE PE3YIbTAThE VISl TPEX HU3BECTHHIX onbitoB OTO, Teopust Bupkroga
HE MOXeT OOBACHHTH 3aNepPXKy PauMOIOKAIKOHHBIX CUTHAIOB.

3.7. Nlpeueccus rupockona. Cymecrsyer, NO-BUANMOMY, €IHHCTBEHHBIIA
OTBIT, OCYIIECTBJICHHE KOTOPOro HameueHo Ha 1996 r. [22], wis koToporo npen-
ckazanuss OTO u naHHOH JTOpEHL-KOBApHaHTHOM TEOPUM pasHATCi. DTO mpe-
1eccus rupocKona B rpaBUTALMOHHOM 1105ie 3eMJTH. YTON Mpeueccuy TMpocKona,
YCTaHOBJIEHHOI'0, HANMPUMEP, HA HCKYCCTBEHHOM CNYTHUKE 3€MJIH, COCTABJIsET Ha
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ofMH opGuTanbHbIE 0GOpOT 3nGM B OTO u _mGM B JJaHHOM BapHaHTe JIO-
P P Rc? R

PEHLI-KOBapHAHTHOH TEOPHH.

IMocnenHee BhipaxeHHe mnomydaetcs ciepyloliuM obpasom. Ilpexnonaraem,
4TO MpeLeccHs THPOCKONa, HaxONsLerocs Ha KpyroBoii opbure paguyca R, 00s-
3aHa npeueccun Tomaca. Jlns nocnenHeit yron noBopoTa «CnuHa» (BeKTOpa, 3a-

JAoLIero OpUEeHTaLMIo THpocKona) paseH [23] O =-2n(y—-1), y=(1 — [32)_1/ 2,
B=v/c, v — ckopocTb «cidHa» Ha Kpyrosoil opbure. U3 (19) cnenyer, uto mwist
KpyroBoit opGuTHI B2=-———-—~—R m2m' [Moncrarnag ato 3HaueHue B © M oTOpachiBas
yjaeHsl Gonee  BBICOKOIO  MOpAAKa, [O/Ny4aeM [MPUBENEHHOE YacTHO-
PEJIATHBUCTCKOE BbIPaXeHHE.

3.8. Ipyrue MeToAbI PACCMOTPEHHS PEJISTHBHCTCKOM 3aaauM. PaccMoTpen-
Hblil TTOXO0M ABASETCH, O CYTH JeNa, PesIsTUBUCTCKOM MexaHukoii. CooTBercT-
BYIOLLas PEJIATHBUCTCKAA NONEBas TeOpHs rpaBHTauuu Ovuia nocrpoena A.AJlo-
ryHOBbIM [24,25].

OueBnaHO, MOTYT CYLIECTBOBATh Pa3Hble PENATHBHCTCKUE TEOPHH, OMHMCHIBA-
I0LIHE «pellaue» aKkcnepuMenTsl U He csopsamuecst K OTO. [MoneiTkH npoMo-
aesivpoBath ypaBHeHus aAuxeHus OTO Ha ocHOBe BBeAeHHA CrieLHanbHO Nono6-
paHHbix cun B CTO panee npeanpuHMManuch HeoaHokpaTtHo. Hanpumep, B
cepuH HHTepecHbIX pabor [26] 6bUT0 MOKa3aHO, YTO TOYHOE MOJETHPOBAHHE
BO3MOXHO TOJILKO B TOM ciydae, ecid cuna B CTO npeacraenser coboi
MOJIHHOM YETBEPTOil CTENEHH OT CKOpOCTeil:

£ o dP ! d® ) af a 39)
2 Brdt dv dt PO dt dt dt

B paccmatpuBaeMoM ciyyae £ npencTaBnsioT co6oil  pasHOCTH KO-
9¢(PHULHEHTOB CBA3HOCTH IUIOCKONO H KPHBOTO NMpPOCTpaHCTB. Jlokaxem, 4To
(39) skBuBanentHo (19). Bynem ucnons3osars AekapToBsi KoopauHarsl. Toraa
K03(HIHEHTb CBA3HOCTH MAJIA IUIOCKOrO MPOCTPAHCTBA PaBHBI HYJIO, a COOT-
HomeHue (39) ecTb ypaBHeHHe ABHXeHHS B MeTpHKe LlIBapummnibaa, Kotopoe
coBmanaeT ¢ ypaBHeHHeM (19), ecnu 3a napaMerp NPHHATH KOOPAMHATHOE Bpe-
Ms . DTO oO3HayaeT, 4TO TpOHHas cymMMa B mpaBoit 4yactu (39) Tpac-
topmuposanace B nepBriil Wwien npasoit yactu (19).

Cucrema ypasHeHuit (16), onpegensionias ABMXEHHE YAcTHUb 1, IOMXHa
OrITh TOTIOJIHEHA CHCTEMOH ypaBHEHH /il IBUXeHH YacTHubl 2. Bribop B (16)
3HaKa PasHOCTH ¢, — I,(=T / ) OTBeYaeT 3ana3gbiBaloieMy BOICHCTBHIO YaCTHLbI

r
2 Ha vactuny 1. BuiGop t, — t ==z oTBeyan 6vl omepexaiouieMy BO3IEHCTBHIO

YacTHLBl 2 Ha yacTHUy 1, T.e. neiicTBHe YacTHLBI 2 JOCTHraer 4acTuusl 1 pas-
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nie, 4eM OHO nokupaaet yactuuy 2. Urak, BMecto (16) MoxHO ObU10 Obi B3IThH
NOJIyCYMMY 3ala3fblBaiolero ¥ onepexaiomero s3auMmoneiicteuil. [pu aTom mis
Clly4as, YMoMmsiHyroro B pa3f.2 [16,17], MOXHO HaiiTH PensSTHBHCTCKM-HHBA-
pHaHTHBIA NarpaHxuan [27] u, clegoBaTesNbHO, MOJYYHMTh B SBHOM BMJIE BEJIH-
YHHBI SHEPIUH, UMITYJIbCA, YIJIOBOTO MOMEHTa. B 3TOM ciiyyae HaiiieHbl YacTHbIE
TOYHBIE pELIeHHd PENATHBUCTCKOM HByX4acTH4HOH 3amaud [28]. Ilpu aToMm
4acTHLbl BPALIAIOTCA MO OBYM KOHLIEHTPUYECKHUM OKPYXHOCTSM C MOCTOSHHOIA
YIJIOBOH CKOPOCTBIO. TouHBIE peleHHs, OTBEUAIOIIHE IBUKEHHIO 0 KOHLEHTPHU-
YECKHUM OKPYXHOCTAM, CYLWIECTBYIOT M VI Cly4yas KOPOTKOOEHCTBYIOUIMX IBYX-
4acTHYHbIX B3aumopencTsuil [29]. IlonoGHble ke TOYHBIE pelleHds yaaerTcs mo-
JIyYYUTh M TOTHAQ, KOrJa B3aUMOJEHCTBHE YacTHUbl 1 ¢ wacTHuel 2 sABnsgercs 3a-
MasgbpIBaIOIMM, a B3aUMOMEHCTBHE 4YacTHUB 2 ¢ vacTuied 1 sBisgercs
OmepexaroliuM, IIPH 3TOM YacTHusl 1| M 2 ymexar Ha CBETOBOM KOHyce. B sTtom
Cllyyae, KpOMeE ABHXEHHS MO KOHLEHTPHUYECKMM OKPYXHOCTSM, MOXHO OTBICKATh
TOYHOE pelIeHHe, OTBeYaIee npsMonuHeiHoMy aBuxeHuio [30]. Ecnu xe 3a-
Ma3abIBAIOIMMHU SABJIAIOTCS KakK B3auMoaeicTsue yactuusl 1 ¢ 2, Tak U 2 ¢ 1,
TOYHBIE PEUICHHs] HEW3BECTHRE. B 3TOM cnyyae nnst MeuieHHbIX qBuXxeHUi B (16)

MOXHO BBINOJIHKTH paliOXeHHe Mo creneHsm 1/ . IIpu aroMm (16) cBomarcs x
cucreMe OOBIKHOBEHHbIX An(repeHLHaIbHbIX YpaBHEHHH 06€3 3amasmbIBaHus.

C TOYHOCTBIO IO YJIEHOB 1/(,‘2 BKJIDYUTCIIPHO UMEEM

2
2 2
dxli__GMz +(_1)—1—E_2GM1_§ E}’l o+
a3 A * 24t 2(rc i
V,.— V,.
1 2 : —
+—'Cz——’[¢2+GM2r 3(rv1)], (40)

1€ Mbl ITOJIOXKHWIIH

\Vl =- GM2(1 +¢1/02), \Vz E¢2/C-

Bce 3HaueHMs KOOPAHMHAT, CKOPOCTH, YCKOPEHHs B3STHI 30€Chb B OMH M TOT Xe
MOMEHT BpeMeHM f. JIBUXEHHE 4YacTHIBl 2 MOAYHHAETCS TOYHO TAKOMY Xe
ypasHenuio (¢ 3aMeHOit uHgekcoB 1 «— 2). Cucrema oObKHOBEHHBIX Audde-
peHUManbHBIX ypasHeHH# (40) MOXeT OBITh pelleHa CTAHJAPTHBIMH METCHAMH,
€C/IM M3BECTHBl HAayaIbHbIE MOJOXEHHUS M CKOPOCTH yacTull. HMcmons3ys npo-
Leaypy, ONMCaHHyI0 B KoHUE 1.3.3, Haxogum ¢, 1 ¢,. C TOYHOCTHIO 1O WIEHOB

nopsaka 1/c? nveem

0, =3V =2GM, + M,)/r= 3V}’ /r% ¢,=GM,av) /r3 v=v, ~v,.
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IMoncraenss ¢l U ¢2 B (40), yGexpmaemcs, 4ro ypaBHeHus nBuxeHus (33)

OT/IHYAIOTCS OT YPaBHEHHit ABUXEHHs, KOTOPHIE CIERYIOT M3 MPHOIHXEHHOrO
narpanxuana Ditnwreitna — HWudenvaa — lodpmana. Tem He MeHee MmOTEH-
LHaTbHBIA MpEeRen 3THX YpaBHEHHH (M2 — o) OAHH K TOT X€. DTO YaCTHYHO

CBSI3aHO C HEOAHO3HAYHOCTBIO BOCCTAHOBJICHHS XBYXYAaCTHYHBIX (byHKlIHFl H3
OAHOYACTHYHBIX.

Ecnu gBuxeHue He SBNSETCH MEWNICHHBIM, HO OIHA H3 MacC CYIIECTBEHHO
NipeBbILIAET APYIYI0, WIs pelueHus cuctembl (16) MOXHO BOCNO/IBb30BAaThCH METO-
aoM, npennioxeHHsiM B [31]. B nepsom npubnnxeHHH cynTaeM JBHXKEHHE 60nb-
woit Macchl M, npsmonuHeiinbiM. [lpu 3a1aHHOM ABUXEHUM M), NMO/IB3YsCH (16),

BbiuKCisieM aBuxenue M. [loacTasnss B ypaBHEHHs ABUXEHUA s M, HalneH-
HO€ [ABUXEHHe M|, CHOBa NoJy4aeM JBHXEeHHE M,, HO C MONpaBKaMH NMopsiKa
M, / M,. 3roT npouecc MpoAOAXAETCH 10 NONy4eHHS Heo6XOaUMO# TOYHOCTH.

B 060Hx npuOAHXEHHBIX CydasX 3alaHHe HaYaIbHBIX MONOXEHHIH M CKOPOCTEH
NOJIHOCTBIO OMpeenser JabHEHlYI0 JHHaMHKY IBYX4acTHYHO#H cucTembl. Ho
i TOYHOM CHCTeMbl ypaBHeHHH (16) (ruioc ypaBHeHMs 1S ABHXEHHsS BTOPOH
YacCTHIIbI) H3-32 KOHEUHOH CKOPOCTH pacnpoCTpaHEeHHs B3aHMOAECHCTBHS 3alaHus
NOJIOXEHHA M CKOPOCTEHl B KaKOH-TO MOMEHT BPEMEHH HENOCTaTOYHO: Heob-
XOOMMO 3aJaTh HavyanbHbie KOOPAHHATH H CKOPOCTH Ha KOHEYHBIX Y4YacTKax
TPaeKTOpHii YaCTHI WIHM 3a4aTh B JAHHBIH MOMEHT HE TOJIBKO KOOPAMHATH H
CKOPOCTH, HO TaKXke BCE BbICIIHE MPOM3BOAHLIE MO BPEMEHH OT KoopauHar [32].
[ToaToMy npHGIHXEHHbIE PEliEHHA COCTABNSIOT BECbMA MATYI0 4acTh MHOXECTBA
TOYHBIX peuieHWit. OOHHUM M3 NyTel NPEOAONIEHHs 3THX OC/IOXKHEHHIl SBIAETCA
BBEIEHHE MOAXOMAILErO 3BPHCTHYECKOrO npHHuMNa [33], koTopslit no3Bonua Gbl
OrpaHHYHTh MHOXECTBO peileHHi. KOHeYHO, ocTaeTcss OTKPBITHIM BONPOC O CO-
OTHOLIEHHH 3THX NMPHHLUMOB C 3KCNEPHUMEHTAIPHBLIMH JaHHBIMH.

B paGore [34] 6bu1a nonyueHa o6was opMa npUEIHXKEHHO-HHBAPHAHTHOIO

C TOYHOCTBIO 10 1/ ? PEJIAITHBHCTCKOTO narpaHxuaHa. CpaBHHBas ypaBHEHHS
nBuxeHns (40) c ypaBHEHHMSMM IBHXEHMS, BHITCKAIOIIMMH H3 JlarpaHXHaHa H3
paboTbi [34], nerko BOCCTAHOBMTh JarpaHXHaH, COOTBETCTBYIOLIMH ypaBHEHHSM
(40). D10, B cBOIO OUEpens, onpenenseT NPpHOIHXEHHbIE HHTETPAIbl JBHXCHHUA,
COOTBETCTBYIOIIME MMITYJIbCY, SHEPTHH H YIJIOBOMY MOMEHTY.

3.9. CpaBHeHHe ¢ rajJnieeBol AByX4acTH9IHOM 3aaa4veit. O6paTumcs eiue
pa3 K TpeM oaHoYacTH4HbIM ypaBHeHHsM (18). ITpu BriGope dynkumi y,, ¥, ¢

nomoisio gopMyn (20) nonmyyaercs NpaBHIbHOE ONMHCAHHE TPEX PpelLalOUIHX
onsitoB OTO. ITockonbky ypaBHeHHs (18) OTHECEHB! K CHCTEME NMOKOS YaCTHLbI
2, Bcsakad HHGopMalMs O ABHXKCHHH 3TOH YacTHUBI orcyrcTByer. IlosTomy B
ypasHeHHnsx (18) orcyrcreyer MucdopManus 0 IBHXEHHH CHCTEMBI JBYX YacCTHII
'KaK HLeJIOro, a CJIeJOoBaTe/IbHO, H O CBOMCTBaX CHMMETPHH 9TOIO ABHXEHHS.
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«Pa3sMOpPO3UTL» 9Ty CTeneHb CBOGOIBI MOXHO No-pa3HoMy. Panee MbI TpeGoBay,
4YTOOBI MOJTyYeHHBIE IByXYaCTHYHbIE ypaBHEHUS GbUTH JIOPEHI-KOBAPHAHTHBIMH.
B sToM cnyyae mis onpepenenus V1, ¥,, Bxogauwux B (16), MoxHO BOCTONb30-

BaThcs peuentom (21). C apyroit cTopoHsl, MOXHO NOTpeGOBaTh, 4TOGH ypas-
Henust (18) ObUIH MOTEHUMANBHBIM MPEAETOM TATWIEEBO-KOBAPHAHTHBIX IBYX-
YaCTUYHBIX ypaBHeHuil. [locnennune BHIMIAMAT ceqyoiuM obpasoMm:

d2xl .
4

dt?

=F1xi+F2vi; X EX X 41

-2 YiTnT

3nech F\,F, — ¢yHkuuu Tpex uHBapuaHToB rpynnsi [anunes: ri= 2 xl.z,

2 2
v =Z"," (rv)=2xiv,.. Ecnn Mbl x0THM, uTOGH B nOTeHUMalbHOM npenene

ypaBHeHus (41) coBnaganu ¢ ypaBHEHHSIMM ABUXEHMS NPOOGHON 4acTHUBI B
OTO (19), To Mbl 1ONXHBI ClenyloWAM 06pa3oM BBIGPaTh (GyHKLUHH F|, Fy

F =- ]—ZG—M [—l—éE(rv)2+uv2+mc‘2/r3],

rc2 2r dr
1 GM
_2m 2GM _oM _
F,=u(rv), u:—r3 1~ 2 | m=——C2 . M=M +M, (42)

Ilpn Takom BbIGOpE BOCTIPOM3BOMATCS PeE3Y/BTAThl TPEX «PEIIAIOLIMX» OMBITOB
OTO. TlonbiTkn MOAM(HKALMH 3aKOHOB HBIOTOHOBOH MEXAHMKH H3BECTHbI
nasHo (Taycc, Puman, BeGep, Heiiman). B TakoM nomxome BO3MOXHOCTS
npubauxenHoro onucanus onbitos OTO u3yuanack Tpenepom [35]. B
OT/IHYHE OT 3THX paboT ypaBHenus (41) ¢ onpenenennsiMu B (42) byHKUHAMH
B MOTEHUHAIIHOM Npefesie B TOYHOCTH BOCHPOU3BOASAT YPAaBHEHHS JBHXEHHUS
OTO. HecocToATeNbHOCTs ITHX MONBITOK MOCTPOEHHS TAIMIEEBCKOH KO-
BapMaHTHOH TEOPHH, BKJIIOYasd M Hallly, COCTOMT B TOM, YTO, MPaBHJIBHO
onuchiBas G6onbwHHCTBO 3hpekToB OTO, oHM He MOTyT ommcaTh atpdekToB
CTO — coxpallenHs NpoMeXyTKOB IJIMHBI H BPEMEHH M T.1.

4. YCJIOBUA CYHIECTBOBAHHUSA KPYIOBOI'O
CTAIIHOHAPHOT'O IBHXEHHSA

4.1. lisa Tena ¢ paBHbIiMH Maccamu. Haiigem YCNOBUS, P KOTOPBIX ypaB-
nenus (8), (9) uMeT pellenus, oTBevaLMe CTaMOHAPHOMY KPYTOBOMY IBH-
XeHHI0. Macchl YacTHH npexnonaraeM OXMHAKOBBIMHM, TODIA IBHXEHHE
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MPOUCXOMUT 1O ONHOM M TOH Xe-OKPYXHOCTH pajuyca a C MOCTOSIHHOM yrImoBO#M
CKOpOCTBIO 0D

xl(t) =acoswt, y =a sin t,
xz(t) =—acosot, y,=-—a sin ot. 43)

Ipu mopcranoeke (43) B ypaBHenus (8) Bce BeNMYMHBI, OTHOCAIWIMECH K
yacTule 2, cienyeT B3sATh B 6ojee paHHUH MOMEHT BPEMEHH:

x2=—acosm(t—t0)=—acos ((Dt—q)o),.

Yy=—a sinw(t—f)=—a sin (0f — ¢). 44)
[ToCKOMBKY JABHXEHHE CTALMOHAPHOE, TO t, = const, ¢0 =t = const. ¥Yron 3a-

na3jablBaHUA q)O omnpeaeasdeTcd U3 YCJIOBHA, UTO B3aMMOJEICTBHE, pac-

[pocrpanseecs co CKOpOCThi0 CBCTA, MOKHMHYBIICE YacTHLY 2 B MOMEHT
t— tO’ JOCTHUTHET YaCTHUIIBL 1 B MOMeHT BpPEMEHH {. 310 NPpUBOAMT K Clieayiomie-

MY YCJIOBHIO:

B 94 _ % %
= N2(1 + cos g =2 cos 0y /2"

(45)

Orcioga cinegyer, 4tTo =0 nopu B=0 n mocruraeT MaKCUMaJILHOTO 3HAYECHMS
0

(= 85°) npu B =1. Urak, nBuxeHue onpelesercs AByMs KOHCTAaHTaMHU a U O,
a JiBe JpyrHe CBA3aHbl C HUIMH COOTHoIeHHeM (45). B panbHeiimeM HaM MoHa-
0004TCs 3HAuYeHUs WHBApHAHTOB A,...,F I KpyroBoro ABMXEHUs, KOTOPBIC

0003HaYUM uepe3 AO,..., F o

-1 .
Ay=By=azZy(1-BY™, Z,=p sin ¢y +2(1 +cos &)

C,=(1-B'(1 + B cos o), Dy=(1 - B *dw’ sin ¢y,

Ey=(1-%7"(1+cos ¢y w'd’, Fy=(1-P 22a%0’. (46)

Moncrasnss (43), (44) B (8), nomyyaeM cieAylolIMe ABa COOTHOLIEHUS MEXAY
yHKuMIMH f

0 sin q>0 0 €08 o

2,-1
oI -4 | p? =S 11 +cos ¢p) @ +(1 B,

1 +cos ¢0 sin

)
Py f41_B(;=—f(1)(sin¢0+[3\/2(l+cos¢0))m_2. @7)

3‘1°°”fi=fi(A F)|AA JF=F°
0



TPABUTALIMOHHAS H DIIEKTPOMATHUTHAS 3AIAYH 735

" Pa3peninM 9TH ypaBHEHHS OTHOCHTENBHO f g, ! g:

fg _ﬁ+ 1 sin ¢, _f0 B\/2_cos¢0
0):11—[35_ o’ 1-B2|1+coso, 10)2\11+cos¢0’

f4 _ ﬁ B sin ¢, |- B! 48
-2 & I Bireos oy | -BY (“48)

CootHowenus (47) unu (48) MOTYT CIIyXHTh TECTOM CYLIECTBOBaHHS KPYTOBbIX
CTallHOHAPHBIX ABMXEHHI B TOH WM WHON pENdTHMBMCTCKOM ABYXYaCTHYHOM
3agavye. [Ipumenum coortHomenus (47), (48) Kk pensTUBUCTCKOMY KPYrOBOMY
OBUXEHHUIO ABYX Pa3HOHMEHHO 3apAXEHHbIX YacTHI] (e1 =-e, =¢€) c OfAHHAKO-

BOii Maccoii m. B stom cnyuyae umeem
£9 = —a®B72(1 - B3 2 [(1 + B cos ¢)” + B sin 0, Z,1Z;”,
fl=eap™'(1+ B cos 9z, 2, fI=¢V1 —p2 z;'. (49)

3nech £=e’ / mc?a — Ge3pa3mMepHast KOHCTaHTa, MO MOPSAAKY BETHYMHBI paB-
Hasd OTHOLUCHHUIO 3INEKTPHYECKON BHEpPrHH B3aHMONEHCTBHSA [BYX YacTHLl K
nonxoii. [loacrasnss 3™ PyHKUMH BO BTOPOE H3 ypaBHEHMid (47) rnojy4aemM
TPAHCUEHIAEHTHOE YPaBHEHHE 1a @

B(1 +cos ¢p) (1 + B2 cos ¢y)Z, + leg sin ¢ =
=[(1 + B cos 9> + B2, sin 0, [sing,+BV2(1+coso) 1.  (50)

3necsy B Beipaxaercs uepes ¢, ¢ momompio cooTHoweHus (45). Ypasnenue
(50) umeer aBa ciiemyOLUX TPUBHAILHBIX PELIEHUA:
1) ¢,=0. B atom cnyuae P=0, T.e. yactHubl nokosrcs. INoncTaenss 3TH

3HauyeHuss B mnepBoe ypaBHeHue (47), ybexnaemcs, urto €=0, yTO O3Hayaer
OTCYTCTBHE B3aHMOJIEHCTBHA

2) B=1 (¢, = 85°). U3 neproro ypasnenus (47) crenyer € = co. 310 03HaYa-
€T, 4T0 GECKOHEYHO CHIbHOE MPUTSKEHUE KOMNEHCHPYETCS LEHTPOGEXHBIMU
CHJIaMH TNPH ABHXEHHH [0 OKPYXHOCTH CO CKOPOCTBIO CBETa.

BrruuciieHds nokassiBailoT, uto npu 0 < B < 1 ypaenenue (50) e uMeeT Kop-
Heii. MTak, B 3/ICKTPOMarHWTHOM Ciiydae C 3anasibiBAHUEM OTCYTCTBYIOT pelie-
HHsl, OTBEYAIOLIHE KPYTOBOMY IBHXXEHHIO CO CKOPOCTBIO, MEHbILIEH CKOPOCTH CBeTa.
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BhIsICHAM Terepb, HET JIM KPYroBHIX CTAalHOHAPHBIX ABMXEHHH B yNpo-
. A
weHHoM Bapmante (15) ypaBHenmii Ilyanxape? Iloxcrapisiem f3=—f1—c~6,

f4=0 Bo Bropoe mn3 ypasHenuit (47). Ilocne ympomenuit —rmomTydacM:
B2 cos o m =sin ¢, wim, c yuerom (45), tan oy =@,

B poctynHom s ¢, untepsane 0 <¢,<85° ecTb TOIBKO TPHBHANbHOE
pewenne ¢, =0, B =0, oTBevarwIee OTCYTCTBUIO B3auMozgeiicTBus. Kak u B nipe-

IbIIYLIEM Clydae, CTallHOHapHBIE KPYroBbie JBHXEHHS OTCYTCTBYIOT.

4.2, Ilpumepsl PeNATHBHCTCKHX ABYXYACTHYHBIX CHJI, JONMYCKAaIOLIHX
CTallHOHAPHBIE KPYrOBbie ABMKEHHA. BpIpa3iM C MOMOIIBI0 COOTHOIIEHHUIT (46)
KOHCTAHTHI a, ® yepe3 HHBAPHUaHThI AO""’ F..

5
\Z
a=————E9——— w=cENF_Q Ko 2 51)
VF, -1}’ 0 00X +Q,

3necy X, Y, — cnenyiomue Oe3pa3MepHble KOMOMHAIMH HHBApPHAHTOB!
= 2 = -1 - 2
X,=E,/ ¢, Y,=Dy|EF) ™, Qy=2-Y.

HOCKOHbe KOHCTAHT JABHXCHHAI 4, ® ABC, a HHBAPHAHTOB AO,...,FO IIeCTh, TO

JOJIXHBI CYIECTBOBATh YETHIPE COOTHOUICHUS MEXNY HWHBapHaHTaMH!

AO=BO=(\/'1f§)‘Q0)'1 [¥y VX, +V2(X,+ Q) 1.

2X.Q
0=0
C.=1+E, /c* 1-Y2=cos N0 — . (52)
0 0 0 XO + QO
IMoncrasum ® u a u3 (51) B (48). I[IpuBeseM neppoe U3 3TUX COOTHOIIEHUM:
%3
0 0 -1 XO
fa=-1-f V2 E(F Q)" | 2 +7, X+ 0, (53)
DTO COOTHOWIEHHE UMEET BUJ
Fa=v, () A By i Fo) (54)
4 4V e e T o

[Ipu noacraHoBke M U a BO BTOpoe coOTHOIIeHHe (48) nonyyaeM BhIpaXeHHE,
CBA3BIBAIONICE fg H f?:
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£3=w,(f % Ay By..h Fy). (55)

PaccmoTpuM Teneps COOTHOWIEHHS, nonyyaembie H3 (53)—(55) 3ameHoit
AO —-)A,...,F0 — F. Torna sMecro (53), HanpuMmep, uMeeM

%)
- X
f=—1-f,2EFQ| V2 + Y(X_IE] . (56)

3nec Y=D/NEE,X=E/c% Q=2-Y%
Takoe X€ COOTHOLI€HUE nonyqaeTcz st f3. B HUTOr¢ UMEEM

L=W(,AB, ... F), f,=v,(f,AB,..F. (57

Honcrasum Temeps Boipaxenus (57) B (18). [onyuennsie ypasHeHus comepxar
ONHY NPOU3BONBHYK (PYHKHHIO f1(A,...,F). DTn ypasHenns nepexomsiT B yc-

TIOBUSL KPYrOBOTO MABHXEHHS (47) mHpH NONCTAHOBKE BMECTO HMHBApHAHTOB
A,...,F ux BhIpaxeHuit AO,...,FO, COOTBETCTBYIOIUUMX KPYrOBOMY ABHXEHHIO.

Wnade rosops, ypaBuenus (8) ¢ GpyHKuuAMU f3, f4, BEIOpaHHbIMH B BHAE (56),
(57), n mpoussonvHO# (ynxumeii f1 noryckawT peueHue (43), oTeevawoluee

KpyroBOMy JBMXEHHIO C MPOM3BONBHEIMH 4, ®. OfHaKo, naxe eciau (hyHKLHIO
J, 43 dU3MYECKUX WM MHBIX COOGpaxeHuil 3ahMKCHPOBATh, OCTAETCS Heorpe-

ACIIEHHOCTb JBOSKOTO pOXa. BO-HCpBLIX, YUYTEM, YTO MHBAPHUAHTHI AO""’FO HE

ABJISIOTCA HE3aBUCHMBIMH (CM. cooTHomeHus (52)). Hanpumep, BMecTo E0 B

(53) MoxHO 6bUTO 651 mopcTaBuTh ¢X(C. — 1), F,, Boipasuts yepes A, unu B, ¢
0 0 pes 4, 0

NIOMOLIBI0 BTOPOrO COOTHOWEHUs (52) u T.a0. Bce 5TH COOTHOWIEHHS TMOJI-
HOCTBIO SKBHBAJICHTHBE B cuy (46). Onnako npu mepexome ot (54), (55) k
(56) Takas 9KBMBaNIEHTHOCTh Hapymaercs. B urore Gymyr momyuarbcs ypas-
HeHus (8), (9), B KoTophIx f3,f4 [10-Pa3HOMY CBSI3aHBI C fl, T.c. 6yoeM uMeTs

pasM4HbIe NBYXYACTHYHbIE PENATHBUCTCKHME YPaBHEHHMs, HOIYCKAIOLIME OIHO
M TO X€ KpYroBO€ ABHMXCHHE C NPOM3BOJIbHBIMM NapaMeTpaMH a, ®. Bropas
HEOTIPE/IENIEHHOCTh COCTOMT B TOM, YTO COOTHOWIEHHs (57) Bcerma MOXHO yM-
HOXHTh Ha NPOM3BOJIBHYI0 (YHKUMIO MHBAPDMAHTOB A,...,F, comsmylocs K 1
U1l KPYrOBOIO pelieHHd, T.e. Ipu A =Ay,....F=F,, TaKk xe Kak u n106asuth B

NpaByI0 4acTh MPOH3BOIBHYI0 PyHKIMIO, 0OPaIHAIOLIYIOCS B HYNIb WIF TOrO Xe
mexeHus. OcTalomuiics NMPOM3BON Bee emle CAMIIKOM Benuk. [lonbiTaeMmcs
OTPaHMYMTh €ro TpeGOBaHMEM MEPEXOfa PEeNATHBUCTCKUX ypaBHeHuil (8) B 3a-
A2HHBIE HEPENATHBHCTCKHE. B KauecTse npuMepa MOXHO noTpe6oBarh, YT0GH
obwue ypasHeHus (8) mepexoawiu B OGBIYHEIE HEPENSTHBUCTCKHE rpaBuTa-
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LMOHHbIE YPaBHEHHs, TIPHYEM TaK, YTOGH NepBbie NONPaBOYHbBIE WIEHbl K HUM
HUMEJTH MOpAIOK 2. BepHemcs cHOBa K MCXOaHbIM ypaBHeHusM (8). Koaddu-
UMEHT mpH ), Oymer man, ecnu f, Gyner mopsika c2. Pamu [POCTOTHI MO-

JIOXKHUM =0. Jlanee, KO3 HUIUCHT, CTOSll.uHﬁ NpH X., NJOJXEH C TOYHOCTHIO
4 i

1o ¢* cosnanats ¢ c-vy/ r (Y= const). [Tpouie Bcero 3Toro MOXHO NOCTHYb,
NONOXHB f| =~—y/B3. HakoHew, ewe OAHO YCIOBHE COBMAJACHUA C TOUHOCTBIO

2 ypaBHeHHii (8) ¢ rpaBUTAlHOHHBIMM HEPEIATHBHCTCKHMH COCTOUT B TOM,
4YTO

fo+f(1 =B~ 0™ npuc— oo, 8)

IMpowe Bcero aroro pobutecs, ecnu, cnenys Ilyankape, nosoXxuTs
fy=—fA/cC.

MBI BHIENH, OXHAKO, YTO NpH TakoM BbiGope yHKIHi f (CM. Bblllle) KPYrosoe
ABUXeHHe oTcyTcTByeT. [109TOMY MBI MOnbiTaEMCA MOAOHTH C APYroro KoHua.
Ipu aTom Gynem npuaepxuBarbcs crenywouero naana. CHayana BbIAICHHM, UTO

O3HayaloT nepsbie ABa Hawux ycnosus (f, =0, f]=—y/B3) Ui KpyroBoro
nsuxeHus. Janee ¢ moMousio BTOpoit U3 opmyn HaleM COOTHOIIEHHE MEX-
oy fg n f(l). 3aMeHHM B HEM HHBapHaHTHl A,...,F; KPYroBoro iBUXCHHA Ha
obuire HHBapHaHTHl A,..., F. Toraa nony4yMTcs HEKOTOPOE COOTHOLIEHHE MEX-
Ry fy W fi. YcTpemnsas B HEM ¢ — oo, y6eaumcsa, YTo OHO nepexoauT B (58).

Hrak, noacrasisieM f4=0,f1 =/ Bs (48):

2-yle?a®z) (1 - B 4V B sin ¢,=0. (59)

BoisichuM ¢H3HYecKuil cMbic 3Toro ycnosus. Ilepexoms k mnpenmeny mnpH
€ — oo, NIONy4aeM

=a, (60)

TO ecTh TpeTHit 3akoH Kennepa (kBanpar nmepuona nponopLHoHaieH Kyby no-
nyocu). Takum oOpa3oM, (54) aBnsercd HEKOTOPHIM PEJISTHBUCTCKMM 0606-
meHHeM Tpetbero 3akoHa Kemnepa. OcTaercs BHIACHHTb, BO YTO HEPEXOMMT
BTOpOe U3 BhipaxeHHii (48) npu TakoM Bhibope [y ;- Onnako yno6xee ucrnosns-

30BaTh BTOpoe M3 cooTHoueHui (47). OHO NPHBOAUTCA K BHIY
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£9=~%c™ N1 g% (sin 9+ V2 BT +cos §y) (1 + cos 0 B (61)

Bripaxaem q)o, B, a uepes AO,...,FO:

f_‘l) 2X) + Y, (X, + 0"

f 1
3¢ Yo\l)_(;+«12_(x0+Q0)/Z

(XX + Q) 62)

Cnenyommit mwar cocTOMT B TOM, YTO B (62) BMecTO WHBapHaHTOB AO,...,FO

KpYrOBOTrO NBHXEHMS MOACTABIAIOTCS MX oOLIHe BhpaxeHus (6), 7):

h X+ rx+ 9" )
=-1 X(X 2 63
s CY\/}T+\/5(X+Q)V2[ ®r o) ©

Ilepexond, HakoHeu, 3mech K HEPEJATHBHCTCKOMY Npeleny, ybexmaemcs B
cnpasemuBoctH (58).

Taxum o6pasom, penstusucTcKue ypaBHeHus (8), ® cfy=0, 5 =y/B3 7
f3» onpenienenHoii ¢ momowpio (63), KomyckaoT pelIeHus!, OTBEYaKOIHe KPYyro-

BOMY nBuxenuio (43). Ilpy 3TOM ® M @ OKa3bIBAIOTCS CBA3AHHBIMH COOTHO-
enueM (59). B nepensrusucrckom npenene ypasHenus (8), (9) u ycnosue (59)
TNEPEXONAT B OOBIYHBIE HBIOTOHOBCKHME TPABUTALMOHHbIE YPaBHEHUS U TPETHH 3a-
xon Kemnnepa.

3aMeTUM, 9TO 4YaCTHBIE 3amasabIBaIOLHE PelIeHHs, OTBEYAIOIHE KPYTOBOMY
ABUXEHMI0, ObUIM panee nonyuens! [Jx. CHHIOM [36].

[TomydeHHbie BBIIIE PE3yNbTaThl CTAHOBITCS Npo3pavHbIMK Ui Gonee mpoc-
TOrO Ciiy4ast — rajlMjeeBCKOi MeXaHuKH ABYX yacTul. B sToM cllyyae UMEIOTCS
ABA HE3aBHCHMBIX rajliIeeBCKU-KOBAPHAHTHBIX BEKTOpA: I =T, BV -V, (cM,

Hanpumep, [33]). Orciona cienyer oGwuit BU ypaBHenuii, thopMHuHBapHAHTHBIX
OTHOCHUTEJIbHO npeobpazosanmii anuses:

dr

?=flr+glv’ rsrl—rz, VEVI—V2, (64)
dzr2
—dt? = —fzr +8,v. (65)

B mnpasyio gacte (64) MoxHO 6110 6B KOGABUTS 4eH, NPOMOPHUOHANBHBIA
W,. OHaKo ero MOXHO 6bUI0 6B HCKIIIOUHTH C IOMOLIBIO (65), nockonsky Bce

YJICHBI ypaBHCHHﬁ OTHOCATCA K ONHOMY M TOMY X€ BpPEMEHH. IIaJIec, npaspie
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yacTd Mord Obl cogepxaTbh cjaraeMoe, MPOMOPUHOHAILHOE BEKTOPHOMY
NpOH3BEAEHHIO [I X v].

B sTOM Cilyyae ABMXEHHE HE NMPOMCXOAMT B OJHOM IUIOCKOCTH, AaXe €ClH
HayalbHble PaIMyC-BEKTOPBI YaCTHIl H UX CKOPOCTH JIEXaT B HeEil.

Teneps f U ¢ — (YHKUMH OT TPEX HE3aBHCHMBIX TaIWIEEBCKMX HHBAapHaH-

- TOB r2, v2 u (rv). Hailnem ycnosus, npu KOTopbix ypasHeHHs (64), (65) umeior

pelIeHHs, OTBEUYAOLLIHE KPYTrOBbIM JABHXCHHAM:

x,2=:tacos oy, ,=*ta sin @¢. (66)

an 3TOM neﬁc*rnyem TOYHO TaK, KaK U B PEIIATUBUCTCKOM CJiy4yae. Ioacras-
Jifg 3TH 3HAYEHHUT X, Y B YPABHCHHs, MOJIy4YaeM

0 0 2 o_ 0
f1=f2=_m/2v gl=82=0' (67)
Ilanee BbiUCHIBAEM 3HAYEHHUSA HHBAPHAHTOB JY1sl KPYroBoro ABHXEHHA
ri=4d, V=o'd, @v)=0. (68)

3anuceiBaeM QYHKUHH f ? H g(l) Yyepe3 MHBApHAHTHI

8=/ &=o. (69)

Hakoxewn, B (67) 3aMeHS€M HHBapHaHTHI I, Vo HA T,V

fi=-2%/r% g, =0. (70)

Takum oGpa3om, ypasHeHusa (64), (65) c dyHkuuamu f U g, ONpeneNEeHHHIMH
BoipaxeHussMH (70), MMEOT pelleHHs, OTBEYalolllHe KPYrOBOMY pPEILEHHIO C
NpOU3BONbHBIMHU g, ®. TToHATHO, YTo PyHKUHH (70), NPH KOTOPHIX AOMYCTHMO
KpYroBoe IBUXeHue, He camoro obmero Buga. O6o6umeHue TPHBHAILHO H
CBOOMTCSH, KaK Mbl YXe YIOMHHAJIH BSIIE IS PENATHBHCTCKOrO ciydas, K yM-
HOXEHHIO f; Ha MPOM3BOILHYI0 QYHKUHIO O, HHBADHAHTOB, obpamaouyiocs B

eNMHMLY NpH HX 3HaueHHAX (68) u mobaBieHMIO TPOU3BONBHBIX (PYyHKLHIH
0y, 9, o6pamaomKuXcs B HY1b I/Isi KPYTOBOTO ABHXEHHA:

2
(ol ()

rv

0,00=1, 0,(0)=0,0)=0. (1)
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IMoHsiTHO, 4TO PyHKUMHU ¢, MOTYT 3aBHCETh TOJIBKO OT Ge3pa3MepHBIX MapaMer-

poB. EAMHCTBEHHBIM TaKHM napameTpoM siBsiercs (rv)/rv, KOTOpBIH B COOT-
BeTCTBHH C (68) oOpamaercst B Hy/Ib A KPYroBOro ABHXEHHS.

Taxum oGpasom, ypasHenus (64), (65) ¢ MHBAPHAHTHBIMH tynkuusamu (71)
MMCIOT pELICHHs, OTBEYAIOLIWE ABHXEHHIO MO OKPYXHOCTH MPOH3BONBHOrO
panuyca a u ¢ Npou3BO/IbHOH YacToToit M. 3acukcHpyeM Teneps £, TaK, 4To6hI

MOJT4HTL HEENATUBUCTCKYIO TPABHTALIKOHHYIO 3a1a4y ABYX Tent: f, =—y/ P Ve

J1OBHE CYIIECTBOBAHHMA KPYIOBOIO PElIEHHsl KMEET BUIL TPeTbero 3akona Kennepa
2 3
0 =2y/a.

HTak, B peNsITHBUCTCKOM M rajlMIeeBCKOM Cilydae CHTYauus LOBOJIBHO CXO/I-

Ha. CylleCTBYIOT KakK pelleHHsl, OTBEYAIOIIHE MPOM3BOJIBHLIM 4, ®, TaKk M

PELICHHUS, NPH KOTOPLIX MEXIY @ H (O CYWECTBYET OMNpeie/icHHas CBi3b THMa

TpeTbero 3akoHa Kerutepa. Bee xe B pesTHBHCTCKOM ciyyae (pyHKLMOHAIbHbI
MPOH3BOJ 3HAYHTENBLHO Gosiee IHPOK.

5. IPAMOJIUMHEHHOE PEIATHBUCTCKOE ABHXXEHHE

Ilpu cneayowem BhiGOpe MHBapHAHTHBIX (yHKUHIA f, 8 yoaercs oTbicKaTb
PEIICHHS, OTBEYAIOLIHE NPAMOITHHERHOMY ABUXEHHIO:

f1=Yl/Av f3=f4=0v gl=‘Yz/Zv 83=8,=0,
A=(1- Bg)_vz (r-1tv,/c); Y}»Y, — const.

Torna ypasHenus (8), (9) NPpUHHUMAMT BHA

X, =X X, —X
V=N T T 0B Me=h Tz TU-B)" 02

1 2 2 1
3HaK TH/IbA O3HAYAET, YTO COOTBETCTBYIOLIME BEAWUMHBI JOJKHbI 6parbcs B
MOMEHTbI BpeMeHH f—r/c unu t—7/c (cM. pasn.l). Hepensrusucrckuil ana-
nior ypasHeHHit (72) usydancs Annenem [37] (aBUXeHHe ¢ NOCTOSHHON CHIION
B3aUMONICHCTBHS). [1OCKO/IBKY PeNITHBUCTCKMI Ciydail MO COXHOCTH Hecy-
IECTBEHHO OTIHYAETCS OT HEPEATHBHCTCKOTO, 33 HCKIIOYEHHEM TOrO, 4TO
CKOPOCTb JacCTHLIbI HE MOXET MPEeBbIIIATh CKOPOCTH CBETA, PACCMOTPHM CBOJi-
crea pewenud (72) oueds xparko. Ilpu Jc1>3t'2 peLIeHHs BBIMIAST CIIedy-

1omuM o6pa3om:

510 = (14N - Pt (1 - B2 4+
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B,()=N,(1+ N, N =yt/c+B(1-B)™
x(1) =33 =M, L+ N2+ M (1= B3

—1 -

B () =N, (1 + N, Ny=—y,1/c+PByy (1 - B2 2

3nechb x(l), xg, v?, vg, X5 Xy, V), V, — TIONIOXEHHS H CKOPOCTH 4aCTHL B Haualb-
Hbif (f=0) ¥ TeKylHH MOMEHTH BPEMEHH, Bl = vl/c, B2 = v2/c, [310: v(l)/c,
B20= vg/c, Ilpu x, >Xx, cpaBefIuBbl AHATOTHYHBIE BHIPAXCHHS. Insa npoc-

TOTHl 6yfeM CUMTaTh MacChl YacTHL OAMHAKOBHIMH (Y, =7, =7). PaccMoTpum

cHayana ciay4yad orrankuBaHus (Y>0). Ilycte B HadaJibHBIH MOMEHT Bpe-

MEHHU YacTHLBl NMOKOATCA U PaCHONIOXKEHBl CUMMETPUYIHO OTHOCHTEJIBHO Ha-

0

yaja KOOpAMHAT, xo ==X, = ©>0. Torpa npu t >0 umeeMm

1
50 == x,0 =5+ M [(A+7F / D211,

TO €CTb 4YaCTHIbl pasjeralnTcd C HapaCTalomeﬁ CKOpPOCTBIO, KOTOpas
CTPEMHTCA K C MPH f —) oo, nyCTb TeNneprk Ha4yajibHbIC CKOPOCTH YaCTHL OJHHA-

KOBb 1O abGCOMIOTHOM BeJIMYMHE, HO HanlpaBlieHBl K Hadaly KOOpAMHAT,
0
vg=—v1 =v,>0. Toraa npu >0 CKOPOCTH YaCTHLl HAYMHAIOT YMEHBIIATHCS

no abcomioTHO# BenuynHe. Ecnu HavyanbHasd CKOpPOCTh HE IMMPEBOCXOAMT

Vny(Z +1x, / &

Vo= , TO 4YaCTHIIbI CGHH)KaIOTCﬂ, OCTaHaBJIHWBAKTCd B MOMCHT
0 1 2
+(py) /¢

% 2

0 -1 c -1 C
BpEMEHH t=7 1- ﬁg) ” ha paccrosHuu | x, — 7 a1- Bg) "4 —Y— ] OT Havyaaa
KOOPIMHAT, a 3aTeM pa3leTanTcs, Kak B npegslyiieM ciydae. Ecnm xe
Vg > Vg TO HaCTHIBI «BCTPEUAIOTCS» B Hauae KOOPAMHAT, NPOXOMAT «IPYr de-

pe3 mpyra» M CHOBa pa3sneTaiorcd. bonee uHTepeceH Cilyuyail NPUTAXEHMS,
Y< 0. IycTts yacTULpl BHaYale MOKOATCH x10=—x20=x0>0. Torma npu t>0

YacTHLBI Cﬁﬂ")KaIOTCﬂ, [POXOIAT Y€pe3 Havyallo KOopauHaT B MOMEHT BPEMCHH

xo I Y | xo
= YT Y] 2+———|. Mocne aroro x(f) —x,(f) <0, To ects wactuua 1
C

NleBee 4YacTHUIBl 2. l'Ipu t>t0 YacTHLbI 3aMEUIAI0TCSA, OCTAHABJIIMBAIOTCA IIPpHU

t=2t0 Ha pacCTOAHHUH ZF.XO OT Havyajla KOOpJAHHaT. ITocne storo npouecc nos-
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TopsieTcs. B uTore monyyaerca mepHomMyeckoe ABUXEHHME C TNEPHOIOM 4ty u

aMITUTYHOMN Xy

6. 3AKITIOYEHHUE

PaccMoTpennbiit nomxon IlyaHkape B 3HauMTENbHON CTeneHH sBISETCS
¢eHomeHOnOrMYECKHM. B caMOM nene, HeW3BECTHbIE MPOM3BONbHBIE (PYHKLMH
MOryT BbIGHpaTbCs /IMGO NPH CPaBHEHMM C IKCNEPHUMEHTOM, ubO ¢ ypas-
HeHusMu Hpiotona win OTO. HepocTatku Takoro noaxoga OTYETNHBO BbIsBIIS-
I0TCSl NP CPaBHEHHH C OOLIEH TEOPHEH OTHOCHTENILHOCTH DilHIITEHHA, B KOTO-
po#i pacnpeaenenHe MaTepUH ONpeaesseT TPaBUTALMOHHOE MOJle U ABUXEHHE B
HeMm. K coxanennto, B OTO 110 cHX NOp HET cKO/bKO-HUEYAb YAOBIETBOPUTEIIb-
HOTO PEIICHHS M faXe TOYHOM MOCTAHOBKM 3afayu ABYX Tesl. B To xe Bpems B
CTO cywiecTByloT HHTEPECHDBIE BO3MOXHOCTH PEILEHHs TOM 3a1auH.

0] pe3yjabrarax no rpasmauuouuoii 3aja4ye B JAHHOM IM10AX04€e NOCTATOYHO
CKa3aHO BO BBEICHHH, 1103TOMY He 6yJICM MOBTOPATLCA.

Hanee, noka3aHo, 4TO B PesIATHBUCTCKOI CHCTEME JIBYX YacTHLI, B3aHMOJEH-
CTBYIOIMX YHCTO 3ana3fiblBAOLINMH CHIIAMH, BO3MOXHBI PEILEHHS, OTBEYalolHe
ABMXEHHIO YaCTHU OMMHAKOBOH Macchl MO OOHOH M TOH Xe OKPYXHOCTH
MPOU3BOJILHOIO palMyca a ¢ NPOU3BOALHOM MOCTOAHHON YIIOBOI CKOPOCTBIO (.

Haiigennr ycnosus (47), KOTOpbIM JOJIXHBI YAOBNETBOPATH PENSTHBUCTCKHE
CHJIBI MEXAY YacTHLaMH, uToObl Takoe ABHXeHHE ObLIO BO3MOXHBIM. JaHsbl
npumepbl  (56), (57) Takux cwi. DTH  CHIBI JIONYCKaT 3HAYMUTENbHBIH
ynkunonanbHbiit npousson. Ero ynaetcs B 3HauMTeNbHOM Mepe OrpaHHuMTD,
notpe6oBaB nepexona B HEPEIATHBUCTCKOM MpENeie B 3aiaHHblE HBIOTOHOBBI
YPaBHeHHs. B 4acTHOCTH, OKa3bIBAa€TCs BO3MOXHBIM HalUCaTh PENATHBUCTCKHE
YPaBHEHHUsS 11 ABYX 4acCTHU, NEPEXOASIUME B HEPENATHBUCTCKOM IMpeelie B
TPaBHTALUHOHHBIE HBIOTOHOBbI YPaBHEHHS M AOMYCKAIOLIWE pPELIEHHs, OTBEYa-
lolHe PENITHBUCTCKOMY NBHXEHHIO NO OKPYXHOCTH C TNOCTOSIHHOMH YIOBOW
CKOpOCTbI0. [IpH 3TOM 3a CYET CyXeHHs NEepBOHAYANTbHOIO MPOM3BONA MapaMeT-
Pbl ABUXEHHS a U () OKa3blBAIOTCS HE NPOM3BONBHBIMH, HO CBS3aHHBIMHM COOTHO-
weHueM (59) — penaTHBUCTCKHM aHAJIOrOM TPETHEro 3aKOHa Kennepa. IToka3sa-
HO TaKXe, YTO MpPH CNeUHaIbHOM BbIGOPE HHBAPHAHTHBLIX (PYHKLMI MOXHO MO-
JYYHTh PELICHHS, OTBEYAIOLIHE NMPAMOMHHERHOMY JBUXCHHIO.

Ho pa6otsi [Ix.Cunra [36] u wammx [14] nomoGHbie cTalMOHapHbIe
ABHKEHHs ObUIH M3BECTHBI TONBKO WIS CiIydas MOJIYCYMMBI 3ana3fblBalOMIErO U
OnepeXalolero B3aHMOCHCTBHH, a TaKXKe TOria, KOrHa NepBast YaCTHLA B3aUMO-
HeiCTBYET CO BTOPOH 3anasgpiBaloILeii CHIOH, a BTOpas ¢ NepBoil — onepexaio-
wed. B oTHX cayyadx Gbum monydensi HHTErpajIbHBIE 3aKOHBl COXpaHEHMs
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SHEpIHH-UMITYJIbca. MX HalMuMe MHTEPIPETHPOBAIOCh KaK CBoeoOpasHbli Ga-
JIaHC MeXAy 3anas/plBaIOIUM U OTIEPeXaloluM B3aUMONEHCTBUEM.

BO3MOXHOCTh CTAMOHAPHOTO [BUXEHHA [UIS 4YHUCTO 3arasblBAIOLIEro
B3aMMOJICHCTBUS YKa3bIBAET Ha OTCYTCTBHE M3YyYEHUs M MO3BOJISET HAEAThCS Ha
nojyueHHe 3aKOHOB cOXpaHeHHs. TeM He MeHee STOT BONMPOC OCTaeTcs MOKa
OTKpHIThiM. HakoHell, OTMETHM, YTO JaHHOE PACCMOTPEHHE HeE MO3BONSET OTHO-
3HauHBIM 00pa3oM 3apUKCHPOBATH MPOU3BOJbHbIE (YHKUHUH, BXOAIIUME B YpaB-
nenus IlyaHkape Wi UM 1OOGHBIE.
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«®H3HKA DJIEMEHTAPHbBIX YACTHL H ATOMHOI'O APA»
1996, TOM 27, BbII1.3

YAK 530.145; 5635.14

NPOBJIEMA ®©A3bI
SNNEKTPOMAIHUTHOIO NONv
- B KBAHTOBOM OMTUKE

b.K.Myp3axmemose*, A.B.Huxoe
O6beanHeHHbIN UHCTUTYT SAEPHBIX UCCnenoBaHui, lybHa

Han 0630p COBPEMEHHOTO COCTOSHMA NPOGIEMBI OMCaHUs (ha3bl KBRHTOBAHHOTO 3J1EKT-
poMarHuTHOro noins. [Tonpo6Ho K3noXeHs! KBa MOAXONA K NONy4eHUI0 ha3oBLIX pacrpese-
JIEHUH, UCTIONB3YEMBIX [V BRIMHCIIEHHS KBAHTOBO-MEXaHMYECKHX CPEAHUX OT (ha30BEIX Ha-
6mopaeMpix. OIMH U3 MOAXONOB OCHOBAH Ha HCTIONB30BaHUM SPMUTOBA oneparopa asbl U
ero coOCTBEHHBIX cocTosHui. B npyroM monxome ¢a3oBble CpPefHHE BBIMHCIAITCH NPH
nomowy (pa3oBbIX PacTpeNe/cHMi, MOMy4aeMBIX MOCPEACTBOM MHTErPHpOBaHHS (yHKLIMiA
pacrnipesie/ieHUs KBa3HBEPOSATHOCTH 110 pamianbHOM nepemeHHoi. Ha npuMepe KOHKPETHBIX
HEKJIACCHYECKHMX COCTOSHMH CBETa INPOBONMTCH CPABHEHHE 3THX IBYX IOIXOJIOB.

A survey of a modern status of phase description of the quantized electromagnetic field
is given. Two approaches for obtaining phase distributions used in calculation of quantum-
mechanics averages over phase observables are considered in detail. One of the approaches
is based on using a Hermitian phase operator and its eigenstates. In another approach phase
averages are calculated with the help of phase distributions obtained by integration of
quasiprobability distribution functions over a radial variable. Taking specific nonclassical
states of light as an example, a comparison of the two approaches is made.

1. BBEIEHHE

B KBaHTOBOH MexaHMKe TPaIUIIMOHHOW MATEMATHYECKOil MOAENbI0 OJHOI
MOIBI  3JIEKTPOMAarHMUTHOTO TOJSA  SBASETCS KBAHTOBBIA rapMOHHYECKUIi
ocuwnnstop (dupak, 1927 [1]). CobcTBeHHbIE COCTOSHUS ONEparopa IHEPruM
ocuwsTopa o6pasylor 6asuc B 6eCKOHEYHOMEPHOM THIbGEPTOBOM MPOCTPAHCT-
Be. YCrexu KBaHTOBO# 9NIEKTPOAHHAMUKH, OCHOBaHHOM Ha moaxone dupaka, He-
ocrniopuMbl. OfHaKo B TeYeHHE AOJNIOr0 BPeMEHH MPUpoAa (asbl KBAHTOB3HHOIO
HOJIA OCTaBa/lach HEACHOH. Mopenb ocHUIIATOpPa MO3BOJIET JIETKO ONPENEIHTh

*[locrosumpii  anpec: 480082, Kasaxcras, r. Anma-Ata, Wucruryr sgepuoit ¢usuky,
Hauponanbheiii saepHsiit ueHtp PK
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’ A
SPMHUTOB OMeEepaTop 3HepruM (MPONOPLMOHAIBHBIA Oneparopy uucia yactuu N
[2]), HO B paMKax 3TOH MOAENH HE YHAeTCd ONPEAEIHTb COOTBETCTBYIOILMH
apMuToB oneparop ¢assi [3—5]. Bro craBuT (a3zoByl0 NMEepeMEeHHYI0 B MOYTH
YHUKQIbHYIO MO3MLMIO: KJIacCHuecKas HabniogaeMasi He HMeeT COOTBETCTBYIOLIE-
ro 3pMHTOBaA oneparopa (NoxoxHe nNpobnemMbl BOSHHKAIOT B CBS3M C KBaHTOBBIM
onucaHueM yriia nosopora [5]).

[Toka 60NBLIMHCTBO ONTHYECKHX BKCIEPHMMEHTOB MMEJIO JENIO C TEMJIOBBIMH
HUCTOYHMKaMH, HCMYCKAWLIIUMK CBET B XaOTHYECKOM WJIM BaKyyMHOM COCTO-
SHUSX CO Cly4ailHbIM pacrnipeneneHHeM ¢ha3sbl, npobieMa KBaHTOBOIO ONMHCAHMA
¢hazoBoii nepemeHHO# Obula He cTONb BaxXHOH. OnHAKO B CBA3H C H300peTeHHeM
U LIKUPOKHM MCIIONB30BAHHEM B 3IKCMEpUMEHTaX Ma3epoB W Ja3epoB, a TaKXe
MHTEHCHBHBIM H3yYeHHEM B MocijiefHee NECATHIETHE CXAaThiX COCTOSIHMIl CBeTa,
B030GHOBMJICA MHTepec K 3Toi npobneme. [leno B ToM, YTo nasep, paborawomui
nNpu 3HAYMTEIBPHOM MPEBBIIEHHH TOPOra reHepalud, H3Ny4aeT CBET, Haxo-
OsuMiics B KorepeHTHOM BO30yxneHHoM cocrosHud. KpoMe Toro, Bbicokas
HHTEHCHUBHOCTbH JIa3€PHOTO H3NYYEHHUs N03BOJISET MCCNEeN0BaTh HENUHEHHbIE NPO-
Lecchl B3aUMOJEHCTBUS CBETA C BELIECTBOM, a MMEHHO B TaKHX MpoLeccax BO3-
MOXHa reHepals cXaTbix cocTosHui cBera. KorepeHTHOe u cxaToe cOCTOSAHHS
yXe He MMEIoT PpaBHOMEPHOro pacnpefeneHHs no ale M NPOABISIOT
HeTpuBHaIbHbIE (ha3oBbie CBOHCTBA.

[lepas nonbiTKa MOCTPOHTH 3IPMHTOB onepatop hasbl NPHUHALIEKHUT
Hupaky. B cBoeii ocHoBomosaraioiie# crartbe [2] MO KBaHTOBaHHIO 3JIEKTPO-
MarHMTHOTO NO/IA OH MOCTY.IHPOBAN CYLIECTBOBAHHE 3PMUTOBA OrlepaTopa thassl

q> COMpSAXEHHOTO ONEepaTropy YHcnia (POTOHOB N OH npeanooxui, 4To onepa-
TOp YHcna poToHOB M oneparop ¢a3bl AOMXKHBI YAOBJIETBOPATh KAHOHHYECKOMY
KOMMYTallHOHHOMY COOTHOLIEHHIO

A

A .
[N o]=i, (1
A A+
H 4YTO oneparopbl YHHYTOXEHHA a H POXACHHA a OAHOMOAOBOIrO 3JIEKTPO-
MarHMTHOTO 10JIss MOXHO MpPEACTaBMTh B MONAPHOI dopMe :

foexp8)WW, af=vWexp(-id). @)

TpyaHocTn aToro nonxoaa 6sutH sicHO moxasaHbl CacckuHIoOM M [orosepom
[4]. Bo-nepsbix, npuMeHsas COOTHOLUEHHE HeomnpeaeaeHHocTel IeiizenbGepra k
KommyTartopy (1), nonydum

A A 1
ANAG 2 . 3)

M3 (3) BuAHO, YTO COCTOAHNE C XOPOIIO ONpERENEHHBIM YHCA0M POTOHOB Oy-
JeT UMETh HeonpeleseHHOCTh ha3bl Gosnblie, yeM 2T. DTO MPH3HAK TOrO, YTO
KOMMYTaTop (1) He yYHTHIBa€T CBOMCTBAa NMEPHOAMYHOCTH (pasbl. Bo-BTOpHIX,
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NpH  BHIYMC/IEHHH MaTPHYHBIX 3J€MEHTOB KoMMmyraropa (1) B ©Oasuce
(POKOBCKHX COCTOSIHUII BO3HHKAET HECOOTBETCTBUE THHA «0 = 1»:

A :
n -n){(n |¢|n)=15'm,.
Ho ocHoBHas TpyaHOCTs 3aKmiodaeTcs B SBHOH HEYHHTAapHOCTH omepatopa

U=exp(ip), B 4eM MOXHO Jierko YOemauThCs, KOM6HHHPIX KOMMYTaLlHOHHOE
AN A

COOTHOLIEHHE [a, QT] =1 u BeipaxeHus (2). Dro paer UNU' =N+ 1, 4TO Hapy-
LIAET YHUTAPHOCTS. TaKl/lNll\ obpasoM, nogxon dupaka He MO3BONSET NOCTPOUTD
3pMHTOB onepaTop ¢assl §.

Hns Toro yTOGH HAHTH MOAXONALIME KBAHTOBbIE EPEMEHHbIE, PACCMOTPUM
KJIaCCHYECKY npobniemy ocumisTopa B TepMuHax ckoGok [lyaccoma. [lepe-

MeHHble feilcTBUs J ¥ yra ¢ BBOAATCA cnenyiolium npeobpasosanueM (Jlepuep,
1966 [6]):

p=mah)'/? sin ¢(0),
x=(27/mw)' /% cos &(1).
["aMHUILTOHMAH CHCTEMBI HE 3aBHCHUT OT §:
H=p2/2m+m(n)2x2/2 = /.
CnenosarenbHo, J sBjisieTcs KOHCTaHTOM, TOTAA KakK sin¢ cos ¢ 3aBUCAT OT
BpEMEHHU:

% cos ¢(t) = { cos §(t), H} = @ sin §(¢),

% sin ¢(r) = { sin §(t), H} = - cos ¢(r). @

-

Tpe6osanne nepuonnuyHocTH (Pa30BON NEpEMEHHOH MpPHBENO K HIEE MCKATh
oriepaTopHble aHaoru cos ¢(f) u sin ¢(r), a He camoii pyukuuu ¢(f) (JTroucenn,
1963 [3]). CornacHo APHHUMNY COOTBETCTBHUS

A A
{A, B} (1/in) [A, B].
KnaccuueckuM ¢a3osbiM nepeMeHHbIM B (4) AO/IXHBI COOTBETCTBOBATH OIlEpa-
A A

TOpPBI «KOCHHYCa» C H «CHHYCa» S, yAOBJIETBOPSIOLIHE YPABHEHHAM

dC 1 A A A

dt_lh[C’H]_m’

A

é_}_" A _ A 3)
a-m [S,H]=-wC.

A A
Yuurnisast, uto H = NA®, npusogum (5) x suay
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[C,N]=iS, [S, Nj=-iC. ©)

IIns Toro uyto6bl pemuts ypasaeHus (6), Cacckunn u Imorosep BBeNIM 9KCIO-

HEHLIHATbHBIE OIEPATOPHI
A A A
E =CTFis. @)
A A
Tak xak omnepatropbl C U S NPEANONaralwTCsd IPMUTOBBIMH, TO

A A T
E = (E:F) .
A
B xnaccuueckom npenene E, COOTBETCTBYIOT dyukiuaM exp (Fid), rae ¢ —

kinaccuyeckas ¢azopasi epeMeHHas.
U3 ypasuennii (6) u (7) cnemgyer, 4ro

A A A
E =xF .
[E, N =%E_
Orcloga HaxoauM

NE,In) =ENxDln)= @z 1) E,ln)).

A
Yro6s H36eXaTh OTPUUATENBHBIX COOCTBEHHBIX 3HaueHMH omeparopa N,

A
Cacckung ¥ I'Jioroep BBeH JOTONHHUTENbHOE yCnoBue E l 0)=0.
A
Takum 06pa3oM, onepatopsl E, ABIAIOTCS, COOTBETCTBEHHO, NOBBILIAIOLIMM
¥ MOHUXAWUIMM ONepaToOpamH:
A
E+|n)= ln+1),
A
E_|n)=|n-1), ®)
A
E |0)y=o.

A A
Boruucisis MaTPUYHBIE 3JIEMEHTHl Oneparopos E +E:F B 6a3zuce POKOBCKHX COC-

TOSIHHIA, IETKO MOKa3aTh, yTO onepaTopsl Cacckunga — Inorosepa sBisioTCs
HE YHMTApHBIMM, a JIHLIb «OJHOCTOPOHHE YHHTAapHBIMH» [5]:

A A A
EE, =1,
A A A
EE =I1-10)(o0]. ©)

TpuuKHOi TOMy siBiIseTCS OOPHIB B HyJle CIieKTpa COOCTBEHHBIX 3HAYEHHUH ore-
A

paropa N. HeynutapHocts oneparopos Cacckunua — Iioroepa npHBOIMT K
npo6yieMaM MHTEPIPETAUMH ONUCHIBaeMOi UMM Gassl. B yactHocTH, oneparo-
Pbl «KKOCHHYCa» H «CHHYCa» HE KOMMYTHPYIOT: '

[C.81=(1/20) (B.E,~ E,E)=1/2) l0) (ol ,
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H,- CJIeI0BATENILHO, HE MOFYT OBITh ONMepaTOpHBIMU GYHKLMAMH 0GLIEro ornepa-
TOpa d)aSLl KpoMme TOro, He BHINMONHAETCS TPHUTOHOMETPHYECKOE TOXIECTBO

C2 +S2 I -1 03¢0 |. 1, nakonen, BaKyyMHbI€ CPEHHE OT OIEpPaToOpOB C2 7

82 paBHbl 1/4, a He 1/2, KaK HONXHO GHITH WIS BAKyyMa — COCTOSIHHS C paB-
HOMEPHO pacnpenesieHHOH (ha3oif. 3aMeTHM, ONHAKO, 4TO 3TH MpoGIEMBI Cy-
LIECTBEHHB! JIMIIb st cnabuix noneit. B cnydae cuibHbIX noneil oneparopbl
Cacckunna — Inorosepa BenyT ce6s xopoiwo, OHM GBUIH LIKPOKO HCHOMB30-
BaHbl MPU UCCAenOBaHUH (a3bl B pa3HbIX 1pobieMax KBaHTOBOH ONTHKH [5],
[7—11].

Takum 06pa3oM, MOMBITKH NOCTPOMTH 3PMHTOB OmtepaTop (hasbl B GeckoHeu-
HOMEPHOM T'HK6EPTOBOM NMPOCTpaHCTBE NoTeprenu Heyaauy. Cacckuua v Iino-
rosep [4] nomuepkHBamH, 4TO IIaBHAaA TPYAHOCTh B NPABHJILHOM OINpENESIEHHH
thazoBoro oneparopa NEXHT B OFPaHHYEHHOCTH CHM3Yy CNEKTpa COOCTBEHHBIX
3Ha4YeHUi omnepartopa 4ucia GoToHoB. CylEecTBYIOT ABa BO3MOXHBIX crocoba
NpeoNoNIeH|s 3TOH TpyaHOCTH. [lepBoit ciocob — pacuiMpenue cnekTpa cobeT-
BEHHbIX 3HAYEHHH OMEpPaTopa 3HEPIMH TapMOHMYECKOTO OCHUWLIATOPA NyTEM
NPHCOEAHHEHNS K HEMY COCTOSHHMH ¢ OTpuuHaTenbHBIM 4ucioM dotoHos [12].
OnHako TakHe COCTOSAHMS HE MMEIT (DHIHYUECKOTO CMBICIA, M JUIS YHHTAPHBIX
¢a3oBbIX ONEpaTOpOB, KOTOPhIE MOXHO ONpPENE/HTh B 3TOM MOAXOME, HE Cylle-
CTByeT CXeMbl H3MepeHMs. [lpyrum cmocofom pewieHHs npoGreMbl mosyor-
PaHHYCHHOCTH CMEKTPa FAPMOHHYECKOTO OCLIMILIATOPA SBISETCA PacCMOTPEHHE
NPOCTPAHCTBA COCTOSHHIA FapMOHHYECKOTO OCLH/UTATOPa KOHEYHOM pasMep-
HocTH. HexotopriMu aBropamu (Tappucon u Bour [13], IMonos u Spynun
[14,15], Jlesu-Jie6noun [16], Canranam [17,18], Beproy u Dumept [19]) 6bu1n
NPeANpPHHAT NOMBLITKH MOCTPOEHHS 3PMHTOBA oriepatopa ¢asbl B KOHEYHOMED-
HOM TPOCTPAHCTBE C NMOC/EAYIOIHM NPENeTbHbIM NepexofoM K GecKkoHeuHOMep-
HOMy ruaL6epTOBYy MpoOCTpaHCTBY. B kOHeuHOMepHOM mpocTpaHcTse ynac’rca

NOCTPOUTH 3PMHTOB onepatop ¢assl ¢ H yHHTapHbIH oneparop U =exp { 1¢ }
KOTOPBIH SIBISETCS MPOCTO SKCMOHEHUMATbHOH (PyHKLMEH OT 1¢r (3necy r —

pasMEpHOCTb KOHEYHOMEPHOro mnpoctpaHcTea). Omeparopsi, AeHCTBYIOLIME B
GECKOHEYHOMEPHOM  THJILGEPTOBOM  MPOCTPAHCTBE, MOTYT OBITh MOJMYYEHBI
BBIYHC/ICHHEM MATPHYHBIX 3JIEMEHTOB ONEparopoB $ " fl IUIE  KOHEYHBIX
(hOKOBCKHX COCTOSIHHIA U nocnenylouum B3ATHEM Npexena r — . Ora npoueny-
pa TIPHBOIUT K HOBLIM OIlepaTopaMm ¢ H V (mony4YeHHBIM KaK Mpegessl OT ¢ u
Ur COOTBETCTBEHHO). OHAKO NpH NPUMEHEHHH NPENENbHOIN NPOLEAYPHl K CaMo-

MY NPOCTPAHCTBY U K ONepatopaM, AEHCTBYIOIHM B HEM, BOSHHKA/IM OTPENIe/IeH-
HblE ﬂpoﬁﬂAeMbl. B ominume or ero aHanora B KOHEYHOMEPHOM MPOCTPAHCTEE,

onepatop V SBISETCS HE yHHTApHBIM, a JIMIUb OXHOCTOPOHHE YHHTAPHBIM, KaK'
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oneparopsl Cacckunga — [morosepa (9). OnepaTop V HE KOMMYTHpPYET CO

CBOHM 3PMHMTOBO COIMPSKEHHBIM OMNEPaTOpPOM VT U, CJeJOBaTeIbHO, OHH He
SBISIOTCS OTepaTOPHBIMH (yHKUHSIMH OOLUEro oneparopa cbam B uacTHOCTH,

oneparop V He MOXeT ObITh MOJY4EH B3ITHEM 3KCIIOHEHTH OT 1¢ Jro asnsercs

ClefCcTBHEM criocoba npegenbHOro nepexofa K 6eCKOHEeYHOMEPHOMY NPOCTpaH-
CTBY: Mpelen onepaTOpHOH (PYHKLUH OT q> HE SBJIAETCA TEM XK€ CaMbIM, 4TO

oneparopHas (PyHKLMsS COOTBETCTBYIOLUErO Mpeaena oT ¢r [20]. OrcyrctBue

(PyHKUHOHATBHBIX COOTHOWEHUH 11 ha30BEIX ONEPATOPOB B THILOEPTOBOM
HOPOCTPAHCTBE NMPHUBOIMT K NpoOiaeMaM NPH BHYMCIEHHWHM PadTHYHBIX CPEIHHX.
Tak, gucnepcus ¢asbl L1 (POKOBCKUX COCTOSIHHH BhIpaxaercs opmynoit [15]:

(A0 )=(nl G- <¢>)2In>~— 2 %

s GoNBIIMX n OUCHEPCUS CTPEMUTCH K BETUYUHE n? /3, 4TO coBmamaeT c
OXHAAEMON BETHMYMHON IMCIIEPCHU IS COCTOSHHUS C PAaBHOMEPHO paclpene-
neHHo# ¢azoil. OnHako 11 ManblX # JUCHIEPCUS MEHbIIE STOH BEJTUYUHBI U B
NpenesbHOM Cllyyae BAKYYMHOrO COCTOSHHS paBHa JIMIIb MOJIOBHHE BEJTUYUHBI,
XapakTepHO# A/ COCTOSHUS CO CIIy4allHO pacnpeneneHHol ¢a3oil.

AnprepHaTHBHBIH HOpMaNTU3M OCTPOCHUS 3PMUTOBA onepaTopa ¢assl B KO-
HEeYHOMEPHOM I'uib0epTOBOM MPOCTPAHCTBE ObIT HENaBHO HpemnoxeH Ilerrom u
BapuerroM [21—23]. B 3TOM moaxone npenesnbHbil nepexon K 6eCKOHEYHOMED-
HOMY TPOCTPAHCTBY TPOW3BOAMTCS TMOCJHE BBIYMCICHUS CpPEJHUX 3HAUYCHHH
¢yskumii ¢asoBoro omeparopa. BaxHbIM JOCTOMHCTBOM 3TOro (hopManusMa
SBNISIETC BO3MOXHOCTh BBefeHHs (ha3oBOro pacrpefesieHusi, YTO OKa3aloch
BecbMa YHOOHBIM IIpY OTNMCaHUM ()a30BBIX CBOHCTB HEKJIACCUYECKHX COCTOSHUH
3JIEKTPOMAarHUTHOTO TOJIS.

CymecTByeT TakxXe IOOXOA K OINHCAaHUIO (a30BBIX CBOMCTB 3JIEKTPO-
MarHUTHOTO IOJs, HE CBA3aHHBIA C caMUM IOHSATHEM onepaTropa ¢asbl U €ro
cobctBeHHbIX cocrosnuil. 1amupo, HlenapmoM u YonroM Obpul mpemioxeH
thazoBeiil popMaIn3M, OCHOBAHHBIH Ha MCIOIb30BAHHH KBAaHTOBOH TEOPHH OLe-
HOK H ONEpaTOpHHIX BepOSTHOCTHBIX Mep [26]. Mcnosnb3ys B xadecrse Gasuca
I ONIEpPAaTOPHOHM BEpOATHOCTHOH Mepbl COOCTBEHHBIE COCTOSHUS (Da30BBIX Ome-
paropoB Cacckunna — ITioropepa, OHM, B YaCTHOCTH, MOKa3ald, 4TO And ¢u-
3MYECKMX COCTOSTHHH, T.e. COCTOSSHUH C KOHEYHBIM CPEJIHHM 4MCJIOM (hOTOHOB,
HX MOAXOA AaeT TaKue Xe pe3ynpTaTsl, 4To M noaxon Ilerra — Bapnerra [27].

Hpyro#i nogxon OCHOBbIBAETC Ha MCHONB3OBAHMH (DYHKLMHA pacnpefeieHus
KBa3uBepoiATHOCTH. Pa30Bbie paclpeac/ieHHs] B 3TOM IOOXOfE MONY4aloTCs
nyTeM WHTerpupoBaHug (YHKUMIH pacnpenencHus KBa3sHBEPOATHOCTH, TAKUX KaK
Q-ynkums, ¢ynxkuus Burnepa u P-ynkuus I'may6epa — Cymapiuana, no pa-
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JMATbHON mepeMeHHOH. PaccMoTpenue npoGneM onpeneneHuss COOTBETCTBY-
IoIHX (PyHKUM#A (Pa3oBoro pacnpenesieHus MOXHO Haiitu B paGotax [24,25].

Eme onun nomxom x mnpoGneme omucanust hasbl, Ha3biBaeMblii onepa-
LMOHHBIM, GbUT NIpetoxeH B akcnepumentax Ho, ®yxepa u Mangens [28—31].
Hpes s10r0 momxoma 3akmiouaeTcs B HCHONB30BAHHM PaslIMUHBIX CXEM H3Me-
PeHUS U1 ONpENENeHHs ONneparopoB KOCHHYCa M CHHyca pasHOCTH (a3 IByxX
BIIEKTPOMArHUTHBIX MOJIEH, MI0AABAEMBIX Ha BXOJIbl TOMOJMHHOIO feTeKTopa. Bua
ONpe/le/IeHHBIX TakuM 06pa3oM (ha30BBIX ONEPATOPOB CYMIECTBEHHO 3aBUCHT OT
BbIOOpA CXEMbl M3MEPEHHs. DTO NPHBEJIO ABTOPOB K 3aKJIIOYEHHIO, YTO HE cylie-
CTBYCT OQHO3HA4YHO ONpeseseHHoro ¢asosoro oneparopa. OgHaKo, HECMOTPS Ha
NPUHUMITHATBHO HHYI0 HICI0 B OnpeiesieHHH oneparopa a3kl B JAHHOM MOAXO-
Ie, B HemasHMX pabGorax [32—34] 6buUI0 yKa3aHO Ha COOTBETCTBHE tasororo
pacnpenenennss Ho — ®yxepa — Maunens pacnpesenenuo, [0JIy4aeMOMY
UHTErpupoBanueM Q-QpyHKUHH,

CosceM HenaBHO ObLT pa3paGoTaH SKCMEPUMEHTATbHBIA METON, HA3BAHHbI
ONTHYECKOH TFOMOXMHHOW TOMoOrpacueii [35—37], koTophlii mMoO3BONSET TIO-
My4uTh MHGpOpMauMio 0 ¢haze NOMSA MO BOCCTAHOBIEHHOM MATPHIIE TUIOTHOCTH
KBaHTOBOTO COCTOAHMA. TeopeTHUEeCKO# NPeanoCchIKOi STOr0 MeToja SBUIIACch
pabora ®orens u Puckena [38], B koTopoii paccMaTpuBaiacs npobieMa KOCBEH-
HOTO onpefie/ieHnst GyHKuMH BHrHepa B CXeMe [OMOXMHHOTO AETEKTHPOBAHMS.
Teoperuueckue obcyxuenns cnocoGoB H3MepeHHs PasTHUHBIX (ha30BBIX pacrpe-
AeNIeHUi C TIOMOUIBI0 TaHHOTO METOMA CONEPXATcs B pabotax [39,40].

B nanHoM 0630pe OCHOBHOE BHHMaHHMe GyleT yHeNeHO PacCMOTPEHHIO IBYX
IHPOKO 0OCYXIaeMbIX B MOC/IENHEE BPeMs TNMOJXONOB K ONMHCAHMIO (hasbl —
¢opmanusmy Ierra — BapHeTTa 1 KBa3HBEPOATHOCTHOMY noxxony. B pasn.2 mui
MOIPOGHO PaccMOTPUM OCHOBHbBIE MPHUHUMIL (ha3oBoro hopManusma Ilerra —
Bapuerra, noctpoenne spmutosa oneparopa ¢assl U yHKuMM (ha30BOro pac-
npepenienud. Pasnen 3 noceswen npoGnemam BBeleHus (a3oBEIX pacrpere-
JIEHHH COCTOAHHIA BIIEKTPOMATHUTHOTO MO/, CBA3aHHBIX C (YHKUMAMH pacrpe-
ACNIEHUs. KBa3UBEPOATHOCTH. B 9TOM pasnene Mel yKaxkeM TakxXe Ha CBS3b MEXIY
OMepaTOPHBIM M KBAa3HBEPOATHOCTHBIM NOAX0AaMH. B pa3n.4 Ha npumepe KoHk-
PETHBIX COCTOAHMH B/IEKTPOMArHUTHOTO MOJIS AETCH CPAaBHEHME STUX JIBYX MOI-
XO[OB K ONHUCaHHIO (has3bl ToNs.

[Ipo6nema onucaHus asbl 31EKTPOMATHHTHONO MOJS MO-MIpeXHEMY TpHU-
BIEKaeT K cebe BHUMAHHWE MCCIENOBATENiCH, M YHCIO CChUIOK Ha TUTEPETYPY,
TNIOCBALUCHHYIO 3TOMY BONpOCY, IOCTOAHHO pacter. IlosToMy B maHHOM ofi30pe
MBI HE CTaBWIM LE/IbIO NPMBECTH MOJHBIA CIIMCOK JINTEPATYPHl, & OrPAHMUYMITHCh
NHIB HEOOXOMMMBIM KOJIMYECTBOM CCBUIOK, TPeOyeMbIX I O3HAKOMIEHHS C
9TOi npobnemoit. Pasnuunsie acniekTsl mpo6eMbi (aszbi MOXHO HAWTH B HEIaBHO
nosiBUBIIMXCS 0630pax Bapuerra u Janstona [41], a Takxke Tanaca, Mupano-
Bu4a ¥ lannora [42].
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2. ®A30BbIl ®OPMAJIN3M IIEITA — BAPHETTA

2.1. Dpmuros omeparop ¢a3nl. [Ipy NOCTPOEHHH IPMUTOBA Oneparopa
a3 Ierr u Baprerr [21—23] Hcxoauny U3 CyLIECTBOBaHUS COCTOSHHH C TOY-
HO omnpefesneHHol ¢a3oil B rub6epToBOM MpOCTpaHCTBe:

ley= lim(s+1)1/2 Y exp(ind) n), (10)
§—> oo n=0

rae l n) — ¢OKOBCKHE COCTOAHHSA, NMOKpbIBawKe (s+ 1)-MepHOe NpoCTpaH-
ctBo coctosuuii W. CoctosHHe ¢ Hy/neBoil ¢a3oii BbIOMpAETCs KaK COCTOsHUE,
B KOTOpOM Bce )OKOBCKHE COCTOSHUS B panoxeHuH (10) uMel0T oquHaKOBbIE
eca. [IpenenbHblii nepexox HEOGXOAUM JUTS HOPMHPOBAHHS COCTOsIHM. ['aB-
Has umes Ilerra m BapHeTra COCTOMT B TOM, YTO CHawana Hago pa6orarb B
(s + 1)-MepHoM npocTpaHcTBe ‘¥ (rae s MOXeT GbITh CKOJb YrOAHO GONbIIMM),
M TONBKO MOC]E TOro, Kak Bce (pU3MuecKue BeJMYMHBI (CpeaHHe 3HaueHusd,

IOHMCTIEPCHH W T.II.) BBIYHCIIEHBI, TICPEXOAMTD K MpPEAeny § — oo,
Mapamerp O B ¢azosom cocrosHuu (10) Moxer npuHuMath 060
AEHCTBHTEIBHOE 3HAYEHHE, HO paiTHuuMble (ha3oBble COCTOAHMS |0 ) cymecTsy-
10T VIS BCEX 3HAYeHHH O TOABKO B 3a1aHHOM HHTEpBajC [90, 90 +2m), roe 90 _

oTHOocHTenbHas tpasa. CyuiecTBYeT HECYETHOE MHOXECTBO PasTH4HbIX (pa3oBbIX
COCTOSIHHIi axe B KOHEYHOMEPHOM NpocTpaHcTBe cocroanuii ‘¥, dazosbie coc-
TosHMA OOpa3syloT nepenoiHeHHBIH 6Ga3Hc M He ABIAIOTCS OPTOTOHANBHBIMH.
OnHAKO HETPYAHO MOKA3aTh, YTO COCTOAHMA CO 3HAYCHHAMH 6, OTIHYaOWMMHUCS
APYT OT ApYra Ha BeJIMYHHY 27t /(s + 1), YMHOXEHHYIO Ha LIeI0€ YHCJI0, OPTOro-
HanbHbl. ClieqoBaTeNbHO, 3aaBast OTHOCHTENIBHOE COCTOSHHE |90 3

1l < .
|90)=qs—_;T ngo exp (mGo) In),

MOXHO HaiTM nonHelii Habop (s+ 1) oproHopMHpOBaHHBIX (a3OBEIX COCTO-
STHHH:

§
1 .
) =777 Eo expn8, ) [n), (m=0,1,..9), an
rae (s + 1) 3HaueHH# em onpenensiorcs opmynaMu
2nm
9m—60+s+1 , (m=0,1,..,5s).

HaGop ¢asoBeix cocrosHuil |9m) MOXHO MCIO/Nb30BaTh KaK OpTO-

HOpMHpOBaHHbIH Ga3uc B npoctpancTee W. COCTOAHHS C ONpeieNeHHBIM YHCIOM
¢doroHoB |n) MoxHo paznoxuts no GasucHbM (a3OBEIM COCTOAHHAM |9m )3
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In)= 2 le,)¢0, |n)= T“ 2 exp(-ind ) [0 ). (12)

m=0

VYpapuenus (11) u (12) BeipaxaloT B3auMOCBsI3b MeXAy (a30BbiM 1 (POKOBCKHM
COCTOSHHAMH. I3 HHX clieflyeT, YTO CUCTEMA, KOTOpas HaXOIMTCH B COCTOSIHHH
C OnpeeNeHHbIM YHCIIOM (OTOHOB, MOXET OBITH HalifleHa C PABHOH BEPOSATHO-
CThI0 B J1I0OOM (pa30BOM COCTOSIHHM Gm ), a cucrema, Haxomswascs B ¢aso-

BOM COCTOSIHHH, MOXET OBbITh HaiileHa C paBHOﬁ BEPOATHOCTHIO B JnoboM co-
CTOSIHMH C ONIPCACNICHHBIM YHCJIOM Q)OTOHOB.

Ha ocHoBe opToHOpMupoBaHHBIX (pa3oBeix cocrosuuid (11) MoOxXHO
NOCTPOUTH onepatop ¢a3sl cieaylomuM obpasom:

5

> 6,18.5¢0,l

A
O‘ICBHHHO, (l)e SIBJIACTCS S9PMHTOBBIM ONEPATOPOM M YOOBJICTBOPSACT YPABHCHUIO

A
oy l6 =0 lo ).
WA
YuurapHsiii oneparop ¢a3ssl exp (19g) MOXHO ONpENENHTh KaK SKCIIOHEHLH b~
A
HYI0 (PYHKLHMIO OT 3PMHTOBA oneparopa ¢asbl 0o On Gyner XOoMMyTHpOBaTh C

A
oneparopoM exp (—~iy). DTH ABa IKCIOHEHUHATBHBIX ONeEpaTopa (hasbl UMEIOT

obuue cOGCTBEHHBIE BEKTOPHI:
exp(ii$e) |9m>=exp(ii6m) |9m ).

. A .
CsaoiicTBa omeparopa exp (0,) ompenensiorcs ero AeicTBMEM Ha (HOKOBCKOE

COCTOsiHHE

exp (iy) In)=expli 3, 6 16 )(8 |]|n)=

m=0
=7 X enl-it-19,116,), (3
m=0

e Ucnoap30BaHo pasnoxenue (12). [Ins n > 0 pe3ynpTHPYIOIUM COCTOSHUEM
(13) 6yner npocto ¢okosckoe cocrosiHue |n—1):

exp (i) [n)=[n-1).

Jlnst BAaKyyMHOTO COCTOSHHS MOJYYUM
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;]si—l > exp(6,) | em>=7;1;-i=exp lis+1)8,] X, exp(~is8,) | 6, )=
m=0 ' m=0

=exp [i(s + D8] | s).

” A
IMosToMy B npencrasneHnn GOKOBCKUX COCTOSHHI exp (iQg) HMEET BHI
s—1

exp(ib)= Y, |n)m+1|+explics+ 10 | s)(ol. (14)
n=0
B nipenene s — oo nepseiit wieH B (14) cosnanaet ¢ onepatopoM CacckuHaa —
[norosepa. Heo6x0auMO NoaYEPKHYTH, YTO, B OTJIHYHE OT YHUTAPHOTO Onepa-
topa Ilerra — BapHerTa, 3kcrnoseHunansHoiid oneparop Cacckunna — Ioro-
Bepa

g_: 2 | nd{(n+1 |
n=0

onpeeneH Kak Le/loe H He AB/ISETCS YHHTAPHBIM.
H3 yuurapHoro oneparopa ¢a3ssi exp (i@g) MOXHO MOCTPOMTH 3IPMHTOBBI

onepaTophi KOCHHYCa W CHHyca. DTH oneparopsl o6nanaoT ceoiicrsamu, Tpeby-
eMbIMH 15l onucaHus ¢asbl. B 4aCTHOCTH, OHH YIOBJIETBOPAIOT COOTHOIIEHHSM

cos? €1\>e+sin2 $9= 1,
[cos (’1\)9, sin $e] =0,
. 1
(n| COSZ$9 | ny=(n| sm2$e | n)=5.

B otnuuue ot cnyyas dasosoro oneparopa Cacckunna — Inorosepa nocnen-
Hee COOTHOLIEHHE CIPaBefTHBO W JUIS BAKYyMHOTO COCTOSHHS. DTO corlacyer-
¢ ¢ TeM, uTo (pa3a A1 BAKYYMHOTO COCTOSHHMS, KaK COCTOSHHS C OnpefesieH-
HeIM uucioM ¢GoTOHOB, cny4aiiHo pacnpengeneHa. CpeaHee 3HayeHHE H
aucniepcus ¢a3bl B POKOBCKOM COCTOSHHM | n) HMEIOT BHI

(n| $9 ln)=60+1t,
2
(@8 =",

Kak M AOJXHO ObITh AJI1 COCTOSHHH CO clny4ailHO pacrpeneneHHoil ¢a3oil.
2.2. da3oBoe pacupenenenne. BaxHpIM JOCTOMHCTBOM (hopmanu3ma [lerra
— BapHerra siBnisieTcss BO3MOXHOCTh BBeAeHHs (ha3OBOrO pacnpeneneHus Bepo-
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ATHOCTH. Pa30Bble COCTOSHMA O6PA3yIOT MOMHBII OPTOHOPMMpPOBaHHbI 6a3uc B
MPOCTpAaHCTBE coCTOAHME ‘¥, M N09TOMY BEpOSTHOCTh HAXOXICHMS CHCTEMbI B
AaHHOM (ha30BOM COCTOSHMM MBI MOXEM 3alHCaTh B BHAE

P@®,)=(6, |ple )

rae 6 — MaTpHla IUIOTHOCTH, ONHUCHIBAIOLLAA COCTOSHUE CHCTEMBbI. Ml 6ynem
paccMaTtpuBaTh INaBHbIM 00pa3zoM «(u3HUYECKHE» COCTOSHUS [23], xoTopbie
MOXHO MONY4HTb (XOTH Gbl B IPHHUMNE) B peanbHOM skcnepumente. Ucnons-
3ys (hopmanusm [lerra — Bapuerra, Mbl BbiBegem HEKOTOpbie 0b11He hopmysibl
WIS «(PU3MYECKHX» COCTOSHMIA, KOTOpbIE TO3BOJIAIOT ONMCHIBATL ha30Bble
CBOICTBA ONTHYECKHX MOMEH BeChMa adexTHBHBIM 06pazom.

Pacemotpum pasnoxenue umctoro kpanTosoro COCTOSIHUS 10N 110 (POKOB-
cKoMy Oasucy:

A
lw=3 ¢ In). (15)
n=0

Hcnonbsys coortHowenue (12), Moxwo NONIYYHTb Pa3IOXEHHE 3TOIO COCTO-
AHusd no 6asucy ¢azosLx cocrosnmii:

] .
l‘”:m Zz c,exp(=in6,) lem).
n m
®a3zoBoe pacnpenenenue BEPOATHOCTH onpenessercs gopMynoi [21—23]:

I(G iW)|2=LIZC exp(—in6 )|2. (16)
m s+ 1 ; n m

Hmes dasosoe pacnpenenenue, MOXHO BBIYMCIIMTh CpelHee 3HaueHue U
aucnepcuio ¢asml:

(vl 8lwy=Y 6, I(6, ly)I2
(89%)= 3 0, ~ (8% 1(0_ly)I2

Bynem Ha3siBath cocrosmue | W) COCTOSHMEM C YacTHYHO OnpeneneHHon
azoit, ecnu ee aMIMTYIy MOXHO HanmcaTh B BHIe

c,=be™™. (17)

Torna ¢asoBoe pacnpenenenue BEPOATHOCTH (16) npuHUMaeT BHA

|<em|\y>|2=si1 |3 b, explinp -8 )12 =
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1 2
=777 X babeos(m=k@=8)). (18)

n>k A
CpeﬂHCc 3Ha4YyeHHe U AMCriepcus OHCpaTopa q)e 6y}IyT 3aBHUCETH OT BLIGHpaCMO-

ro sHayeHus 6, [lna COCTOSHHMIi C 4acTMYHO ompeneneHHo#l casoit Gonee
yIOGHBIM M (DH3MYECKH SCHBIM crIocoGoM BbiGopa 8, ABIAETCS CUMMETpH3aLHs
(ha30BOro OKHa M0 OTHOWIEHHIO K (hase @. DTO O3HAYAET, YTO

s
s+1

0=0- "7 (19)

M NOCJie BBEJEHHS HOBOrO MHAeKca a3l
" 5
p=m-_— (20)
2 ,
1% (a3o0BOTO pacmpefeneHns BeposTHOCTH (18) monyyaeM dopmyny

21 2 _ 21
(8, lwl?=—7+7 gkbnbkcos[(n k)——*is+1 : 1)
n
rae |L npoGeraeT BCe HENbIE 3HAYCHHUSA OT — § /2 no s /2. IlockoneKy pacnpene-
nenue (21) cUMMETPUYHO N0 OTHOLIEHHIO K [, MBI, COINACHO (19)—(21), =e-
MOCPEACTBEHHO TOJIy4aeM

Wl lv)=o.

Dro sBNGETCH OOIMM WM OYeHb BAXHBIM pPE3yNbTAaTOM IS COCTOSHUH C
yacTMYHO oOmpenesieHHod — ¢da3oi, KOTOpOE MOXHO TpPAMO HPUMEHHT,
Hampumep, s 1060ro KorepeHtHoro cocrosuus. Ilpu Takom BeIOOpE
oTHOCHTENbHO# dassl O, aucnepcus (Ha3oBoro ONepaTopa UMEeT, B HaCTHOCTH,

npocToi BUJL
4 2 s/2 )
(@WH=—"— ¥ W ie, vl 22)
s+1 n=—s/2
Tnst «(M3HUECKMX» COCTOSHHI MOXHO BBECTH HENPEPHIBHYIO (DYHKLHMIO pac-
npenenenus (asbl, MEPEXONd K HENPEPHIBHBIM TEPEMEHHBIM. IMockoneKy
(s+1)/2% ectb WIOTHOCTH (ha3OBBIX COCTOSHMH, OTIPENE/IUM tynkuui0 pacnpe-
neneHus (paspl BHpaXXEHHEM

s
_s+1 2_ 1
PO ="=1(8,ly) [P=7-1+2 zk bbcos [(n=K)B,1},  (23)
n>
rae

2n
eI»l_—s+1

W, p=-s5/2,..8/2.
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A
3aMeTHM, YTO m-#i MOMEHT omeparopa uucna ¢oroHoB N B npenene s — oo
HUMEET BUI

oo
A
m _ m 2
(vIN™y)y=3 ol |2 (24)
n=0
ITockonbky Wis «hHU3HYECKUX» COCTOsSHHIA 3HayeHue (24) KOHeuHo s 1060-
oo
i ", 17
ro KOHEYHOro m, OCTaTOK psAa B mpaBoi yactu (24) 2 n b’l ucyesaer
n=t
B npejene ¢ — oo. MaTeMaTH4YeCKH 3TO O3Hayaer, 4To s ai06oro 3amaHHoOro
€> 0 mMbl MOXeM HaiiTH uMciio M(E) Takoe, YyTO Aas Bcex > M(E)

oo

Y e 12<e

n=t

IMoaroMy Bcerma HaioeTcs Takoe YUCIIO f, 4TO bn — 0 ana scex n>t. [lockonb-

Ky B dopmanusme Ilerra — BapHerra napaMerp s sBIS€TCS KOHEYHBIM, HO
ckonp yronHo GonbiinM, BoIGHpas 3HadyeHHE s> !, Mbl CIIOKOHHO MOXEM 3a-
MEHMTb BEPXHUH npeaen cyMmbl B (23) Ha oo (T.€. MEPENTH K MpPEENy § — o),
B aToMm npesnene MOXHO BBECTH HenpepbiBHYI0 (a30BYIO0 IEPEMEHHYIO 3aMEHON
Gu =u2n/(s+ 1) yepe3 6 u 2n /(s + 1) yepes dO. Toraa Mbl NONYYHM Crieayio-

mee obuiee BbIpaxeHHe LA (a30BOro pacrpeneseHus BEPOSTHOCTH:

l i oo
PER@) =—{1+2 3 bb, cos [(n-kel} (25)
n>k
C HOPMHPOBKO#

n
[ P®®g)a0=1.

-R

Cnenyer nomyepkHyTb, YTO MBI BBEJIM (DyHKUHMIO pacnpemeneHus ¢azsl (25)
HCKJIIOYMTENIBHO 1S «(HU3IHYECKHX» COCTOSHHMH, € KOTOPHIMH OOBIYHO
NPHXOAMTCS HMETb LENO B peaibHbIX (DHIHUECKHX CHTyauusx. B obwem cry-
4ae, €C/IM COCTOSHHE He SBISETCS «(PU3HIECKHM», HaJO HCIOJb30BATh PACIIPE-
nenenue (23).

Tenepb HETPYAHO BHIYHCIMTH CpeaHee 3HaYeHue M60i GyHKLMH OT onepa-
Topa ¢a3sl fldg) C NOMOLIBI0 MPOCTOrO MHTErPUPOBAHHS:

T
(f8)=| PP @)R6)dp,

-n
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roe P * B)(9) onpenensercs BepaxeHueM (25). DTo o3Ha4aeT, YTO €CJIM M3BE-

ctHa ¢yHkuus pacmnpenenedus P (PB)(O), TO BCE KBaHTOBO-MexaHuueckue ¢a-
30Bble CPEAHME MOXHO BBIYMCIHMTH C TIOMOLIbIO 9TOH (YHKLHMHM KJIACCHIECKHM
o6pa3zom. B uactHocTH, hopmyiy (22) mia aucnepcuy oneparopa ¢assl MOXHO
riepenucaTh B BUAE

(489%)= | 02P ®B(@)db.

-n

Mocne uHTErpupoBaHus 1o O momyyaem

A 1t2 -1 n—k

(W)= +4 3 b b TN — .
n>k (n—¥k)

Cnaraemoe T2 /3 mpencrasiser co0oi 3HaYEHHE AUCMEPCHUM Ul PaBHOMEPHO
pacnpeneneHHoil asbl.

®opmanusm [lerra — BapHeTra OTKpbUI IUMPOKHE BO3MOXHOCTH JUTA HCCIIE-
noBaHMa hasoBbIX CBOWMCTB ONTHYECKMX HOMei. DTOT popManusM MO3BONAET
BBIYKCJISITh HE TOJBKO TAKHME «TPAIMUMOHHBIE» (Da30BBIE XAPAKTEPUCTHKH, KaK
KOCHMHYC ¥ cunyc ¢ha3sl, HO H (yHKIM0 ha30BOro pacnpesielieHus, cpeaHee 3Ha-
yeHHe U aucrepcuio ¢asbl Il NAHHOH MOIBI M KOppensauuio (a3 pasHbIX MOJ,
yTO GBUI0 HEBO3MOXHO IS APYTHX MOAXOXOB. B mocnenHue romsl gopMainzm
TMerra — BapHeTTa IMPOKO MCTIONB30BAICS B MPIIOXEHHH K PasU4HbIM NPoG-
fleMaM KBAHTOBOJ ONTHKM. B yacTHOCTH, GBUTH HMCCENOBaHBI (a30Bble CBOUCTBA
dokosckoro [43], xorepenTHoro [43], OOHOMOAOBOrO CXaTOrO [44], napHoro
KorepeHTHoro [45], AByXMOZOBOTO CXaTOro BaKyyMHOTrO [46,47] cocTosHuiA, U
KOTEpPEHTHOTO CBETA, B3AMMOJEHCTBYIOLIETO C IByXypOBHEBbIM aTomoM [48]. Hc-
CleNOBaHA TaKXe KBAHTOBas AMHaMHKa (pa3bi B HEKOTOPHIX HEJIMHEHHBIX
onThuueckux cucremax [49—>54]. C ucnons3oBanueM ¢opmanusma Ilerra —
BapHeTTa NOCTPOEHbI COCTOSHMA C MUHUMAIBHON HEONPEACICHHOCThIO YHCII0—
dasa [55] u ¢ MuUHUMaIBbHBIM ()a30BBIM IyMOM [56].

3. KBASUBEPOATHOCTHBIN IOAXOA K ONUCAHHIO ®A3bI

3.1, ®ynkumu pacnopeiereHus Kpa3uBepoaTHocTH. CraruCTHYECKOe
onucaHue MHKpOCKOHH[‘\ICCKOﬁ cucTeMbl 00bIMHO OPMYITUPYETCS B TEPMHHAX €€
oneparopa miotHoctH p. M3BecTHOE BhIpaXeHUe AT CTAaTHCTUYECKOTO CPENHEro

A

3HaueHHd M3MEPEHUH MUKPOCKONHYECKO# Habnmonaemoi F uMeeT BUX

(Fy=Tr|pF).
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A
Ilns onpeneneHHBIX, BaXHHIX B (DU3MKE, KJIAaCCOB onepatopoB F Bo3MOXHa

3aMUCh MX CPEJHUX 3HAYCHWH B BHIE WHTErpaJioB, MOAOGHBIX MHTErpanam Mo

©a30BOMy NpOCTPaHCTBY B KJIaCCHYECKOH TEOpMH BeposTHOCTH [57,58]. Hpu

®TOM CTAaTHCTHYECKass MH(OpMalHUs NMEPEXOIUT OT ONEepaTropa MIOTHOCTH p K

BECOBOH (PyHKLUMH W(Ol), KOMILUIEKCHBIH apryMeHT KOTOPOM MPECTaBIsAET TOY-
A

Ky B ¢a3oBoM npoctpaHcTBe cuctemsl. Cpentee 3nauenue { F ) 3anucbiBaercs
B BU[IC MHTEIpasa OT NpOH3BeleHUs BECOBOH GyHKUMH w(Ol) U yHKuuHn f0L),
A

COOTBETCTBYIONLIEH oneparopy F:

oo

AN 2
Te{pF = [ wiopfie 42
—o0

HWHTerpupoBanyie Npou3BOAMTCS MO BCEM BO3MOXHBIM COCTOSHHSIM CHCTEMBI,
T.€. 110 BCEH KOMILUIEKCHOH IUIOCKOCTH O. (DYHKIHMIO w(({) HEe BCerma MOXHO
MHTEPIPETUPOBATD KaK pacrpeje/ieHHe BEPOITHOCTH, HO OHA UIPAET HACTOMb-
KO MOXOXYI0 pOjib, YTO €€ Ha3bIBAOT (PYHKUHEH pacrpeneneHus KBa3sMBEpOsT-
HOCTH.

B cuny roro, 4To KBaHTOBO-MEXaHHYECKHE ONEpaTopsl B 06UIEM Criyyae He
KOMMYTUPYIOT, CYILECTBYET MHOXECTBO CnoCOOOB, KOTOPHIMH MOXHO YCTa-

A A
HOBHTb COOTBETCTBHE Mexay (ynkuusamu w(o) 1 o) u oneparopamu p u F. C
bynxkuuei | o IZ, HanpHUMep, MOXHO CONOCTaBUTh U HOPMAIbHO-YHOPSIOYEH-

" ATA .
HBIM oneparop aTa, H aHTHHOPMAIBHO-YIIOPSAO04YE€HHbIH oneparop aaT Hu

] AT/\ /\/\T
CUMMETPU30BaHHOE NPOHU3BEACHUE E(a a+aa'). Haubonee nonesHeie coort-

BETCTBHS OCHOBAHbI HA 3THUX TPeX THHax ynopsaaouyeHus.

Beenennoe I'may6epom [59,60] u Cynapuanom [61] Rnpencrasienue wis
oneparopa MIOTHOCTH

o
= [ P@ la)(al a%
S
faeT yROOHBIA CIOCOG BHIYMCIEHHS CPEAHMX OT HOPMAJIbHO-YHOPSIOYEHHBIX
oneparopoB. B cuity Toro, 4To BCe OmepaTOpHl ILIOTHOCTH SBJISIOTCH 3PMHTO-
BHIMH M 00]1a/1a10T EAMHHYHBIM ClIeA0M, P-(yHKUMS, KOT/A CYLIECTBYET, MOXET
ObiTh BhIOpaHa AEHCTBUTENbHON M HOPMHPOBAHHOMH Ha €IUHHLLY:

1=Trp= [ Py a2

BeegeM B pacCMOTpeHHE HOPMAIbHO-YNOPSZIOYEHHYI0 XapaKTepHCTHYECKYIO
hyHKUHIO

A© =Tr { p exp €ah) exp (- £°3)). (26)
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P-pyHKUMIO MOXHO MONYYHTh M3 (PYHKLMH xN(g) C MOMOUIBI0 ABYMEPHOIO

¢ypre-npeobpazoBaHus:

'P(a)=;12- [ a2 exp (0" - &y (©)-

P-byukuus [naybepa — Cynapuiaa CywmlecTByeT M SIBISETCA HEOTpHLATENb-
HOIi [UIS XaOTHUYECKHX CBETOBBIX Moneil (raycCOBCKOE pacrpe/iesieHHe) H Kore-
PEHTHbIX JIa3epHBIX MoJied (pacnpenesicHHe B BUAE S-pynkuun). ing nonei ¢
HEeKJ1aCCHYECKOi CTaTHCTHKON ¢oToHOB P(0) — He 00s3aTe/ibHO HEOTpHLA-
TenbHad QyHKUHMA ¢ XOpowHM nosenenueM (Knayaep u Cynapwad [62] noka-
314, YTO OHA CYLWIECTBYET, HO B BHE YPE3BbIYAHHO CHHIYIAPHBIX pacnpene-
JICHHIA).

IMepeiinem Tenepb K PacCMOTPEHHIO MPENCTABJIEHHS Ul Oneparopa mioT-
HOCTH, KOTOpOE HCMOJIB3YETC Wil YCPEAHEHHs CHMMETPH4HO-YTOPANOHEHHBIX
onepatopoB. BecoBoii ¢yHKuMeil 3TOro NpEACTaBIECHUS SABIACTCA BBEACHHAA
Burtepom ¢yHKUHA pacnipedesieHHs KBa3HBEPOATHOCTH W(o).

Kax 6buto mokasaxo Kaxwunom u TnayGepom [57,58], npoussobHbii one-
paTop MIOTHOCTH MOXHO 3aNHcaTh B BHAE

b= [ yop'®d%,

A=

A
rae D(E) =exp (7;37 - Q‘a) — oneparop cMeuienns. Becosas ¢ynkuus x(§) pas-
A
Ha CpefHeMY 3HAYEHHIO omepaTtopa D(&):

2® =Tr{p DE). @7

3TO0 COOTHOLUEHHE SBISETCH M3BECTHHIM OTPENETCHHEM XapaKTEPHCTHYECKOH
(yHKLMH, KOTOpasi B KBAaHTOBOH CTaTHCTMKE HIPACT POJib, AHATIOTHYHYIO POJIH
XapaKTepHCTHYECKOH (DYHKLMM B KJIACCHYECKOH TEOPHH BEPOSTHOCTH. DYHK-
uus BurHepa onpenensiercss Kak ¢ypbe-06pa3 XapakTEPHCTHYECKOH PYHKLMK:

W(e) =;:2— [ exp (@&’ - oox® d%.

®ynxuus W(0) oTaHuaeTcs TONBKO HOPMHPOBKOH OT (PYHKIHH pacnipefesieHus
W(q, p), BBenenHoit Burnepom [63] B xauecTBe KBaHTOBO-MEXaHHYECKOTO aHa-
nora pacnpeaesienus B az’oBOM IPOCTPAHCTBE KJIaCCHYECKOH CTAaTHCTHYECKOH
MexanukH. CyllecTByeT u apyroe npeicramienne dynxkunu Burnepa [57,58]:

Wio) =2 e { B D 20 exp (' &), 28)
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KOTOpoe GyaeT MCMONB30BAHO HaMH VIS MONyYyeHHs (Pa3oBOro pacrpenesieHus
KBa3HBEPOSATHOCTH, CBA3aHHOrO ¢ )yHKuHMeld Burnepa.

Ilepefinem Teneps K paccMOTPeHHIO (yHKLIMH, KOTOpast MO3BOJISIET BBIPA3HTh
CPefHUE 3HAY€HUS AHTHHOPMANbHO-YNOPANOYEHHBIX OMEPaTOpPOB B BUIE IIPOC-
TBIX HHTerpanoB. I[lo ananoruu c ypaBHeHusmMH (26) u (27) MOXHO BBECTH
QHTHMHOPMATbHO-YNOPSANOYEHHYI0 XapaKTEPHUCTHYECKYI0 (DYHKIMIO:

246 =Tr { p exp (- £*a) exp (Ea")}.

Q-bynkuus omnpemensercd Kak (ypse-o6pas 91Ol XxapaKTepUCTHYECKOi
byHKUHHK:

Q(a)=$ [ exp (08" - o'ty ©) d %,

- 0o

Ota dyHKIHUE MOXET OBITh TaKXe MpEeNCcTaBieHa B BHIE

Q(a)=;12~(0t16|a>,

U3 KOTOPOTO CleayeT, 4To (-DyHKIMS HEOTpULATENbHA Ha BCeil (a3oBoi Io-
CKOCTH.

DyHKUMH xN(ﬁ), X&) uy A@) CBSI3aHb! IIPOCTHIMH COOTHOLICHUSMH:
n® =exp (€12 /2x®),
1a® =exp (- 1E]2/2(®).

Ho cHuX mop Mbl pacCMaTpHBaJiM CIy4ail OJHON MOMABI 3JIEKTPOMATHHUTHOrO
nons. JlaHHoe paccMOTpeHHMe ecTecTBeHHO 06o0uiaeTcs Ha Clydail IBYX MOJ
[64]. Onpenenum ABYXMOIOBbIE XapaKTePHCTHYECKHE (PYHKLMH, COOTBETCTBY-
IoIHe HOPMAIbHOMY, CHMMETPHYHOMY U aHTHHOPMAIBHOMY YNOPSHOYEHHIO
OIepaTopoB:

AnM. &) =Tr {p exp ma") exp (€51 exp (- 1"a) exp (- £*H)),
(M, & =Tr {p exp (na’ - n"a) exp €5 - ') ,
%4, &) ="Tr { p exp (-1"a) exp (- £'D) exp (na" ) exp (£T) .
OTH XapakTepucTHYECKHE (PYHKLMH CBA3aHBI COOTHOLIECHHSMH:

M. & =exp ( Inl2/2)exp ( 1E]2/203m, &),

%M. &) =exp (= In1%/2) exp = €12/ 2¢m, &).
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IByxmMonoBbie (DyHKIIMH pacnpeieneHHss KBa3UBEPOSATHOCTH MOXHO NOJNYYHTh
U3 COOTBETCTBYIOIUHMX XapaKTEpPUCTHYECKHUX (YHKUMH C MOMOIUBIO YeThIpEeX-
MepHoro ¢ypbe-npeo6pa3oBaHHs:

P(o, B) = ;‘; [ exp (an® - o™n) exp (BE" - B'E) xyM, O M d %,

oo

W (o, B) = # | exp (an’ - o) exp (BE" - B7E) x(n, E)d n d %,

— oo

0 (o, B)=$ | exp (om® — o) exp (BE" - B*E) x,,(n, §)d *nd %&.

Dru dyHKunu OyayT UCIOAB30BaHbl HaMH B JaibHelleM NpH U3ydeHHH aso-
BbIX CBOMCTB JBYXMOZOBBIX COCTOSHHI 9J1EKTPOMarHWTHOTO MOJA.

3.2. ®a3oBbie pacnpenesieHHs KBa3HBepOSTHOCTH. Pa3oBoe pacmpenere-
Hue [lerra — BapHerra (25) siBnseTcs nNoja0XHTENbHO ONPEAECTICHHBIM, HOPMHPO-
BaHHBIM U 2T-IEPHONMYECKHUM, H, TaKHM 00pa3oM, YAOBIETBOpSET TpeOOBaHHAM,
HaaraeMbiM Ha (PyHKUMIO pacnpenesieHHs BeposTHOCTH (a3sl. OnHako dasosbie
pacnpenesieHHs, KOTOpble ABJIAIOTCS HOPMHPOBAaHHBLIMH M 2T-NEPHORHYECKHMH,
MOXHO MNOJIYYHTh TaKXe, NPOHHTEIPHPOBaB (PyHKLHM pacnpene/ieHHs KBa3u-
BEPOATHOCTH TO pagHanbHOH NEPEMEHHOM,

Hnes wucnonb3oBaHus YHKUMI pacnpenesieHHs KBa3UBEPOSTHOCTH [Uis
onucaHusa Ga3bl HOCHT He TONBKO (hopManbHBI MaTeMaTHYECKHii XapaKTep, HO
MMeeT Takxe U usnueckoe o6ocHoBanue. Kak 6bu10 nokasano lllanupo u Bar-
HepoM [65], ¢ NOMOLIBI0 F€TEPOAHHHOIO METOAA M3MEPEHHS MOXHO ONPENE/IHTD
¢azy 0 usmepsemoii Monsl (0 ompemensieTcs OTHOCHTENIBHO (ha3bl JIOKaIbHOIO
ocuwuisitopa). Ilpu 3ToM basoBoe pacnpepesieHHe npeacTaBiaseT coboi
NPOHHTErPHPOBaHHYIO MO paguanbHON nepeMenHo# Q-pyHxuuio [66,67]:

POe)=[ o laldlal. 29)
0

Ha npyroii npuMep Takoro pacnpeaeneHHus ykasaiu Ppeitbeprep, Porens u
HlIneiix, paccMarpuBas 8-NOPTOBYI0 CXeMy FOMOAHHHOIO JETEKTHPOBaHHSA IKC-
nepuMmeHTa rpynnsl Mannens [28—30]. Mowmentsl ¢a3oBbix omnepaTopos,
H3MEPEHHBIX B 9TOM 3KCIIEpUMEHTe, ObUTH HenocpeacTBeHHbBIM 00pa3oM CBs3a-
HBI C IPOMHTErPHPOBaHHOI 110 pagnanbHOi nepeMeHHoi Q-ynkuueii [32,33].
Takue nsmepenns ¢assl ABIAIOTCA 3(pheKTHBHO «KINACCHYECKHMH», MOCKOJIbKY
Q-byHKLIMA COOTBETCTBYET OXHOBPEMEHHOMY H3MEPEHHIO HBYX HEKOMMYTH-
pylomux Habmoxaembix [65,66].
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- ABTOpamMM paGoTs [67] 6GblTa yCTAaHOBIEHA B3aMMOCBS3b Mexay ¢ha3oBbiM
pacnpesenendem Ilerra — BapHeTTa U «KJ1acCHMYeCKHM» pacnpenesieHHeM asbl
(29). fns cocrositmsa (15) Q-pyHKuMs UMeeT BU

_1 2_1 a2 ¢ lal” in(¢-0) |2
0= aly)l?=— T exp - |al?/2) ZOW”#" % o
n=
TI€ HCnoyb30BaHO 0003HaAYeHUe Ot=|(x|exp(i9). Hurerpupys (30) no

panuanbHoii nepemeHHoi | ot |, nonyyaem

POw®)=[ o lol d |a] =
0

=55 1142 3 b 008 [0 KX0 - 9IG Vi, ),

n>k

r +k)/2+1
G @, k)zjin_ﬁ%__). 31

Hns cpaBHenus ¢ dynkuueil P(PB)(G) Mbl CHMMETpPH3yeM OKHO (pa3oBbIX 3Ha-
ueHui O oTHocuTenbHo @. Torma «kiaccHueckas» thyHkumus pacnpenenenus
dasbl npunuMaeT cnenyowmii Bux [67,68]:

roe

PO@)=-"{1+2 Zk b b, cos [(n - k)8IG D(n, k). (32)
n>

DyHKkuHns P(Q)(O), TaK Xe, KaK H QyHKUUs Q(0), MONOXHTENbHO onpegesieHa
M HOpMHDOBaHa ciefylowuM 06pa3om:

n

| P@@yae=1.

-n
H3 cpasHenns tdopmyn (32) u (25) BugHo, uTO «KJIaCCHYECKOE» pacrnpeje-
JieHHe P(Q)(G) OTin4aeTcs OT pacnpenenenms Ilerra — Bapuerra P(PB)(G)
TOJIbKO JOTMOMHHUTENbHBIM (hakTOpoM G(Q)(n, k). Koatduuuenrs G(Q)(n, k)
CHMMETPHYHBI, G(Q)(n, k)=G(Q)(k, n), ¥ UX OUATOHAIbHBIE BJIEMEHTBHI PpaBHBI

eaunuue: G (Q)(n, n) = 1. Pacnipenenetnue kostpduumnentos G (Q)(n, k) nokaszaHo
Ha puc.l. BumHo, uYTO uyem paneme Mbi ynansemcs OT JUaroHamu

G (Q)(n, n)=1, TeM MEHBIIUM CTAHOBHTCH 3HaUeHHe G(Q)(n, k). 3Has xo-

appuuuents G (Q)(n, k), Mb1 psaMoO MoxeM monyuuTs tasoBoe pacnipenenenue
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Puc. 1. Pactipenencaue koatpuuuentos G (Q)(n, k)

KBa3UBEPOATHOCTH P (Q)(G) u3 pacnpepenenns [lerra — bapHerra yMHO-
XEHHEM ero HeJHaroHalbHBIX SJIEMEHTOB HA HX «BEPOATHOCTH» G (Q)(n, k). Ta-
KyIo TpOLEAYpPY MOXHO paccMaTpHBaTh Kak HeKoe ycpeaHenue a3oBoro pac-
npenenenus Ierra — BapHeTra. DTO NPHBOAMT K CIIaXHBAHHUIO M YIIUPEHHIO
pacnpefiefieHus, B pe3yIbTaTe KOTOPOro TepsieTcs 4acTh cha3oBoit uHpop-
mauuu. [TosToMy pacnpegenenue P (Q)(G) MeHee WH(GOPMATHBHO, YEM pacipe-
nenenue Ilerra — Bapuerra P (PB)(G).

KoHuenuus uuTepdepeHuuu B (a3oBOM NMPOCTPaHCTBe, BBeaeHHas Lllnei-
xoM 1 YusepoM [69], ykassiBaeT Ha BO3MOXHOCTb TONyYeHHs Apyroro ¢a3oBoro
pacnpenenenus KBa3sMBEPOSTHOCTH MpH IOMOIIM HMHTETPHPOBaHUS (PYHKUMH

A

Burnepa mo paguansHoil nepemenHoit [70]. Ilycts Mmarpuua IUIOTHOCTH P
ONMCHIBAET COCTOSIHHE C YaCTHYHO OIpeReNieHHOH ¢a3oi:

p=lw)(wl,

rae l\y) onpenensercs ¢opmynamu (15) u (17). Bocrnonb30BaBIIKCH BBIPA-
xenueM (28), sanumeM ¢yHkuuio Buriepa B clIefylOleM BUE:

2 s A .
Wey== 3 bb e (k| Doy | n)e™.
nk
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MarpuuHbie 31eMeHTH oneparopa cMeleHns B (okoBckoM Gasuce onpenens-
1otcs dopmynoi [57,58]:

(kI Doylny=[2 o2 e i=nia | o |2, k>n,  (33)
K n

rae Lf'_"(4 | o |2) — NpUCOERHHEHHble noNuHOMbI Jlareppa. Boinenum teneps

(hasy KOMIUIEKCHONO 4ucia O, 3aMMCaB Ol = |oz| eld. Hurerpupys ¢yHkuuio
Burnepa no pamuanbHoit nepeMeHHoi [0t M cHMMeTpu3ys OkHO ha30BbIX
3HavyeHHi O oTHOcHTenbHO @, monmyyaeM a3oBoe pacnpefeneHHe KBa3MBEPO-
ATHOCTH:

o0

P™@)= [ w) Ipldalpl =
0

oo

= zl_n{ 1+2 z bnbk cos [(n— k)e] G (W)(n’ k)}, (34)
nk=0

n>k

rae xo3tppuuuents G (W)(n, k) onpegensirorcs GopMynoii:

A
G(W)(n, k)= 2 - 1)7"""2( [n -kl +2m)/2

m=0
X (ﬁ](&sz G Dm, |n—k| +m), (35)
rae
A=min (n, k), Vv=max(n, k), (36)

u GOm, | n-k| +m) onpenensiorcs opmynoit (31). Koadduuments
G(w)(n, k) aBnsf0TCA CHMMETPHYHBIMH, G(w)(n, k)=G(W)(k, n), ¥ HX JQHaro-
HaJIbHBIE 3JIEMEHTHl pPaBHBI EAMHHIIE, G(W)(n, n)=1. PacnpepeneHne xo-

apuumenTos G (w)(n, k) npuBeneHo Ha puc.2. BuaHO, YTO BHe JHArOHIM 5TH
KO3(HLUHEHTE NPHHUMAIOT 3HaYEHHs KaK MeHbLIE, TaK M GOJIbIIe eTHHHIIbI.

3TO NPUBOAHMT K TOMY, 4TO pacnpeneyieHHe P(W)(B) sBngeTcs Gonee «pe3KuM»

no cpaBHEHHIO ¢ (a30BbLIM pacnpeneneHHEM P(PB)(B). Kpome Toro, Tax kak
¢ynkuus BurHepa MOXET NpPHHHMATh OTPHLATE]BHBE 3HAYEHHS, TO

NOJIOXKHTENIBHAA ONPEAENICHHOCTh paclpelesieHHs P(W)(G) He rapaHTHpOBaHa,

4YTO co3nacrt ﬂpOGﬂCMbI HHTEPNIPETALIUH 3TOr0 pacnpenerieHus KaK pacnpene-
JICHHA BECPOATHOCTH.
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Puc. 2. Pacnpenenenne KoadpdunueHtos G (W)(n, k)

Mo ananoruy ¢ a3oBBIMH pacTIpENEICHUAMH, CBI3aHHBIMU ¢ Q-DyHKLUEH U
dyHkuMeil Burnepa, MOXHO TakXe ONpeNefuTs (asoBoe pacrnpesesieHue, COoT-
setcTBylomee P-ynkuun CnayGepa — Cynapumana. OnHako, Kak ObUI0 oTMEue-
HO Bbime, P-pyHKuUMs I HEKJIACCHYECKMX COCTOSHHH 1160 OTpHUATENbHA,
60 CUIILHO CHHTYJISpHA, YTO JETacT HEBO3MOXHBIM ONpPEAEIeHHE COOTBETCTBY-
womero ¢a3oBoro pacnpenenesus s 9TMx cocrosuuii. Ilosromy dasosoe pac-
npefesieHne, ceazaHHoe ¢ P-hyHKLMEH, MOXET OBITh ONPEAEIECHO TOJIBKO IJIst
KBa3MKJIaCCHYECKNX COCTOSHUE. B cnenyioliem pasjesie Ha IPUMEPE CXKaThbIX Xa-
OTHYECKHMX COCTOSIHHI MBI ONpeneNuM 3TO (ha3oBoe pacnpesie/ieHHe U CPaBHUM
€ro ¢ BBEJCHHBIMHU BBIIIE TPEMS Paclpeme/eHHsIMU.

B 3akiiouende orMeTuM, 4TO (hazoBbie pacmpenerneHHs, cBA3aHHble C (-
(ynkuueil u ¢dynkuneit Burtepa, MoryT GbITh BRIpaXX€Hb OfIHOM aHATUTHYECKOH
thopmysoii crenyolero BUaa:

PO@) = i {142 3 b b, cos((n—k0] GO, k), (37)

n>k

rae koatdunuentsr G (S)(n, k) onpenensotcs BeipaxeHusaMu (31) g Q-dyHk-
unn (S = Q) u (35) ana dyukuun Buruepa (S = W). B coorHomenue (37) Mox-
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HO BKIIIOYHTE Takxe M ¢a3oBoe pacnpepenenue Ilerra — Baphertra, ecnu
CYHTaTh KO3(phuuuentsr G (PB)(n, k)=1.

4. ®A3OBBIE CBOMCTBA
HEKJIACCHYECKHX COCTOSIHHIT CBETA

4.1. CvemenHsle (GOKOBCKHE COCTOSHHA. CoBpemeHHBIE JOCTHXEHHs B
KBAaHTOBOH ONTHKE MPHBEIH K HOBHIM NPE/UTOXEHUIM 110 cnocobaM reHepauuu
(oKoBCKHX cocTosgHuMil SJIEKTPOMAarHUTHOro monsti. XoHr ¥ Mangens ycrmemno
HPOBEJIM ONBIT IO IEHEPaUUH JIOKANW30BAHHOIO ONHOGOTOHHOTO COCTOSHUS B
NapaMeTpUYECKONl NayH-KOHBEPCUM C HCIONb3OBAHUEM ONITHYECKOro 3aTBOpa
[71]. Cucremoii, B KOTOpOH BO3MOXHa reHepanms (POKOBCKUX COCTOSHUIH C
6GonbUIMM YuCITOM totoHos, sBnseTca MHKpoMasep. bsuto nokasamo [72], urto
QJICKTPOMArHUTHOE MOJIE B MOJIOCTH MHKpOMa3epa, B3aUMOLCHCTBYS C punbep-
FOBCKMMH aTOMaMH, HHXEKTHPYEMBIMH B IIOJIOCTB C XOpOIIO ONpeaeIeHHON CKO-
POCTEIO, NIEPEXONHUT B COCTOSIHHE C MasOi AMCIepCcHeii Yucna ¢oToHOB, gBngI0-
Ieecsd XOpOIleH annpokcuManueil (poKOBCKOTO COCTOSHUA.

CwmemenHoe POXOBCKOE COCTOSHHE MOXET GhiTh MOJIy4EHO M3 (POKOBCKOTO
COCTOAHUA TyTeM HOOamIeHHS HEHY/IEBOi AMIUTUTYAH 110719, POKOBCKOE COCTO-
SHUE ONpEeReseTCs YHCIOM (DOTOHOB, ero a3a NONHOCTHIO0 cnyvaiiHa. Cpennee
SHAYCHHUE aMIUIMTYABI MO B (DOKOBCKOM COCTOSHHH paBHO Hymio. IIpu cme-
HIEHUH B (ha30BOM MPOCTPAHCTBE MOSBIIETCS mo6aBoyHas aMmIUTYda MOMs, M
TENepb YUCIO0 (OTOHOB UMEET BKJIAL OT KOTePEeHTHOH KoMIOHEeHTH nons. Co-
CTOAHHME MONsL CTAHOBUTCS 3aBUCAILMM OT (a3bl CMeweHus.

CMmemieHHoe (hOKOBCKOE COCTOSHUE ONpefenseTcs NeACTBUEM orepaTopa
CMeLIeHHsT Ha (POKOBCKOE COCTOSIHHE:

lo, Ny=D () | V). (38)

His N=0 310 cocTosiHHe cBOAMTCH K KOTePEHTHOMY COCTOSHHIO |oc). Heko-
TOpbIE CBOMCTBA CMEIIEHHOIO (hOKOBCKOTO COCTOSHHS MOryT 6bITh MCCIIenoBa-
Hbl TIPY NOMOIM Tpeo6pasoBaHus ONEpPaTOPOB POXAEHHS H YHHYTOXEHHS
[IOCPEICTBOM CHBHIa Ha KOMIUIEKCHOE YHCIIO:

A A
DY aD (o) =a+a,
A A
DY a'D () =4 + o*,
Ilucnepcpm YHUCaa (bOTOHOB B 3TOM COCTOSIHUU

(@n*y=@N+1) |al?
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Bcerqa Gonblue pucnepcuii yucna GoroHoB B POKOBCKOM M KOTEpEeHTHOM COC-
TosHMAX. BbiuucnuM Teneps napamerp Mauaens , NMOKa3biBAKLIMK OTKIIO-
HEHUEe COCTOSHHS OT MYyaCCOHOBCKOH CTaTHCTHMKH:

@ty =y f2lal?-1
T w N lol?

, (39)

rae (Q):N + |oc|2 — cpensee 4uciao (OTOHOB B CMELIEHHOM (POKOBCKOM
coctosun. [na myaccoHoBckoil craructuku Q=0. Ecnu Q <0, TO rosopsr,
YTO MOJie HAXOAMTCH B COCTOSHHH ¢ CyOnyacCOHOBCKOW CTaTHCTHKOH. Eciu
Q>0, TO CTaTHCTHKY MNONS Ha3bIBAIOT CyMepryaccoHOBCKOi. M3 ypasHenus
(39) 3aknioyaeM, 4To cocTosiHue |0, N') uMeeT CyGryacCOHOBCKYIO CTATHCTHKY
npH lal? < 1/2.

Pacnpenenenue uncna GoTOHOB B cMeleHHOM (OKOBCKOM COCTOSHUM MMe-
eT BHI

Poh= (1 TNy I2= (1 | Drey | MYI2

Hcnonsbaya dopmyny (33), nonyyaem

Slal? ) o j-m | ko |20V-0
e o NI ol
Ppnh = N E’o P T T

2

IOns o.=0 pacnpeneneHue PDN(I) =81N’ KaK ¥ JOJIXHO 6BITh 11 (POKOBCKOro

cocrosinus. [Mox 3HakoM MonyAs B (40) MB HMeeM NOJTHHOMHAIBHYIO (QyHKLHIO
crenenn N. ¥V Takoii (yHKuMH AonxHO GniTh N HyneH nepemennoit I. Cneno-
BaTEJIbHO, pacrnpelesieHHe PDN(I) uMeer N MuHUMYMOB Mexay (N+1)

MakcuMyMaMH. Hanuume Takux OCUMILISLMIA B pacnpene/ieHHH Yucia GOTOHOB
MOXeT GbITh OGDBACHEHO C MOMOIIBIO KOHUENUHH HHTEphEpeHUHH B (a3oBoM
npoctpanctse [69,73].

PaccMoTpum Teneph (a3oBbie CBOHCTBA CMEIIEHHOTO (OKOBCKOIO COCTO-
sHus [24]. Pa3sioXeHHe 3TOr0 COCTOAHHUSA MO (POKOBCKHM COCTOSIHMSIM HMEET BH

loNy=S Iny(nloNy= T, In)(nD@IN)= 3 b,6% |n),
roe i n2N

1/2
! 2
b =(N:) lo| N e lal 21N o),

9, =~ N)o, @1)
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08 0,8
0,4 [ a 04
0,2 e2 |
0 0
-0,2 -0,2
~0,4 -0,4 [
—0.8 . . A . . -06 , . . s
o5 0 05 1,0 1,5 20 25 "5 0 05 1,0 1,5 20 25
Puc. 3. asoBsle pacnpenencHus
0,6 P ®B)@) (cruiommnas nunus), P (D(6)
o4 8 (umunnpte wrrpuxu) u P W(0) (kopor-
’ | Kue INTPHXH) B MOJIAPHBIX
oz | KoopauHarax (1o ocu X — P(0) cos 6,
no ocH Y — P@O)sin®) s
0 CMEILEHHOTO (POKOBCKOIO COCTOSHMS
NIPY  3HAYEHUAX al=3 u a) N=0,
TR T 6)N=1,6) N=2
=04
-0,8

05 "0 05 1,0 1,5 20 25

e @ — ¢asa KOMIIEKCHOro yncna o= | o exp (i), L;_N( lal? — npu-

CoenuHeHHbIA nonuHoM Jlareppa. [ns n < N KoshduuuenTs! bn HUMEIOT BUJ

n! 1/2 N-n N-n —|a|2/2 N-n 2
b,,=[N—,J OV ol Mme L " lal?,

U daza ¢, no-npexueMy onpenesnsercsa ¢opmysnoi (41). Tlpu BHIYHCIEHUH KO-
3)pUUHEHTOB b HCMONB30BAHb MATPHYHBIE BIEMEHTHI ornepaTopa CMeleHHs
B Qokosckom 6asuce (33). 3uas 9TH KOB(MHUUMEHTE, MBI MOXEM NpsMO
npuMeHuTs opmyisl (25), (32) u (34) ans dasossix pacnpenesneHuii P(PB)(G)
P(Q)(O) " PBW)N(G). Ha puc.3 npusenenst rpaduxu stux chyskumii HOJIAPHBIX
KOOpAHHATax IS CMEWEHHBIX cboxoncxnx COCTOSIHHE C lozl =3 u N=0,1,2.

Bugxo, yro pacnpemenenus P(PB)(O) 7} P (9) oYeHb GIH3KM IPYr K APYry H

uMeT (N + 1) MakcHMyM, Torma Kak Pgi)J(G) HECKOJIBKO IUHpE W MMEET JIMIUb
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Puc. 4. Q-dbyHkumns a1 cMenleHHoro ¢OKOBCKOIO COCTOSHHS MPH 3HAYEHHAX
lal=3ua)N=0,6) N=1,6) N=2; x=Re (B-0), y=Im(B-o) u ¢=0

JBa MaKCUMyMa (3aMeTHM, 4TO 3TO CNpaBeMTHBO I oGk 3HaueHuid N 2 1).
Yro6el 06BbACHUTH TakoW BHA (ha30BbIX pacnpelefieHWi, PacCCMOTPUM SIBHBINH
ua Q-dyHkuuu v ¢pyHKuMH Burnepa ans cMeuieHHbIX (POKOBCKHX COCTOSHHI.
DtH GYHKUHH pacnpefe/ieHHs KBa3WBEPOSTHOCTH M1 pPacCMaTPHBAaEMBbIX CO-
CTOSHM# TOJIy4al0TCs MPOCTHIM CMEIEHHEM COOTBETCTBYIOLIMX (PYHKUHMH pac-
npeneneHus 1 HOKOBCKUX cocTosiHui [73]:

1e_|p_a|2|@—a|2N

QDN(B) = QN(B -—o)= ; N1 s

Won(®) = WyB-m)=2exp (-2 [B-al) - 1 Lyt [B-ald), @2

tae L,(x) — nonuxom Jlareppa nopsnka N. Ha puc.4 u 5 npusenensl rpapuku

X (PYHKUUR s l o | =3 u N=0,1,2. U3 (42) BupHo, yrto Q-yHkuus
NPUHUMAET HYJEBOE 3HAYEHHE INPH |B—0L | =0 ms N21 (puc.4). Do

MIPUBOJMT K TOMY, YTO paclipelesieHue P(DQI\)J(G) HMeEeT JBa MAaKCHMyMa, KOTOphI€

COOTBETCTBYIOT ABYM IOJIOXEHHUAM a3nmyTaanoifl MOJYIUIOCKOCTH, KOraa Iuio-
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Puc. 5. ®ynxuus Burnepa ans cMELIEHHOTO (POKOBCKOTO COCTOSHMS NPH 3Ha-
uennax |ol =3 ua) N=0,6) N=1,8) N=2, x=Re (B- ), y=Im (B — 01) u
¢=0

waap nepeceyeHus ee ¢ Q-byHKuUMeH npuHUMaeT Haubonbiie 3HAYEHUS. DTO
H €CTb KOHLeMNUus cyneprno3uuun B a3zoBom npocrpaHcrse (area-of-overlap
in phase space [70]), npumenennas wis Q-ynkuuu. INockonsky (yHKLHs
Burnepa ocunnnupyer B 3aBUCHMOCTH OT N (pHC.5), NpUMEHEHHE K Heil 9TOi

uaed obbacHsaer Hanuune (N + 1) nuka B pacnpeneneHuu Pg‘g(e). Takum obpa-
30M, €CTh CYLIECTBEHHOE painuuHe B a3oBoii HHpopMauuu, conepxaueiica B

pacnpeneneHusx szh)]

G(Q)(n, k) onpenenennas uyacte (ha3oBoii MHpopmauuu B PE)QD)J(G) TepsieTcs.

Pacnpenenenus Pﬁ’ﬁ’(e) 7 Pg‘g

CMaTpUBaEMOM Cilyuae CMeLIeHHBIX (DOKOBCKHX COCTOSAHHIl OHM HECYT B
OCHOBHOM OIMHaKOBYI0 (a3oByio HuopMauHio.

0) u Pgn)(e). H3-3a mpouenypsl ycpenHenus ¢ BecoM

(6) nouTu coBnamawT, U, CIENOBATENBHO, B pac-

4.2. Cxatpie GOKOBCKHE M CXKAaThle XaOTHYeCKHe cocTosHus. [lone B
(OKOBCKOM COCTOSHUM MOXET GHITh MOJAHO Ha BXOJ «CKMMAIOWIEro» YCTPOHCT-
Ba THMA BBIPOXAEHHOTO MapaMeTpHyeckoro ycunurens. Torma Ha BeIXOfEe 3TOro
ycTpoiicTBa GyldeT reHepupoBaHO mosie B CXaToM (POKOBCKOM cOCTOSHHH. Mc-
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TOPUYECKH MOHSATHE CXATOro (POKOBCKOTO COCTOSHHA OBUIO BBEIECHO KeHoM
[74]. CratucTtuuyeckue CBOWCTBA 3TOTO COCTOAHMA H3ydanucsh B [75—77]. Kak
OTMevaJloch paHee, pacrpepeneHue ¢a3bi B (POKOBCKOM COCTOSHMH NOJHOCTBIO
ciyvaiiHo. B cxaTom (hOKOBCKOM COCTOSIHUM pacripefiefieHue (pa3sl yxe He sBiisi-
€TCSl paBHOMEPHBIM.

XaoTtnyeckoe (TEIUIOBOE) COCTOSHHE OIpPERENseTcs Kak palioXeHue Mo
6a3zucy (poKOBCKHMX COCTOSHHMH C BECOBBIMH MHOXMTEISMH pacnpegenetus Bose
— DiinwreiiHa. ITone B XaOTUYECKOM COCTOSHHH TakKXe MOXET ObITh IOJaHO Ha
BXOJ BBIPOXJAEHHOTO MapaMeTPHYECKOrO YCHIUTENS. 3aMETHM, YTO MPH H3Y-
YEeHUM B3aUMOIEHCTBUS HEKJIACCHYECKOro MoNs C pUAOEpProBCKUMH arOMaMH B
MOJIOCTH MHKpOMasepa HeoOXOAMM yyeT TemaoBoro wyma. [lostoMy u3ydeHue
HEKJIAaCCUYECKUX COCTOSHHH C XaOTHYECKOW KOMIIOHEHTOH HMMeeT BaxXHOe 3Ha-
YeHHE.

A Cxaroe poKOBCKOE COCTOSHUE ONpeENeseTCs NeHCTBHEM OMepaTopa CXaTHs
S(r, ¢) Ha HOKOBCKOE COCTOSHHE IN )

INY =509 N, 43)

rae
A r A _9; A .
S(r, ©) = exp { 3 (a%e 59 - aTzez“p)] )
Paznoxenue cocrosuus (43) no 6a3ucy POKOBCKHX COCTOSHHMM UMEET BUI

IN) =2 [N (nINY o =T In)(nl St ) IN) =

=Y be|n), (44)
- ,
rae [76]:
(n! 1/2 lt ) (n+N)/2><
n" | cosh r pamr
xmmf N)(— pyw-i/2 @/sinhr)t Fy - O Hy_0)
R it -1 (N-i)
H
¢, = (- Ne.

3aeck ¢ — yron noBOPOTA 3JUTHIICA HEONPENEIEHHOCTH B (ha30BOM MPOCTpaH-
CTBE, Hn(x) — TMOJNIMHOM DPMHTA CTENEHH M.
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CxaToe XaOTHYECKOE COCTOSHHE ONPEAENAETCA MATPHLEH TUIOTHOCTH [75]:

A 1 n
=L _ 45
Psr=T7 (l+nle>(r,¢)(r,¢)<N|’ 45)
N=0
rae n — CpeoHee 4YHUCIIO (bOTOHOB B XaOTHYECKOM COCTOSIHHH Ha BXOjJe

«CXHMAIOLIEro» YCTPOHCTBA.

Hucniepcun KBagpaTypHbIX KOMIOHEHT MONS B CXAaToM (POKOBCKOM COCTO-
SHUM MOTYT ObITh MpeacTaBieHs B Buge [75]:

(AX)y=g @N+1)e 7,

A 1 ,
((AX,)?y=7 N+ 1)e™.

M3 3THX COOTHOWIEHHI BMAHO, YTO TOJNBLKO CXAThlii BakyyM (N =0) sBnsercs
COCTOSHHEM C MHHHUMAIBHON HEONPEREIEHHOCTBIO (MACATbHBIM CXATbIM COCTO-
SHHEM), @ OCTalbHble CXaTbie OKOBCKHE COCTOSHUA ¢ N 2 | He ABNAIOTCH Ta-
KOBbIMH. JIUCriepcHH KBaIpaTypHbIX KOMIIOHEHT MO/ B CKATOM XaO0THYECKOM
COCTOSSHHH HMMeloT Bua [75]:

(BX)) =5 @i+ e,

((A;(2)2)=%(25+ De?.

CratucTuyeckue CBOHCTBA paccMaTpMBaeMBIX COCTOSHHMII yIOGHO Hccneno-
BaTh NMpPH MOMOILUH KOPPENSLUHOHHONH PyHKLUMH 2-ro nopsaxa:

P

A2 A
@_q, @n)")-(n)
89=1+ .

(n)y

Hns cxaroro ¢okOBCKOro cocTosHus nonyyaem

s 1.2
@ =1-RE ST N2 4 2N cosh?r +cosh 2)],  (46)
(n) (n)
roe
(n)=N cosh (2r) + sinh?r.
Hpu Mainsix r KOppeNdsuUHOHHas ¢yHKu"ﬂ MOXeET IIPUHHMMATH 3HAYEHUSA MEHble
CAMHHUBI, YTO COOTBETCTBYET CYGNyaCCOHOBCKOH CTATHCTHKE pachpefeneHus

¢oronoB. Bropoii wien B (46) npu r>> 1 npeHebpeXxXumMo Man, W s g(z)
noJyy4aem
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@ . M
(2N + 1)

8

Ins Gonpuiux N xoppensuuoHsas ¢yukuus crpemurcs k 1,5. Koppe-

JISHUUOHHAasA (byHKuPlﬂ g(2) 1A CKATOr0 XaOTHYECKOro COCTOSIHHUA UMEET BHUI

— 2
@=94 Q’%)— sinh?r cosh?r, 47

e

(n) =7 cosh (2r) + sinh?r.

Ins r#0 Bropoil uneH B (47) sABngeTcd MONOXHUTEIBHBIM, TaK YTO KOppe-
: 2
JNSAUHOHHAs (PyHKUMA g( ) 1S CKATOTO XaOTHYECKOTO COCTOSHMS BCerna npe-
BOCXOOMT BEJHYMHY 3TOH (DYHKUMH IUIs XaoTHyeckoro cocrosHus. Cxarue
XAOTHYECKOIO [0/ MPUBOAUT K BO3pacTaHuio (IyKTyaluud ero WHTEHCHB-
Hoctu. Pacmpenesienue ()OTOHOB B XaOTHYECKOM COCTOSHHMH SIBJIIETCA rayc-
copckuM. CxaTble XaOTHYECKME COCTOSHMUS 00MaJaloT CyneprayccoBCKOM
. 2
cratucTukoil (poToHOB. B mnpenensHoM cnydae r>> 1 dyHkuus g( ) s eTHX
COCTOSIHM#l CTpeMHuTCs K 3.
Umes pamoxenue (44) cxaroro (OKOBCKOro COCTOSHMS 1o Ga3ucy
(OKOBCKHMX COCTOSHHH M BBIpaXEHUE U1 MATPHULbl IVIOTHOCTH CXKAaTOro XaoTu-
4ecKoro cocTosHus (45), Mbl MOXeM TNIpIMO NpuMmeHuts (opmyist (25), (32) u

(34) nns dazoBbiX pacnpeneneHui P(PB)(B), P(Q)(G) 7 P(W)(G) MIPY MCCEAOBAaHUH
(a3oBbix CBOMCTB 3THX cocTOsHMIA [78]. OT™MeTHM, YTO yHKLMS Pgﬂ)(e) OKa3bl-

BaeTCs HE3aBUCHMOM OT uydcna ¢oroHoB N B NepBOHAYaIBHOM (POKOBCKOM
cocrosHud. YTo6bl MOKa3aTh 3TO, BOCMONB3YEMCS SBHBIM BUIOM (DYHKLIMH
BurHepa mis cxaroro (hOKOBCKOIo cocrosHus [75]:

Wgn (o) = Zexp[—((x a)e (oc+oc)2 2N

X (— l)NL [(ot+ o )2 2r — (o —o "2 721,

rae L, (x) — monunom Jlareppa crenenu N. [Mponnterpuposas 3ty HyHKLHUIO

i 7 ™o
MO paMaIbHOM MepeEMEHHOM, Mbl monyyaeM ¢a3osoe pacnpenenenue Pg (6)
11 cXaToro (pOKOBCKOTr0 COCTOSHUS, KOTOpOE HE 3aBUCHT OT N:

1
21 (cosh 2r + sinh 2r cos 20) (48)

P0) =
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0,5
04l

03

P(©)

0,5 N=3
04} A A

8 o}

S’

=¥ 02}
o }-
9 . .

314 0 314 3,14 0 314
e (8]

Puc. 6. ®asosbie pacnpenencuns P ®B)Y@), P(O©) u P W(@) s cxarsix
¢okoBckux cocrosnuii ¢ r=0,5 u N=0,1,2,3

AcuMnToTuuecky, B npenene Gonbworo cxarus (r — =), pacnpepenenue (48)
NpEeBpaIlacTCa B CYMMY ABYX CUMMETPHYHO PAcrOI0XEHHBIX S-pyukunii:

PMe) =% [86-7/2)+8(0+m/2)).
Ha puc.6 npencraenens rpaduku ¢a3ossix pacnpeneneHui Pg;lf)(e), P(S%)(O) "

P(Sv;)((-)) AN CKAaThIX (POKOBCKHMX COCTOSHMIH. BHIHO, 4TO ecTs CYLIECTBEHHOE
pasiMuue B MOBENEHHMM Tpex (ha3OBBIX pacnpeiesNeHdil mpu Mansix N. Ipu
yBenudeHuH N a3oBble pacnpeneneHus P(sl;?)(()) " P(S%)(G) CTpeMATcs K
P(s‘;?(e), M [Uld 3HAauYeHHH N 24 9TH TPH KPUBBIE CTaHOBSATCH NMPAaKTHYECKHU He-
Pa3IMYHUMBIMH.

PaccmoTpum Teneps ha3osie pacnipeneneHnst i cXaThIX XaOTHYECKHX co-
crosanui (45). OHu MoryT GBITH HOMTY4EHDI U3 ha30BbIX pacnipesenenuii Wis cxa-
THIX (POKOBCKHX COCTOSIHME CYMMMPOBaHHEM 10 4dcity GoToHOB N C BECOBBIM

" I N+
dakropom Bose — BiinwrTeitna 1 /(1 + n) ! Korna cpennee yncio oroHoB
B (DOKOBCKOM COCTOSHHMH HA BXOJE «CXHMMAIOLIETO» ycrpoicTBa Mano, T.e. n < 1

>



778 MYP3AXMETOB BE.K., YHXOB A.B.

onpeneNsOIINI BKJIan B CyMMYy AaeT cxaroe (pokosckoe cocrosiHue ¢ N=0
(cxarsiii BakyyM). [ToatoMy tha3oBoe pacnpeneneHuie Ajis CXaroro XaoTHYECKoro
cocrosiHus ¢ 1 < 1 coBnagaer ¢ pacnpegelieHHeM Ui cxaroro Bakyyma. OnHaxo,
Koraa 7 6onpluoe, BaXXHBIMH SBJISIOTCS BKJIagbl B CYMMY OT (POKOBCKHX COCTO-
auuii ¢ GonpiuuM uykcioMm ¢oronos. [Mosromy B cnyyae n> 1 oTaMUMS MeXIy
TpeMss (a30BLIMH pacrpelesieHHsIMH CTAaHOBATCA HECYILECTBEHHBIMH, UTO aHa-
JIOTHYHO ciydyaw cxartoro ¢okoBckoro cocrosHus ¢ Gompmum N. Tak Kak

P(SVI?(B) He 3aBHCHT OT N, TO pacnpeneneHue P(S?FI)(G) U1 CXaTOro XaoTH4YECKOro
COCTOSAHMS COBIMAAAET C pacripefceHueM P(s“;',’(e).

Q-GyHKUHS B Cilydae CXaTOro XaOTHYECKOIO COCTOSHHS HMMEET MNPOCTYIO
aHanuTH4ecKyio ¢opmy [78]:

1
X
7n cosh r{(1 + l/m2 - tanh2r]l/2

Qgr(@) =

_ (L +1/A+tanh?n) | o |2+ (@ +0?) (1+1/(2m) tanh r
n[(1+1/m) —tanh?r ]

X exp , (49)

OTKyAa MOCPEACTBOM WHTErPHPOBAHHMSA MO pajHaibHON NepeMEeHHOMH JIerko Mno-
nyuuTh (pazoBoe pacnpencsicHHe P(S%)(G):

cosh r [(1 + 1 /7)* — tanh?r ]'/2
PO = ¢

- . (50)
27 [cosh 2r + cosh?r /7 + (1 + 1 /(21)) sinh 2r cos 26]

ACHMNTOTHYECKH, B npeaene Gonswux n, popmyna (50) nepexonut B opmy-

ny (48) mns Pg)(e). Ha puc.7 npeacrasnennl rpaguku ¢a3oBeXx pacrnpene-
JICHHIH P(S?)(B), P(s"};)(e) H P(S%)(G) VIS CXAThIX XAOTHYECKHX COCTOSIHHIA.

BupgHo, uTO pacnpemeneHus P(Sl;,B)(B) H P(Sg.)(ﬂ) cra”oBATCA Oosiee Y3KUMH C

yBEITHYEHHEM N, W Wi GONbIWIMX 1 BCE TPH KPHBbIE MOJIHOCTHIO COBMANAIOT.
D10 03HayaeT, YTO B CJAy4Yae CXATHIX XaOTHYECKHX COCTOAHHH pacnpenesieHue

P(s?(ﬂ) SBJIAETCSA TNpefeibHbIM (pa30BbIM pacnpenesieHHeM, W Apyrue ¢a3osbie

pacnpeneneHust JOCTHTAlOT €ro MpH YBENIHYEHHM CpedHero uucia ¢OTOHOB B
(hOKOBCKOM COCTOSHHH Ha BXOfE «CXHMauero» ycrpoiicrsa. OTMETHM Clie-
Oyloliee MHTEPECHOE CBOWCTBO CXAThIX XAOTHYECKHX COCTONHMI: MHHMMAJib-
Has BesM4YMHa (pa30Bhix GUIYKTYalHil MOXeT OBITh HOCTHTHYTa NPH MMOMOLIH
yBeJIHYEHHs TeIUioBbIX GUIYKTyaLuid. -

PaccmoTpuM Teneps thazoBoe pacnpeneneHue, IoNy4aeMoe UHTETPHPOBAHH-
eM P-dynkuuu Imaybepa — CynapmaHa 1o pagHanbHoii nepemenHoit. P-¢yHk-
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~——— Pegg-Barnett = A=
05 | Nigner, | i=0,1 05} 7=0,5
' i 04}
03F [ )
02}
01 p2 Mgeas# s
1 i L
314 o 314

L
“
T
=
)
—

0 - .
3,14 o 3,14 314 0 3,04

Puc. 7. ®aszosbie pacnipenenenns P ®B)(@), P @(©) u P M(0) mna cxarsix
Xa0THYECKHX COCTOsHMI ¢ r=0,5un=0,1;0,5; 1,5

IHsl ABIAETCH XOPOLIO ONpENeNICHHOM [UIS KJIaCCHYECKMX COCTOSHMEL, HO s
COCTOSHHH C HEKJIACCHYECKHM IIOBEJCHHEM 3Ta (PyHKLMS 1u60 CHHIyNISIpHa,
nu6Oo He SBIAETCA MOJIOXHTENBHO ONpeneaenHoil. Kak 6bL10 MoKasaHo B pa6ore

[75], npu ycnosuu (2n + 1) e > 1 A CXaThIX XaOTMYECKMX COCTOSHHH Cy-
IECTBYET BCIOAY MOJOXUTEbHAS HECHHTYNIsIpHas P-yHKius

R (0) = 1 x
ST 7 [(7e” + sinh r) (e — sinh r)]'/2
*.2 —r *2 r
X exp (—o)e __(a+a)e

4(ne” +sinhr) 4(ne” —sinh 7)

®a3oBoe pacrnpenencHue P(sﬁ.)(e), cBi3aHHOe ¢ P-yHKumeil, onpenensercs
TOTAA BhIpaXeHHEM

P)ray T _1 [(ne” + sinh r) (ne™ — sinh r)]l/ 2
Psr®) = {PST(O‘) laldlal = 2m (n+1/2)( cosh 2r + sinh 2r cos 26)—1/2 °



780 MYP3AXMETOB B.K., YHKOB A B.

Puc. 8. dasoBbie pacnpenencHus

1,5 X}g’n‘gion : _ P®P®) u PM™(O) mns cxaroro
n=1 XxaoTHyeckoro cocrosuus ¢ r=0,5

un=1,5

—_ 1,0
@ B npenene GonpuiMx 71 pac-
A 0,5 A fi=5 npenesjieHne P(Sﬁ)(e) coBnaga-
) €T C pacnpeAciieHHEeM P‘S”?(e)
— coorHoweHue (48). Ha
0 nc.8 npusenen rpaduk daso-
-3,14 3,14 P P P ®

BOrO pacripeaeseHus P(s?r)(e)

IUIS CXATbhIX XaOTHYECKMX CO-
cTosHuii. [Ind cpaBHEeHHUs NpH-

BeleH TakxXe rpaduk pacnpenesneHns P(Svp(()). (da3oBoe pacnpeneneHue
P‘Sﬁ)(e) ABnseTca Haubonee pe3KMM U3 PacCMaTPUBACMBIX pacrpeeeHHi.
BuaHo, uro yem Gonvlue n, TeM mupe P (81;)(9).

4.3. IsyxmopoBbie cxxaTbie GOKOBCKHE COCTOSHHA. Kak yxe ynoMHHa1oCh,
cXarble COCTOSHHS MOXHO IeHepuUpoBaTh B IBYX(OTOHHBIX MpOLECCaX TUNa
NapaMeTPUYECKOro YCHIeHUs. B BLIpOXIEHHOM clyyae, KOTia 4acToTa CHrHalb-
HOH MOObl COBMAZAeT C YacTOTOH XOJOCTOW MOAB, B 3THX MNpoleccax
NPOMCXOAMT IEHEpalHs CXKATbIX COCTOAHMA C MHHUMAILHOH HEONPENE/ICHHO-
CThIO M YMEHBIIEHHBIMH (110 CPABHEHHIO C BAaKYYMHBIMH) QuIyKTyauusiM4 B OLHOH
13 kpagparyp [74]. Cutyauus ssnsercsa 6osnee CIOXHOH B HEBBIPOXIEHHOM CIy-
yae, KOTOa YaCTOTHl CHTHAIbHOM M XOJIOCTOH Mon padnuyHel. Tenepnr Kaxjas
MOJla B OTHEJILHOCTH MpPOSIB/SET M3OTPOMHbIE, HE 3aBHCAlIHE OT dasbl QUIYKTY-
allMH, KOTOpblE OOBIMHO aCCOLMHMPYIOT C XaOTHYECKHMHU WIH TEIUIOBHIMH MONSIMH
[79—83]. Oanako XOMOHHHpOBAaHHOE [BYXMOMOBOE COCTOSHHE €CThb He-
KJTAaCCHYECKOE COCTOSHME, MpOsBJIAlollee cXaTblie (yKTyauud B MOAax, sBis-
IOLIMXCS CYMepNo3ULHed CUIHABHOH H XOMOCTOH MOL.

[MpennonoxuM, YTO Ha BXOAE «CXXHMAIOLIEr0» YCTPOMCTBA THMA HEBbIPOX-
JEHHOTO NapaMETPHYEcKOro YCHIHTENS NPHIOTOBRIEHO 3IEKTPOMArHUTHOE noJie
B ABYXMOZOBOM (POKOBCKOM COCTOSHHH I N+gq,N), tne ¢ — pa3HOCTb B YHcCHe
doroHos B Moaax. [aMWIbTOHHAH TaKoi cucTeMbl HMeeT B [81,84] h=1)

A
H= maaTa + mb3T3 —i {g% exp (iof) — g“b\m’r exp (— i(nt)},

rae (0 — 4acToTa KJIacCHYeCKOro IoJjida Hakayky, ¢ — KOHCTaHTa CBA3H. HpH
TOYHOM PE30HAHCE 0)=(0a+(Db FaMHJIBTOHHAH MOXeT ObITh 3amHCaH B npen-
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. A A A
CTABJICHHH B3aUMOIAECUCTBUA: HI = l{gag - g*gTaT} TOF)Ia OHCpaTop 3BOJIIOLUHUU

A /\g * gT"T o .
cucreMmsl exp (—iH ) =exp {— gtab+gthb'a } npencraeiser coOOH 3aBUCSILWHA
A A
OT BPEMEHH [ABYXMOJIOBBII ONEPATOp CXAaTHA: exp (— iH 1) = S(g1), rne E=gt —
nmapaMeTp cxarus. B MOMEHT BpeMEHH ! Ha BbIXOAE MapaMETPHYECKOro
YCHJIUTENSI MBI TIONIyYHM IBYXMOJOBOE cXaToe POKOBCKOE COCTOSHHE

|§)=cxp(—§ag+§*3TaT) |N+q,N).

3aMeTHM, YTO IBYXMOZOBBIH CXAaThlil BAKYyM ABJII€TCH YaCTHbIM Cy4aeM JBYX-
MOJOBOr0 ¢XaToro ¢)0KOBCKOro cocTosiHus npu N=0 u g=0.

Hanum Teneps popManbHOe onpesesieHHe ABYXMOOOBOFO CXATOrO ¢okos-
CKOro coctosiHus [85]. PaccMoTpuM JiBe MOIBI 3JIEKTPOMATHUTHOTO MOJIS C OMe-

A A
paTOpaMH POXIEHUs U yHUuTOXeHUs a', a u b1, b. IlByxmonosoe cxaroe poKoB-
A

CKO€ COCTOSIHME Olipele/feTca AHCTBUEM onepaTtopa cxatus S(7,()) Ha IBYXMO-
nosoe okoBckoe cocTosinue | N + q, N):

A
IN+a.N) (=S 0) IN+q.N), g20,
i€ q — Ppa3HOCTb B YHCJIE (bOTOHOB MEXAY ABYMSA MOdaMH H
A . .
S(r, ) = exp [r (abe 2 - b1ate?®)).

3aMeTHM, YTO B MPOLECCAX C NapHBIM POXAEHHEM M YHUUTOXeHHeM (POTOHOB
BE/IMYHHA g OcTaeTcs nocTosHHoi. Ecnu poxaeHue GoToHOB NMpoHCXOAHT U3
BaKyyMma, TO MapaMeTp g paBeH Hymio. PaloxXeHHe LBYXMOJZOBOTO CXaToro
¢hokoBCcKOro cocrosHus no 6asucy GoKOBCKHX COCTOSHHIi

IN+q,N)(w)= Z In-l;q,n)(n+q,n|N+q,N)(r,(p)=

n

=Y b,.ci(p" ln+q.n)y, Sh
n
rae
N+n
’ =%(N!(N+q) In i+ ) '/ % %
r
X mmfm (=1)" " Ksinh ry2* Y
iy K- W-B(g+h!
H

9,= (1= N)o.
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0,10 ' Puc. 9. Pacnpenenenue yucna ¢oTOHOB

3 I8 OBYXMOIOBBIX CXaThiX (POKOBCKHX
a cocrostuuii ¢ r=0,5, ¢=50 u a) N=0,
6)N=1,) N=2
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n
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Ilpu nonyuyenuu Boipaxenus (52) mis KoaPHUUEHTOB bn MBI BOCMOJIb30-
BIHCh (PaKTOPH30BaHHOH (HOPMOIi IBYXMOLOBOrO omeparopa cxarus [82]:
A .
S(r, @) = (cosh ™! exp [~ a"DTeZ® tanh r] x
x exp [~ (a'a + 8'6) In (cosh r)] exp [aDe2® tanh r]. (53)

PaccmMoTpuM Temeph craTHCTHYecKMe CBOHCTBA JBYXMONOBOTO CXaTOro
¢okosckoro coctosnus. C NOMOMUIBIO COOTHOWEHUS (52) JIErKO MOCYHTATh cpen-
Hee YUCII0 POTOHOB B 3TOM COCTOSHHH:

(a'a+b'By=2N+qg+1)cosh2r—1.

CoBMecTHOe pacnpenesieHHe BEPOSTHOCTH HaiiTH n, $GoTOHOB B Mozie a u n,

Cl:)OTOHOB B Mozie b onpeReydercs COOTHOLEHHEM

P(na’nb)= I(navnb|N+qu>(r,(p)| 2
Hcnonssys (51) u (52), nonydyaem
P(n, n)=P(n+q,nd n4 "6";)' o

rae
- _ 2
P(n+q,m)=P (m)=b,| 2

Kak MoxHO BuneTs Ha puc.9, pacnpemenenue uucna doToHOB Pq(n) umeer

OcLuMIATOpHOE noBeaenue. Takoe nosenenue SBNAETCH CeAcTBHEM HHTEpde-
peHUHH B 4-mepHOM (hasoBom mpocTpaHcTee [86]. OTMETHM HalHuHe (N+1)-
NHKOBOH CTPYKTYPHI B 9TOM pacnpejie/ieHHH. AHATOrHYHas CTPYKTYpa pacmpe-
meNneHHs YHMcna (POTOHOB HaGIOAAETCA M B Cly4ae CMELIEHHBIX oxoBckux
COCTOSHHI, KaK 6bU10 OTMeueHo B n.4.1.

PaccMoTpuM Temeps npencramnenue mByXMOZOBOTO CXaToro thoxoBckoro
COCTOSHMS C MOMOLIBI0 PYHKUMH pacnipenesneHus KBasuBeposTHOCTH. s npoc-
TOTHI BHIGEPEM NapaMeTp CXaTHA BElECTBEHHbIM, € =r. Ot™eTum, uto mns pac-
CMaTpHBAacMbIX cocTosHui P-¢ynkuus Imaybepa — Cymapmana ssnsercs
CHHIYNApHOH. B 1ByxMomoBoM ciyuae Q-(pyHKuMs MoxeT GhiTh onpenesaeHa B
CJIEOYIOILEM BHIE:

Q(oc,B)=;:3(a,B|6|a,B>-

U3 sToro ompenenenus summo, uro ¢byHKUM aBASETCH HEOTpHULIATENILHOH BO
Bceil O6NacTH ONpeNeneHus CBOMX apryMeHToB. Hcnons3ys Beipaxenue mis
MaTpHIb! IUIOTHOCTH U1 IBYXMOOBOTO CXATOTO (POKOBCKOTO COCTOSHHS
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A A AT
p=50) IN+q,N)(N+q,N| S50 (54)
¥ (haxTopu3oBaHHYI0 (opMy onepaTopa cxartus (53), monyyaeM
Q(o, By =

2q
B2 !: |)4N+2q+2 exp [~(@ + o'B") tanh r ] exp [~ ||+ [B[H1 x
cosh r,

n+k

X Eo kgo R kI (N—n)  (N=K) ' (N+qg—n) ! (N+q—Fk) !

(55)
dJyHKﬁnﬂ Burnepa moxer ObITh npefcTaBneHa B sune [57,58]:
A A
W(a, B) = —4—2— Tr { pD (200D,(2P) exp [in(a'a + bthy),
T

A A

rae Da('y) u D,(y) — onepaTopsl cMelleHHs Wil MO a H b COOTBETCTBEHHO.
Bripaxenue wis QyHKund BurHepa Jierko noJiy4uTh, HCIOJb3ys COOTHOLIECHHE
(54), a Takxe onepaTtopHble rpeobpasopanus [82]:

A A

St(r)as(r) = a cosh r = b sinh r,

A A

ST(r)f;S(r) =bcosh r—a' sinh r,

¥ BPMUTOBO CONpSXeHHble M. B pesynbrate mis (yHKuuH Burnepa mMbi ume-
eM clienyiolliee aHAIUTHYECKOE BhIpaXeHue:

Wia, B) =~ (1) exp [2 cosh 2r ( ot + |B1%) -2 sinh 2r (o + B x
T

x Ly(@ sinh r [ o] Y2 + (2 cosh 7 |B | )? +2 sinh 2r (o + o"B")) x

X Ly, (2 coshr lol Y2+ @sinh 7 |B] )2 +2 sinh 2r (@B + B%), (56)
rae Ln(x) — nonusom Jlareppa ctenenn n. U3 ypasuenuii (55) u (56) sunno,

yto Kak Q-pyHkuus, Tak ¥ (pyHknus BurHepa Uit ABYXMOLOBOr0O CXartoro
(hOKOBCKOTO COCTOSIHMSI 3aBMCST TOJILKO OT CyMMBI (a3 (9a+ Gb). 3TO CBOHCT-

BO (DyHKIMil KBa3MBEPOSTHOCTH YKa3biBaeT Ha CHJIbHYIO KOPpEALMIO MOA B
9TOM COCTOSIHHH.

INepeiinem Tenepb K pacCMOTPEHHIO (ha30BBIX CBOWCTB JBYXMOJOBOIO CXaro-
o (hOKOBCKOTO cocTosiHus. Mbl npumenM o6o6menue dasosoro Qopmannsma
Ilerra — Bapuerra Ha ciydaii aByx mon [46,87] mns Haxoxnenus ¢a3’oBoro
pacnpenenenus. 3Has pazoxeHue (51) paccMaTpUBaEMBbIX COCTOSIHHM 1O Gasucy
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OKOBCKHMX COCTOSHUI, MOXHO Onpee/uTh COBMECTHOE (ha3oBoe pacnpenenenue
BEPOATHOCTH VISl HEMPEPHIBHBIX (ha30BbIX MepeMEeHHBIX 0,10,

1 0

P®e 8)=—7{1+2 ¥ b,by cos [(n~ k)6, +8,)]), (57)
2m) n>k

e b onpenensioTCs COOTHOLIEHHEM (52). Pacnpenenenue (57) HOPMHPOBAHO

ClleylomumM o6pa3om:

T n
*B) _
[ ] P®e,0,)d0 a0, =1.
- -
Onno BaxHOe ha3oBoe CBOMCTBO PaCCMATPHBAEMBIX COCTOSHHMIA cpasy BUIHO

3 opmynet (57). CoBmectHas yHkuus pacrnipefiesicHUs. BEpPOSITHOCTH 3aBUCHT
TOJIKO OT CyMMBI (ha3:

PP 0y =P®)g =9 19)
a’ b + a b

BTO CBOHCTBO SIBISIETCA CIEACTBHEM CHIIbHO KOppPEeNsuHH MeXay MOJaMHu.

Hnrerpupys P(PB)(Ga, Gb) N0 oxHOH M3 (a30BBIX NEPEMEHHBIX, noayyaem

MapruHajisHoe (ha3oBoe pacnpeneneHue P(PB)(Oa) w PP B)(Bb) s a3 0,
wim 6,

T 1

PB)/n + _ (PB) 1

PPE)= | P*¥0, 0, d0,=-L

-

P®e,)=pFB)g )= ﬁ :

Takum o6pasom, dass 6, n 6, MHIMBMIYanbHBLIX MOX pacrpesesieHsl paBHO-

MEPHO, U €IMHCTBEHHOH HEPaBHOMEPHO pacnpeieneHHo (a3oBoii nepeMeH-
HOH sBIETCS cymma a3 9+=6a+9b. Ha puc.10 npueenensr rpaduxu s

TIOJIAPHBIX KOOpAaHMHaTax asoBoro pacmpegenenus Ilerra — Bapuerra ans
AByXMONOBBIX CXaThIX (DOKOBCKMX COCTOSHHMHl C Pa3iHYHBIMH 3HAYEHHIMU
napamerpa g. [lns HeHysneBrIX 3HaueHuil ¢ dasosoe pacrnipegelieHde NpoABIsET
(N + 1)-nenectkoByio CTPYKTYpY, IIpH 3TOM 4eM Gojlblue g, TeM 6ojlee YeTKHMH
CTaHOBATCH senecTkH. Opnako. npu g=0 asosoe pacrnpeneneHue uMeer
OMHH JIETIECTOK JUlsi BCeX 3Hauenuit N. MHTepecHO OTMETHTH 3aMeuaTenbhoe
CXONCTBO B mMOBeeHHH (Pa30BOrO pacrpenesneHus u pacnpefiesieHus 4ucia
(hOTOHOB /I HBYXMONOBBIX CXaTHIX hOKOBCKUX COCTOSIHMI: 06a onu nposs-
ns0T (N + 1)-nuKoBYIO CTPYKTYpY npH q#0.
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0,4 Puc. 10. ®a3zoBoe pacnpeneneHue
Ilerra — Bapuerra PPB)@,) B

MONAPHBIX KoopAuHarax (mo ocu X —
0,2 - PR P®)cos®, mo ocu Y —
P(8,)sin9,) UId  JBYXMOIOBBIX
ar ' cXaTbiX (POKOBCKHX COCTOSHHH C
047 ( \ r=05, N=2 un ¢=0 (crumourHas
STRG AHHUA), ¢ =3 (WIMHHBIE LITPHXH) H
q = 6 (KOpOTKHE IUITPHXH)

¢
-0,271 - N

-~ -

04 T 6.a  -0.2 0 02

Eme ogHMM BaXHbIM CBOICTBOM cOoBMeCTHOro (ha3zoBoro pacnpeaesieHus s
IOBYXMOJOBBIX CXaThIX (POKOBCKHX COCTOSHHH sBNsSETCa MpPHBA3KA CyMMBbI (ha3
aByx Mol K chase cxarus 2¢ npH yBEJMYEHHH aMIUIMTYAbl cxartus r (phase
locking). Dro sBneHue GpUIO H3YYEHO B Clyyae JBYXMOJOBOIO CXATOrO BaKyyma
B paborax [46,47).

IMepeiineM Teneps k paccMoTpeHHI0 $a3oBeIX pacnpedeneHHii, KoTopsie MO-
ryT ObITh MONy4YeHbl MHTErpUpoBanHeM (DYHKUHI pacnipedeieHHs KBa3WBEPOAT-
HOCTH MO palHaibHbIM NepeMeHHbIM. OTMETHM, YTO IS ABYXMOMOBBIX CXaTbIX
¢okoBckux cocTosHuil P-QyHKLMS SBASETCA CHHIYIAPHOIA, M MO3TOMY He Cylle-
CTBYET COOTBETCTBylowiero ei ¢asosoro pacnpenesieHus. B pesynbrare
unTerpupoBanus ynkumii (o, B) u W(c, B) no nepeMenHsiM |a| H |BT nony-
YaeM cienyiolyio popMmyy:

) :
PVe,)=—5 {1 +2Y, b b, cos [(n-k)8,1G Vin, hG Vin+g, k + q)} . (58)
(2m) n>k
rae ko3¢ duuHeHTH G(V)(n, k) onpenensiorca dopmynoit (31) npu V=0 u
dopmysnoit (35) npu V=W. 3amerum, uro Bripaxenus (57), (58) ans da3zosbix
pacnpeneneHuit Moryr OBITh NMpPHUMEHEHBbI JUIS BCEX ABYXMOMOBBIX COCTOSHHIA,
MMEIOILHX panoxeHue mo (PoxoBckuM cocroanusm tHma (51). TMpumepom
TaKHX COCTOSHHMH SBJIAIOTCA TNapHbleé KOTEPEHTHBIE COCTOSHHsS, BBEACHHBIC
Arapsanom [88]. Ha puc.11 npueenennt rpaduxu (pa3oBeix pacnpemeneHui
P(PB)(9+), P(Q)(O ) H P(W)(9+) B NONSPHBIX KOOPHAMHATaX IS JABYXMOZLOBBIX
cXaThiX (POKOBCKHMX COCTOSHHMH C pasiMYHBIMH 3HaueHusMu N npu ¢ #0.
Buano, 9ro pacnpenenenune Ilerra — Bapuerra P(PB)(G ) H P(W)(G ) HMeloT
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Puc. 11. azoBele pacnipeneneHus
PPB)@,) (crutomnas mumus), P WX@,)
(xopotkue wrpuxu) u P (9(0,) (ununmsie

IITPUXH) B MOJAPHBIX KOOpAMHATax (110
ocu X — P(@O,)cos6, no ocm ¥ —

P(6,) sin ©,) m1s JBYXMOIOBBIX CXKAThIX

tokosckux cocrosHuit ¢ r=0,5 g=6 u
a)N=0,6) N=1,6) N=2

(N+1) nenectkoB, Torma KakK
P (Q)(9+) ropasao HIHpe H HMMeEeT
JIMIIb OMH JIENECTOK U BCEX 3Ha-
yeHuid N. B ciayyae ¢=0 Bce Tpu
pacnpencieHuss HMEKT OAHHAKO-
Bylo ¢hopmy omHoro nenecrka. Ta-
KHM 00pa3oM, Kak U B C/Iy4ae CMe-
HWIEHHBIX (DOKOBCKHX COCTOSHMIA,
eCTh CYyMIECTBEHHOE palIMYHE B
thazosoit uH(pOpManuK, KOTOpYyIO

HECYT pacnpene/ieHus P(Q)(9+) u

P(m(9+). H3-3a npouenyps ycpen-
HEHUS c «BEPOSATHOCTAMM»
G 9P, G Q(n + g, k + q) Hexoro-
pas 4yactb pa3oBoil MHGOpMaALUK B
P(Q)(G ,) norepsina. Pacnipenenenue

[lerra — BapHerra sBisercs
6au3kuM no c¢opMe K pacnpene-

JIEHHIO P(W)(9+), XOTd H He
HIOCHTHYHO eMy. Da3oBbie MHKH B
P(W)(9+) HECKOJIBKO yXe€, YeM CO-

OTBETCTBYIOIIME MHKH B P(PB)(Q +).

YeM Oosblie pasHHIA B UMCIIE
¢oToHOB MeXIy MonamHi ¢, TeM 6o-
nee ONU3KUMH CTAHOBATCHA 3TH J(BA

0,4

-0,2 -

-0,4
-1,5

0,5

pacnpesienienus. B nemom onn Hecyr aHanornuayio ¢a3oByi HHGOPMALHIO.
DTOT hakT HAaXOAMTCH B COOTBETCTBMH C apryMeHTaMM KOHLENLHM Cynep-
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Mo3MUMH B (ha30BOM MPOCTPAHCTBE, COMIACHO KOTOPHIM (yHKuuMs Buruepa
npeAcTaBiseT KBAHTOBOE COCTOsHME B (hazoBoM mpocrpaHcTse [70].

4.4. KpaapaTH4HO-aMIUIHTYAHBIE CXKaTbie COCTOAHHA. PaccMaTpuBas Kop-
peNsUHOHHbIe (PYHKUMH BBICUIMX MOPSAIKOB [/ aMIUIMTYABI MOJS, MOXHO OIlpe-
nenuth 3dexTs cxarus Beicliux nopsaxos. CormacHo Xonry u Mannenio, co-
CTOSIHHE SIBNAETCS CXaTbiM nopsmka 2N, eciu Uif 9TOro COCTOSHHS MOMEHT
nopsgka 2N kBagpaTyphl N0JI1 MEHbHIE, YEM COOTBETCTBYIOILMH MOMEHT Ul KO-
repeHTHOro cocrosauus [89,90]. Takoit THn cxarus Obul HalieH 3THMH aBTO-
pamH B psifie ONTHYECKUX npoueccoB. HHOI MOOXOA K MOHATHIO CXATHs BBICILMX
nopsaakoB 6bu1 HccnegoBad BpaynuiteiiHoM W Maxnaxianom [91]. Jina onpene-
neHusi 06OOLEHHBIX CXAaTbhIX COCTOAHHH OHH HMCMOJb3OBAIH AHAJIOTH BBHICIUMX
TIOpAAKOB oneparopa cxarus. M3yyenne Q-npencTaBieHni 3THX COCTOSHHH BbI-
SBWIO MX BeCbMa HeOOBIYHbIE CTATHCTHYECKHE CBOMCTBA.

Ipyroe omnpegesieHHe CXaTHsi BHICIUIMX MOPSAKOB B TEPMHMHAX AEHCTBHTEIb-
HOM M MHHUMO# yYacTeil kBagpata M OoJiee BBICOKMX CTENEHEH aMIUIMTYAbI MOJIs
6eu10 npemtoxeno Xwinepd [92]. WM Opu0 noKas3aHO, 4TO KBaJApaTHYHO-
aMIUIHTYAHOE CXaTHE eCTECTBEHHbIM 06pa3oM BO3HHMKAET B MPOLECCE IEHEpallHK
BTOpoii rapmonuku [93]. B paGore [94] nonyuensl obuiue pelieHUs WIS KBai-
PAaTHYHO-aMIUIMTYAHBIX CXaTbIX COCTOAHMH, YZOBNETBOPAOIMX TpeGoBaHHIO
MHMHHMALHOM HeonpeneieHHOCTH B cooTHoweHuH Ieiizenbepra, ¥ uccnempoBaHbl
HX CTaTHCTHYECKHE CBOHCTBA.

KBagpaTHyHO-aMIIMTYAHOE CXaTHE OMUCLIBAETCH B TEPMHHAX NEHCTBHTEJIb-
HOM M MHHMMO# yacTeil KBagpaTa aMIUIHTYAbI NOJsA. DTH BEJIMUHHBI COOTBETCTBY-
10T KBaJpaTYpHBIM OriepaTopaM

A
Y,=@"+a%/2,

A
Y,=i@"-a%/2, (59)
YOOBJIETBOPSAIOLIMM COOTHOILIEHHIO HeonpeneneHHocTH I'eiizenGepra [92]:
A A A 1
AYAY, 2 (N+ 2 ), (60)
N AFA .
rae N=a'a — uucno ¢oroHos. CocrosHHe Ha3pIBaeTCA CXKAThIM MO KBaApaTy

aMIUTMTY/bl B HaNpaBJeHUH Y|, eciu
A 2 A 1
((AYI) )<(N+5).

CocTosiHHA, KOTOpbiE MHMHHMMM3HDYIOT COOTHOILIEHHE HEONpeeleHHOCTH
(60), Ha3pIBAIOTCS KBAAPATHYHO-AMIUTHTYOHBIMH CXAThIMH COCTOSHHSMH C
MUHHMAJIBHOH HeONpee/eHHOCThI0. Pa3lnoxeHHe STHX cOCTOsHHi mo Ga3sucy
(OKOBCKHMX COCTOSHHI MOXeET OBITh NMPEJCTABICHO B BHAE:
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ILBY=3 b In), 61)

rae Kod(pUUUEHTH b, ONpeNesIOTCS CENYIOMHMH PEKYPPEHTHBIMH COOTHO-

weHusIMH [94]:

_ 28 A-1.[n+2)(n+1)
Brsa = bns A+ D) V(n+4)(n+3) +b, A+1 Y(n+4)(n+3)”°

N N2 _B_ 62
b2_\/7)\‘+1b0’ b3—€l+lbl,057y<0<>,0$|ﬁ|<<x, ( )

C YCJIOBUEM HOPMHPOBKH

oo

> Iy 12=1.

n=0

M3 cooTHOweEHHUH (62) MOXHO BHIETb, 4TO KOI((UUHEHTHI b, pasbusaiorcs Ha

ABE MNMOCJICA0BATEJIBHOCTH KO3Cpq)HHHCHTOB C YETHBIMM H HCYETHBIMU HHIEK-
CaMH. ﬂoaTomy, B  3aBUCHMOCTH OT Bbi60pa [IOCNIEA0BATENIPHOCTH KO-
S(tJQ)HUHCHTOB, Mbl MOXEM OIIpEAC/INTbh ABa TUNA COCTOSAHUH — 4YeTHble U He-
YETHBIC KBAAPAaTHYHO-AMIJIUTYJHbIE CXaTbhle COCTOSHHUS.

Onpenenum Tenepb yHKUMM pacnpeieneHus KBa3MBEPOSTHOCTH IS pac-
CMaTpHBaeMbIX cocTosHui. Hac npexae Bcero Gynyt uHTepecosats Q-(yHKLMS
H yHKUHs Burhepa, KOTOpble NOMYYalTCS ¢ MOMOBI0 NPe0GpasoBaHus Dypese,
COOTBETCTBEHHO, HOPMAIbHO- M CHMMETPHYHO-YNOPSIOYEHHBIX XapaKTepHc-
THYeCKHX GyHKuuit. Hcnonplys npeacramienue B oxosckom Gasuce (61),
Q-¢yHKUHIO MOXHO 3anHcath B ceflyloleM BUze:

I 2

_la *° n
Q(a)=%|(a|k,ﬁ)|2=g—n—‘" )Y bnv%‘g‘
n=0

C nomouusio cootHowenus (28) ¢ynkuns Burnepa npencrasnsercs yepes Ko-

adpbHLUMEHTH pa3ioXeHHUs bn:

W(a):%e'z lal® Y, DL 2alH® )’ +
n=0

mi 1/2
+2 ¥ [—J DMy L 20| Hp,5,,
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0,4 0,8

A Q _ | o

- Y T T T -08 T T T T
0'410,4 -0,2 0 0,2 0,4 '~0,8 -0,4 -0 0,4 0,8

Puc. 12. ®a3oBsie pacnpene/eHus PPBYQ) (crtonmas nuHus), P (WX@) (xopoTkue
WITPUXH) H P (Q)(0) (wiMHHBE INTPUXH) B MONSPHBIX KOOpHMHaTax (1o och X —

P(B) cos 6, no ocu Y — P(0) sin 0) 1 YETHBIX KBaAPATHYHO-AMIUTUTYIHBIX CXKaTHIX
cocrosunii c A=3ua)B=0,6)p=1

Kak Q-pyukuusi, Tak u ¢yHKIus Burnepa nis KBagpaTH4yHO-aMIVIMTYIHBIX
CXaThIX COCTOSHHH MMEIOT CYIIeCTBEHHble Pa3IMuus B MOBENACHUU B ClydasXx,
Korma mapameTp [ paBen u He pased Hymo. B cnyyae B =0 stu dynxuuu mnpo-
SIBTSIIOT YETHIPEXKPaTHYl0 CHMMETPHIO, TOTia Kak B ciyyae P #0 cummerpus
sTMX (yHKUMH craHoBuTcs AByxkpaTHoil [94]. Kak 6buio oTmeueHo panee,
O-hyHKIHs ABISETCS HEOTPULATENbHOM Ha Beel (a3oBOH TIOCKOCTH, B TO Bpe-
Ms Kak ¢yHKIMs Buraepa MoXer NPHHUMATh U OTpHUATebHbie 3HaueHus. Kak
Gyner MoKa3aHo B JalbHejileM, 5TO MOXET MPUBOAMTH K mpobiemMaM B onpefe-
JIEHUH COOTBETCTBYIOLIETO (ha30BOr0 pacnpeieNeHust KBa3uBeposSTHOCTH.

epeiigeM Temepb K paccMOTpeHHI0 ¢ha3oBBIX CBOMCTB KBaJpaTHYHO-
aMIUTMTYIHBIX CXaThiX cocTosHMA [95]. 3Has uX pawioxeHue 1o 6Gasucy
¢oKOBCKUX cocTosHHil (61), MBI MOXEM NpUMEHHTH (ha30BOe pacnpeiesieHue
[lerra — BapHerta u (ha3zoBble pacnpeneneHus KBa3sUBEPOSITHOCTH, Ompejesse-
mble obuieii opmynoit (37). Ipaduku Bcex Tpex (ha3oBbIX pacrpeneneHui s
YeTHBIX KBAIPATHYHO-aMIUVIUTYAHBIX CXATBIX COCTOSHMH IPH Pa3sjMYHBIX 3Ha-
yeHusax A M P npencrasieHsl Ha pHc.12, a 1 HEYETHBIX COCTOAHMA — Ha
puc.13. Mml BuauM, YTO B Ciydae, Korga mapametp B pasen Hymwo, ¢asoBbie
pacripefieNieHuss MMeiOT YeThIpexJIenecTKoBylo dopMy. [nst 3Hauenuit B, ne pas-
HBIX HY/IIO, BCE TPH PacClTpe/ie/ieHust MMEIOT IBYXJIENECTKOBYIO CTPYKTYpy. Takoe
NOBEJEHHE COMIAcyeTcss ¢ CMMMeTpHeill (yHKIUMH paclpee/ieHds KBa3uBEPOSIT-

HocTH. MOXHO TakKxe 3aMeTHMThb, 4To (a3oBoe paciipenencHue Burnepa P (W)(B)
ABISETCS CaMBbIM y3KHM W3 TpeX pacnpefelieHHH Ul YeTHBhIX COCTOSHMH
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. 0,4 0,6
. o
0,2 0,3 -
.0 3.0 4
-0,2 - -0,3 A
-0,4 r . . -0,8 \ — ¥
’-04 -0,2 -0 0,2 0,4 -0,6 -0,3 0 0,3 0,6

Puc. 13. ®asosbie pacnpenenenus PPB(O) (crtownas munms), P W(B) (kopoTtkme
wrpuxu) U P (@X0) (mruHHbe WITPHXH) B MOSPHBIX KOOpAMHATax (o ocH X —
P(8) cos 6, no ocu Y — P(8) sin 8) ang HedeTHbIX KBALPATHYHO-AMILTHTYIHBIX CXa-
ThIX cocTosHuil c A=3ua) f=0,6)B=1

(puc.12), Toraa xak /i HEYETHBIX CaAMBIM Y3KUM sBisercd pacnpenenedue [lerra
p y pacnp
— bBapserra P(PB)(O) (puc.13). Nanee, orMeruM, uTo (ha3oBoe pacnpeneneHue

P(Q)(G) ABJIETCS CaMbiM LIWDOKHM W3 PAacCMaTPHBAEMBIX paclipefe/ieHHi s
o0oux THNOB cocTOAHHH. Takoii BUA a3oBBIX pacnpeneneHHii MOXHO
06BicHHTL ¢ noMoubio cootHomennit (31), (35) u (37). Kak 6si10 yKa3aHo

HaMH paHee, KO3(hpHLHEHTHI G(S)(n, k) MrpaloT posib BECOBBIX MHOXMTENEiH B
cyMmHpoBauu GeckoHeyHoro psaa B (37), YTO MOXET pacCMaTpMBaThCs Kak
HeKas NpOLEAypa «yCPemHeHHs» (ha30Boro pacnpenenenuns [lerra — BapHerta
(25). B cnyyae 4YeTHBIX KBaJpaTHYHO-aMIUIMTYOHBIX CXKaThiX COCTOSHMIA
cyMMHpoBaHHe B (37) BemeTcs TOJIBKO MO YETHbIM MHAekcaMm n M k. Tak xak
koapuuuents G (w)(n, k)>1 mns YeTHBIX HHOEKCOB, TO MpOLENyPa «YCPEaHe-
HHs» NPUBOAMT K Gonee peskoMy hasoBomy pacnipenenenuio Burnepa, uem pac-
npenenenue Ilerra — Bapuerra. B ciyyae Xe HeueTHBIX KBaapaTHYHO-
aMIUTHTYIHBIX CXaThIX COCTOSHMH, KOIma cymMmmupoBaHue B (37) Belercs mo He-

YeTHBIM HHAEKCaM, Koathpuuuentsr G (w)(n, k) <1, v npouenypa «yCpeaHEeHHUs»
MPHBOAMT K YWHMpeHHIo Gazosoro pacnpenenenus Buriepa. Uro kacaercs ¢aso-
BOro pacnpeneneHus P (Q)(e), TO B CHWIYy TOro, 4T0o KO3((PHUMEHTHI

G(Q)(n, k) <1 mna Bcex 3Hauenuii HHAEKCOB n u Kk, npoueaypa «yCpeaHEeHHs»
NPHBOAMT K YIIHPCHUIO STOrO pacnpeleNieHHs 110 CPaBHEHHIO C paclpeie/ieHHEM
Terra — bapHeTTa KaK TS YETHBIX, TaK M VIS HEYETHHIX COCTOSHHI. DTO COr-

/



792 MYP3AXMETOB B.K., YHXXOB AB.

8
6.
P
< 41
2 N
os % 1 2 3 4
S - B

T
0
Puc. 15. O6mactv n3MeHEHHs MapamerT-
Pric. 14. ®asossie pacnipenenenus P (W(@) qng~ POB A H B U1 UeTHEIX KBajpaTHuHO-
YETHbIX KBAIPATHYHO-AMIUIMTYIAHBIX CXaThiX aMIVIUTYIHBIX CKATBIX COCTOSHHMH, INe
cocrosmmit ¢ A=3 u 1) P=1, 2) B=3, ¢azopoe  pacrpeneneHne  Burxepa
3)B=5 P W)(©) spnseTcs MonOXUTENBHO OMpe-
HOeneHHBIM (P) ¥ rae OHO MOXET IIpH-
HHMAaTh OTpULATENbHbIE 3HaueHus (N)

nacyercs ¢ (pakToM, 4To (-(pyHKLMS CBS3aHA C OJHOBPEMEHHBIM H3MEpEHHEM
IBYX HEKOMMYTHPYIOILMX HalIi0qaeMbiXx — MPOLECCOM, HEH30eXKHO COMPOBOX-
JAIOLUMCS JIOMOJIHUTEIbHBIM IIYMOM [65,66].

Kak Mbi yxe oTMmeyand, TOT (pakT, 4To (pynkuus Burnepa e smngercs
TNOJIOXHUTENIBHO OlpeesIeHHOH, MOXET NPHBOIUTH K MOSBJICHUIO B COOTBETCTBY-
jomeM (a3oBOM paclpeleneHHH OTpULATENbHBIX 3HayeHMil. Takoe CBOMCTBO B
nosefieHuM Ga30Boro pacripesenenus Burnepa Geuto ormeuyeHo B pabore [96]
WIS CYNepHno3HLUN KOTEPEHTHBIX M (POKOBCKMX coCTOsHMM. [IpyruM npuMepoM
SBIAIOTCS paccMaTpuBaeMbie B JaHHON paGoTe 4eTHble KBaJpaTHUHO-aMIUIMTYM-
Hble CXaTble cocrosuui. Ha puc.14 npencrabneno ha3oBoe pacmpeniesieHHe
Burhepa ans 3TMX COCTOSHHMI NPM PasIMYHBIX 3Ha4yeHHsX mapamerpa B. Mul
BHM/IMM, YTO TIpM HEKOTOPHIX 3HayeHUsX ¢a30BOM NEpeMEHHOH 3TO pacmpeje-
JIeHWe CTaHOBUTCS OTpuuaTesbHbiM. O61aCTH M3MEHEHUs apaMeTpoB A u P i
4EeTHBIX KBAJIPaTHYHO-AMIUTUTYIHBIX CXaThIX COCTOSIHMIA, rie (ha3oBoe pacnpene-
neHue BurHepa siBjasgercs MOMOXHUTENbHO ONpPEIENIEHHBIM M IZIE STO pacmpefe-
JIEHHE MOXET MPUHHUMATh OTPHLIATENbHbiE 3HAYEHHUs, TOKa3aHbl Ha puc.15. B Tex
clydasx, Korja cymecrsyer obnactk U3MEHEHHs [apaMeTpos, rae ¢dasoBoe pac-
NpeesieHHe CTAHOBUTCS OTPHULIATENBHBIM, Mbl YXXE€ HE MOXEM TFOBOPHTh O TaKOM
pacnpeneneHuy Kak 00 MCTUHHOM (ha30BOM pacripesie/leHdH, KOTOpOe M0 ollpe-
JENIEHUIO JOJIXKHO ObITh HEOTpULATENbHBIM IS BCeX 3HaueHWil ¢hasoBoil mepe-
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meHHOH. CnenmoBarenpHo, ¢a3oBoe pacnpeneneHde BurHepa misi 4eTHBIX KBaj-
PaTHYHO-aMIUIMTYAHBIX CXAaThIX COCTOSHHI MOXeT OBbITh OMNpEIeNeHO TONbKO B
OrpaHMYEeHHOH O6GNIACTH M3MEHEHHs MapaMeTPOB COCTOsHHMSA. OTMETHM, YTO Wist
HEYETHBIX KBaJPaTUYHO-aMIUTMTYIHBIX CXAThiX COCTOAHMI (haszoBoe pacmpene-
nenue BurHepa sBiiseTCs BCEra MOJIOXHUTEIBHO ONPEEeHHbIM. DTOT (hakT Mo-
XeT ObITh OOBACHEH ONATh C TOYKH 3PEHHsl POLENYpPbl «yCpenHeHUs». [Uist He-

YETHHIX COCTOAHUI KO3 PHIIHEHTHI G(W)(n, k) <1, noaTOMy YMHOXeHHE He-
AHAroHAIbHBIX WIEHOB CyMMBI B COOTHOmEHMH (37) Ha 3TH KO3(HUIHEHTHI
NPUBOIMT K PacHpee/ICHUI0, YIIMPEHHOMY 10 CPaBHEHHUIO C pacnpeieeHuem
Ilerra — Bapuerra, KoTOopoe Mo OnpemeseHUIO SBISETCS BCIOAY HEOTPHULA-
TEJIbHBIM.

5. 3AKIIOYEHUE

B 0630pe 06cyxnaioTcs pasiiuHble KOHUENUMHY ONUCAHHS (a30BbIX CBOICTB
HOJIEH, PACCMATPHBAEMBIX B 33auax KBaHTOBO#H onTvku. OCHOBHOE BHHMaHHE
pH 3TOM YAENSETCA ABYM MoaxogaMm K npobneme ¢a3sl — omnepatropiomy ¢op-
Mmanusmy Ilerra — BapHeTra ¥ noaxomy, cBA3aHHOMY C (DyHKLMSAMM paclipesie-
JIeHHs! KBa3uBEPOATHOCTH. Ha mpuMepe paznmuuHbIX HEKIACCHMYECKHX COCTOSHHIMA
CBETa, reHEPUPYEMbIX B HEJTMHEHHBIX ONTHYECKHX TNPOLECCAaX, MBI yKa3al¥ Ha
CBSI3b MEXJYy STHMHM MOAXOZaMH M o6CyIMIH, Kakoro poga WHGOpMaLMIO HAIOT
COOTBETCTBYIOIUME (ha30Bbie pacnpenencHus. Pacnpenenenue [erra — Bapuerra
SABJIAETCSA IOJOXHUTEJILHO ONpENe/IeHHBIM U 2T-NEPHOTUYECKUM, U OHO MOXET
paccMaTpuBaThCs KaK pesynbTaT MieanbHOro usMepenus ¢asei. Pacnipenenenue,
CB3aHHOE ¢ Q-(YHKLMEH, COOTBETCTBYET CIIy4ald OJHOBPEMEHHOIO M3MEpEeHHs
ABYX HEKOMMYTHPYOLIUX HabmiofaeMbix. Takoe M3MepeHHe Heu3GEXHO COMpo-
BOX/12€TCsl JONIOJHHTEBHBIM LIYMOM, YTO MPUBOJIMT K YIIHPEHHIO (a3oBoro pac-
npeje/eHus, U, B HEKOTOPBIX Clydasx, K NoTepe CYLIECTBEHHOH 4acty ¢a30Boii
uHpopmanmnu. Yrto kacaercs ¢a3oBoro pacnpenenenuss Burhepa, To i OXHHX
COCTOsHHH IOJI 3TO pacnpenenenue, OyIydH ROMOXHUTENLHO OMNPEAETIEHHbIM,
MOXeT ObITh MCIIO/IB30BAHO JUIS ONMMCAaHMs MX (ha30BbIX CBOMCTB, TOIHA KaK Ui
JAPYTHX COCTOSIHHH 9TO pacrpeie/ieHHe NMPHHHMAET OTpULATENbHbIE 3HAYCHUS,
YTO HenaeT GECCMBICTIEHHBIM €r0 MCHONB30BAHHE B BTUX CIydasx.

Asropsl Beipaxaot 6narogapuocts Ll.Tanuory, P.Tanacio u B.C.SIpynuny 3a
nojie3Hble 06CYKAEHUS U 3aMeYaHHs Mo NaHHOMY 0630py. Pa6oTa 6bia nommep-
XaHa cosMecTHbIM rpanTtoM NeRFD300 MexaynaponHoro HayuyHoro ¢oHua,

Poccuiickoro ¢onga ¢yHmaMeHTanbHBIX HCCHENOBAHMH U ITpaButenscraa
Poccuu..
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NHDOPAKPACHAA CUHXPOTPOHHASA
ANATHOCTUKA KAK HOBOE
NMEPCMEKTUBHOE HAMPABJIEHUE
B ®U3NKE N TEXHUKE
YCKOPUTEJIbHOIMO 3KCMEPUMEHTA

A.A Manvyes

O6beanHeHHbI MHCTUTYT AAePHbIX ncecneposanmin, ly6Ha

Mpencrasnensl Metons! M3IMEPEHHS TOKOBIX, TCOMETPHYECKMX M OLEHKH 3Hep-
TETHYECKHX 1TapaMETPOB MYYKOB B KOIBUEBBIX YCKOPHTENAX C MOMOLIBIO CHHXPOTPOHHOTO
H3Ty4EHHs HH(PAaKPacCHOro QMana3oHa M COINAHHBIE MUIS PEATHIALMH THX METOLOB ne-
TEKTHPYOLIHE  MH(OPMALMOHHO-HIMEPHTENIbHBIE  CHCTEMBI, Hcnonbsyemblit  ciektp
CHHXPOTPOHHOTO MIy4€HHS B OCHOBHOM HaXONMTCS B MH(paKpacHoM auanasoHe. B ne-
TEKTHPYIOLUHX CHCTEMaX HCIONB3YIOTCS CNEHHAILHO Pa3paboTaHHbIE 3/IEMEHTDI HHpakpac-
HOH ONTHKH (BBICOKOBAKYYMHOE OKHO H3 OITHYECKOil KEPaMHKH M LIHPOKOINONOCHBIE
LTHHHO(OKYCHBIE ONTHYECKHE KaHabl). PerucTpauns HITyYEHHs BENETCH B CNEKTPAILHOI
obnactu AA = 0,3+40 MKM OX/1aXO3EMbIMH M paboTaloLHUMH. [IPH KOMHATHOIA TeMIieparype
uH(pakpacHsIMH neTekTopamu. [puBeneHsi PE3YNbTaThl U3MEPEHHUS YMC/Ia IEKTPOHOB B
TTyKe, paBHOBECHOTO paaHyca W pasMEpOB MalOro CeYeHHs KOJIbLLEBOro CTYCTKa, YIJIOBOM
PacXonHMOCTH CHHXPOTPOHHOTO HITYYEHHS OTHOCHTENBHO MENHAHHOMN TUIOCKOCTH KOJIbLIA.

Methods for measuring current, geometric beam characteristics and for estimating of
beam energy parameters in ring accelerator using synchrotronous radiation in spectrum
infrared region are presented as well as information-measuring systems created for
detection of synchrotronous radiation and for realization of these methods. The used
spectrum of synchrotronous radiation is mainly in infrared range. Special created elements
of infrared optics are used (high vacuum window of optical ceramics and broad-band
long-focus optical channels). Synchrotronous radiation in wave length range
AL = 0.3+40 um is registered by cooling and operating under room temperature infrared
detectors. Results of measuring the number of electrons in a beam, equilibrium radius and
dimensions of small cross section of ring bunch, angular divergence of synchrotronous
radiation relatively to ring median plane are presented.
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BBEJIEHHE

YCKOpHUTENH 3apsXEHHBIX YacTHI| SBASIOTCS HENPEMCHHBIM HHCTPYMEHTOM
I MCCIeoBaHud B o6nacTd smepHoil GHM3MKH M (DH3UKH DJIEMEHTApHBIX
yactuit. OHH MCHIONB3YIOTCS BO MHOTMX CMEXHBIX O0NacTX HayKH M HaxomiT
LIMPOKOE NPUMEHEHHE B NMPOMBILIEHHOCTH.

3agaua CO3JAHHS HOBBIX YCKOpMTEJEil C BBICOKOH ®Hepruei W GospluMMu
TOKaMH YCKOPEHHBIX 4YacTHll, ¢ Oojlee NIHPOKMM CIIEKTPOM YCKOPEHHBIX sfep
HaXOJUTCS B IIEHTPE BHAMaHMA MHOTMX YCKODHTENbHBIX JiaGopatopuii Mupa.
OmMH M3 HMCCIedyeMBIX TyTell peimieHHs 3TOH mpobneMbl — pa3paboTka ycKo-
pUTEIs KOJUIEKTMBHOIO THIA — YCKOPHTENS 9JI€KTPOHHO-HOHHBIX Kosen [1].

IIpu CyIECTBYIOWMX MapaMeTpax IeKTPOHHBIX Koyeu (E ~20 MoB,
R ~ 4 cM) KOJUIeKTHBHOrO yckopurens Taxenbix uoHos (KYTH) OUSAH crnextp
CHHXPOTPOHHOTO H3Ty4eHUs B OCHOBHOM pacrosioxeH B uHpakpacHoi obnactu
(A = 1 MkM). IMeHHO 3Ta 0COBEHHOCTb KOJUIEKTHBHOTO YCKOpPHTENs noTpe6oBa-
na pa3paboTku MeTon0B HH(paKpacHOH CHHXPOTPOHHOH AHATHOCTHKH, B OCHOBY
KOTOPHIX GBUIO TONIOXEHO MCNONb30BAHWE HOBEHINMX NOCTHXEHHH B 0OmacT
uH(pakpacHOH TEXHUKH (ONTHYECKMX CHCTEM, HHTEIPAIBHBIX W KOOPAMHATHO-
YYBCTBUTENIBHBIX HETEKTOPOB U3ITYYEHHUS).

Ilo HacTOsImEro BpeMEHH NOBONBHO Mato mybnukauuid {2,3] (nmpaxTH4eCKH
TOJIHOCTBIO OTCYTCTBOBABIIMX B Hayale 70-X rofoB, Koraa Hayanach paGoTa Haj
npoektoM KYTH), mOCBALIEHHBIX MCIOMb30BAHAI0 CUHXPOTPOHHOTO H3Ty4CHHUS
MH(PaKPACHOTO AMana3oHa B yCKOPHTEIBHOM 3KCIepuMeHTe. B Hauane npoexT-
HbIX PaGOT MONHOCTBIO OTCYTCTBOBATH JETATBHO pa3paGoTaHHbIE M Pa3BUTHIE Me-
TOOBl M CHCTEMBl HEpaspymapoulieil JHarHOCTHKH YCKOPAEMBIX MyYKOB, OTBEYa-
joupe crenudHyecKkuM TpeGOBaHUSM KOJUIEKTHBHOTO YCKOPHTENs M CIIOCOOHbIE
obecreunTh YBEpEHHOE M HaleXHoe HabmogeHne U UcciegoBaHue MyykoB 3aps-
XEHHBIX YacTHLl B AMHaMMKe uX pa3sutus. Ui ool uenu Geuin paspaboTanbi
MeToxp! [4—6] MH(ppaKpacHOil CHHXPOTPOHHON JAHATHOCTHKM, a TaKXe pa3pabo-
TaHbl M CO3JaHbl YHMKaIbHbIE onTHYecKue cuctemnl [7—9] (okHa, 0OBEKTHBHI,
JIMH30BBIE M 3EpKaIbHBIE ONTHYECKHE KaHalbl) W AeTeKTupyiowue (OaHO-
KaHaIbHbIE ¥ MHOTOKAHAIbHblE KOOPAWHATHO-YYBCTBUTEJIBHBIE) YCTPOWCTBA
[10—14].

Ha ocHOBe 3THX 3/1eMeHTOB uH(ppakpacHOH TEXHUKH ObUT paspaboTaH u CO3-
JaH P 3aKOHYEHHBIX HH(OPMALMOHHO-H3MEPUTEILHBIX CHCTEM, OTBEYAIOIIMX
TpeGOBaHHAM YCKOPHTEIBHOIO 3KCIEPHUMEHTA, NPOBOJUMOrO Ha KOIEKTHBHOM
yckoputene Tsxkensix Honos OUAH.

Heo6XxomuMo OTMETHTB, YTO 061aCTh NPUMEHEHHs pe3yabTaToB paboThl MO-
XeT GbTh 3HAYMTENBHO IIMpe. DONBIIMHCTBO OMMCAHHBIX B paboTe METOZOB H
MH(OPMALMOHHO-M3MEPUTEIIBHBIX CHCTEM MOTYT OBITh MCIIONB30BAHBI B TOM Xe
WM CNerka H3MEHEHHOM BHIE M HA JPYFHX CYLUECTBYIOLUIKX, CTPOALIMXCA H TpO-
eKTHPYEMBIX KOJIbLIEBBIX IEKTPOHHBIX M MPOTOHHBIX YCKOPHTE/ISX-TEHEPAaTOpax
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CHHXPOTPOHHOIO M3nyueHud, nanpumep, SPS [15], YHK [16], SSC [17], nyk-

notpoH OUSIH, cnekTp CHHXPOTPOHHOIO M3NydeHHs KOTOPhIX B OCHOBHOM Ha-

XOMUTCS B uH(ppakpacHo# 061acTH, KaK M1 AMATHOCTH NMYYKOB B AMHAMHKE X

Pa3sBHUTHA, Tak M [UIA NPOBEACHHMS PaIIMYHBIX HAYYHBIX HCCACHOBaHMH M

PCLICHHs MPHKIIAAHBIX 3a[ia4, OCHOBAHHBIX HA MCIONB30BAHHH CHHXPOTPOHHOIO

H3NyYyeHus HHQPAKPaCHOro AMaNa3oHa, B TOM YHCIE W A8 AHACHOCTUKH MYYKOB

H NPOBENCHHS UCCIEAOBAHMH HA 3JIEKTPOH-NO3UTPOHHBIX Hakonutensx [18].

Lens ganHoil paboThl COCTOUT B cneayioweM:

— NPEeNCTaBHTh METOIbl M CHCTEMBl HEPA3PYLIAOLIEN JHATHOCTHKH H HMCCIIENO-
BAaHHH MYYKOB 3apSKEHHBIX YaCTHU (JIEKTPOHHBIX, 9/IEKTPOHHO-UOHHBIX, a
TaKXe MPOTOHHBIX), OCHOBAHHbIE HA MCHOJb3OBAHUM MX COBCTBEHHOMO Mar-
HUTHO-TOPMO3HOTO (CHHXPOTPOHHOIO HJIM KPAeBOI0) MITYUYEHHS B LIHPOKOMH
CNeKTpaibHOM 06nacTH OT yibTPadHONETOBOFO 0 AATEKOrO [UTHHHOBOHOBO-
ro HH(PaKPacHOTo (NMPEeUMYLLECTBEHHO) AHANA30Ha;

— NpHBIEYbL BHHMAHHE K LIHPOKOMY Kpyry npo6/ieM KaK B YCKOPHTEIbHOM 9KC-
NepUMEHTe (HaNpHUMeEp, HCCIEOBAHHE KOTEPEHTHOCTH CHHXPOTPOHHOIO H3JTy-
ueHusd [5]), Tak u B mpyrux, NOpOi COBCEM HE CMEXHbBIX 06acTAX, TAKMX KaK
METpOJIOrHA, BbICOKOTEMNEPATYPHas CBEPXNPOBOAHMOCTb, GHONOTHA H T.1.,
KOTOpbie MOMIH Obl pewaThcs € MOMOLIbI0 HH(PAKpPacHOi CHHXPOTPOHHOM
AHArHOCTHKH, NEPEKPLIBAIOLIEH HHTEPBAN ITHH BONK AE ~ 0,3 + 40 MKM, yTo
CYLIECTBEHHO NPEBOCXOANT CMIEKTPAIbHYIO 06/1aCTh, IMMPOKO UCTIONB3YEMYIO B
HacTosuiee BpeMs (B OCHOBHOM 3TO ofnacts A ~ 0,3 + 1,1 MKM) B
PAVIHYHBIX IKCNEPHMEHTAX M MCCNEeJOBaHHSX.

PacuiMpense cnekTpanibHOrO auanasona YBEPEHHO AMarHOCTHPYEMOro
CHHXPOTPOHHOIO H3JIy4EHHs OTKPBIBAET HOBbIE BOIMOXHOCTH M MEPCIEKTHBBI
A1S pelieHusi HaydHBIX M MPHUKIafHBIX 3a7av.

Peanusyemocts M nepcnekTuBHOCTD MHOPAKPACHBIX CHHXPOTPOHHBIX METO-
JOB U CHCTEM AMArHOCTHKM NOKa3dHa M NOKa3aHa Ha npHMepe KoMrpeccopa
KYTH — nuskosneprernunoro (E < 20 M3sB, A\ ~ 0,3 + 40 MkM) 3/IEKTPOHHO-
ro KosnbLeBoro yckopurens OUSH.

1. H”CTOYHHKH
HUHOPAKPACHOIO CHHXPOTPOHHOT'O H3ITYYEHHUA

CHHXPOTPOHHOE MITyYeHHE — H3BECTHABIIl adexT, MHPOKO HCHONB3YeMblil
Ha KOJbUEBLIX 3/CKTPOHHBIX YCKOPHTENAX M HAKOMMTeNsx. CHHXPOTPOHHOE
M3NTyYCHHE HCNYCKAIOT BCE 3apsXEHHBIC YAacTHLB NPH CBOEM NBHXEHHM IO
KPHBOJIMHEHHOH TPACKTOPHH B MAarHMTHOM [IOJI€, B TOM YHCIIE U nporonsl. Ho B
CHJIy TOTO, YTO SHEPIHs NMOKOA NPOTOHA Eop (938 MaB) Gonbiue 3Hepruu noKos

anextpoHa E, (0,511 MsB) B 1835,6 pas, muTeHCHBHOCTH CHHXPOTPOHHOIO
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Puc.l. PaccuMTaHHOE CHEKTPAILHOE paclpeleeHHe MOLIHOCTH
CHHXPOTPOHHOTO H3/IydeHUs IIPOTOHa JUIS PasfiMYHBIX YCKOPH-
TeabHO-HAKONMUTENbHbIX KoMiuiekcoB: | — SSC, E=20 TsB,
R=10* M, 2 — HEB, E=2 TeB, R=10> M, 3 — MEB,
E =200 T3B, R =102 M, 4 — nyknorpon, E =120 TeB, R=128 M

M3JydeHHs Il TPOTOHOB B TAKOe K€ YMCJIO Pa3 MEHbUIEe NPH OAMHAKOBOH
SHEpruM YacTHL M KPUBHM3HE TPAcKTOpHHM ABHXeHus. [loaTomy mpw CymiecTBo-
BABIINX A0 HEJaBHHX MOP SHEPrUsX MPOTOHHBIX YCKOPUTENIEH MX CHHXPOTPOH-
HOE M3Ty4eHHE TIOYTH HE MCIIONEL30BATIOCh, YTO MOATBEPXAAETCH OrPaHUICHHBIM
4uCcIoM NyGIHKAUMid Ha BTY TeMy, KOTOPhIE HaYall TMOSBJISITBCS TOJBKO B. KOHLIE
70-X TOAOB ¥ B KOTOPHIX PacCMaTPUBAIOTCA BONPOCH TeHEPALlUH CHHXPOTPOHHO-
IO W3TydeHHs NpoToHHBM cuHxporponoM SPS IIEPH na smepruwo 400 I'sB
(CMHXPOTPOHHOE WATYYESHHE Ha KPasdX CMELIAOIHX MArH|uTOB B IUana3oHe JJINH
ponH ~ 0,6 mMxm [15]). Co3manue yCKOpUTENBHO-HAKOIMTENBHBIX KOMIUIEKCOB
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tunma YHK [16] wiu SSC [17]
MPOTOHOB Ha sHepruo 3—20 TsB
MOro 6Bl  CYLIECTBEHHO IIO-
BIUSATh Ha MOHOMOJIHIO KOJblie-
BBIX BJIEKTPOHHBIX YCKOpPHTENEi
KaK  OCHOBHBIX  Te€HEepaTopOB
CHHXPOTPOHHOTO HM3JIy4€HHs.

AHanus CHEeKTPOB CHHXpO-
TPOHHOTO HU3JIy4€HHs, pPacCyu-
TAHHBHIX JIS  HPOEKTHPYEMBIX
NPOTOHHBIX KOJBLEBBIX YCKOPH-

" TeJieil  psaja  BENYIIMX YCKOpH-
TENbHBIX jabopaTopuit  Mupa,
MOKA3BIBAET, YTO OCHOBHAA 4acTh
COEKTPATBHOIO  pacHpeaeseHus
M3JTyYeHHs [T IPOTOHOB C 3HEP-
meid g0 ~ 1 T»B Haxomurcs B
uHpakpacHoii  obmactu  (cwm.
puc.1).

OueHKa MHTEHCHBHOCTH M3-
JIy4YeHHsI TIPOTOHOB U CpaBHEHHE
€e C MHTECHCHBHOCTBIO CMHXPO-
TPOHHOTO H3NY4EHHS HH3KOIHEp-
FeTHYHBIX BJIEKTPOHOB, HAIPH-
Mep, KOJUIEKTUBHOTO YCKOPHTES

OHUSN (cM. puc.2), nossonser.

HaJesAThCs, YTO-METOABI U CHUCTe-
Mbl MH(PAKPacHO# CHHXPOTPOH-
HOM [MarHOCTHUKH, paspaboTaH-
HbI€ [UIS KOJTIEKTHBHOTO YCKOPH-
TeJlsl HOHOB M anpoOHPOBaHHBIE B
YCKODHUTENIEHOM  3KCHEPUMEHTE,
MOTYT ObITh HCIIONB30BAHB U IS
OUATHOCTHKH TMPOTOHHBIX MY4KOB
¢ sHeprusamu 6onee 100 I'sB. o
HaCTOSILEr0 BPEMEHU HE HM3BECT-

W, Br. wicn L aneprOH—I

10-12
6 /
%
~-21 /
107 _ ' .
01 I 10° 0%\, mxm

Puc.2. PaccunranHoe clekTpalsHOe pacrpene-
JIeHHE MOIUHOCTH CHMHXPOTPOHHOIO H3Iy4eHHUs
9JIEKTPOHHOTO KOJbla B HPOLECCE €ro CXaTud B
anresarope ¢ paguyca 40 cM 0 4 cM npH Hayank-
HOH 3Heprum ®neKkTpoHOB Y=15. LlTpuxoBKoit
ormeyeHbl Bupmmas (0,3 +0,7 MkM) u uH¢pa-
kpacHas (0,7 + 40 MKM) crekTpanbHble 06/1acTH.
I — R=4cM, y=50; 2 — R=6 cM, 7=33;
3 — R=10cMm, y=20; 4 — R=20cM, =10,
5 —R=40cm,y=5

HbI Cjiy4yau JIHarHOCTUKH NPOTOHHBIX TNYYKOB C SHCPI‘HCﬁ MPOTOHOE HUXE

400 I'sB. Pacuet xapakTepHCTHK CUHXPOTPOHHOIO M3JIy4eHHs, BhIOOpP METCHOB

U CHCTEM JHAarHOCTHKHW NPOBEAEH M I10Ka3aH Ha npHuMeEpe aaresaropa — 3JIeKT-

POHHOIO KOJBLIEBOIrO YCKOpHTENA, KOMIIpECCopa CHIbHOTOYHBIX HHU3KO3HEp-

TETHYHBIX 3JIEKTPOHHBIX KOJI€L KOJUICKTHUBHOIO YCKOpHTEIA.
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AJire3aTop KOJUIEKTUBHOTO YCKOpHTens Taxenbix HoHoB OMAH Takxe sis-
€Tcsl HCTOYHMKOM CHHXPOTPOHHOTrO M3nydeHus. CreKTp 9TOro M3ajayyeHus M3-3a
HH3KOi SHEpPrHH 3JIEKTPOHOB (OTHOCHUTENBPHO CHHXPOTPOHOB M HAKOMMTEJIbHBIX
KOJIEL) 3aHMMaET BCIO MH(PpakpacHylo 00nacTs ONTHYECKOTO AHANa3oHa M YacTh
BUAMMOI 06nacTH* U He MOXeET ObITh KOHKYPEHTOM CHHXPOTPOHOB B CIIEKTpO-
CKOMMYECKHUX OINBITax, rae OOBIYHO MCMONb3YeTCs BaKyyMHbIH ynsTpacduoner u
Gosee xectkue GoToHbl. OIHAKO 0COGEHHOCTBIO anre3aropa siBiseTcs GonbLoi
TOK 3JIEKTPOHHOTO KOJbla, AOCTHraomwMii 1 KA (TOKM Ny4KOB B CHHXPOTPOHaX
M HaKOMMTeNbHBIX Kojbuax o6biyHo He npesbimiaioT 1 A). Dro obecneumBaer
anre3atopy KOJNEKTHBHOTO YCKOPHTENS KaK HCTOYHHKY CHHXPOTPOHHOTO H3Iy-
yeHHsi B MH(pakpacHoil 061acTH NMEPBEHCTBO CpeldM psiia APYTHX YCKODHTENb-
HBIX ycTaHOBOK [19]. Bosee Toro, eciu roBOpHTb O APKOCTH HCTOYHHKA (YHMCIIO -
(hOTOHOB, HCTyCKaeMBIX B €AHHMLY TEJECHOTO yI7ia ¢ €AMHHILbI IUIOIUAAH Tore-
PEYHOro ceyeHHs KOMbLEBOro 3IEKTPOHHOTO CrycTKa), TO aire3arop KOJJIEKTHB-
Horo yckoputens OUSIU He umeer ceGe paBHBIX M CpelH OOBIMHBIX HCTOYHHKOB
uanydeHus. [IOHATHO, YTO 9TH CBOHCTBA CHHXPOTPOHHOIO HITYYEHHS aare3atopa
Henb3s ObUIO He WCIOJB30BaTh NPH NMPOBENEHHH HCCENOBAHHH M IKCMEPHMEH-
TOB MO (PH3MKE KOUIEKTHBHOIO MeTOa yCKopeHHs. CHHXPOTPOHHOE H3NyyeHHe
RIEKTPOHOB KO bLUEBOIO CTYCTKa MO3BOMIAET MoMy4aTh HHGoOpMaLMIo o 6obunX
M MaJIBIX pa3Mepax KoJIbLa, O YMCJIe 3NEeKTPOHOB H HOHOB B KOJILLIEBOM CTYCTKE,
06 u3MeHeHHH GONBIIOrO paaMyca Kojblia B NPOLIECCE ero KOMIPECCHH B aire-
3aTope (TaK Ha3piBaemas R-TpaekTopHs) U O psle APYTHX MapamMeTpOB 3JIEKTPOH-
HOro (/1eKTPOHHO-HOHHOTO) KOMbLEBOrO CrycTKa.

XoTs KOHEYHOI LieIbl0 CO3aHHs MEPBHIX YCTAHOBOK KOJJIEKTHBHOIO YCKO-
putens Taxenbix HoHoB OMAM Gbuio mpoBeseHHe IKCIIEPHMEHTOB H HCCNIENO-
BaHHIi N0 (PU3MKE TAKEJILIX HOHOB, He MeHee BaxHa Oblia MX posb H B MOCTa-
HOBKE 9KCIIEPUMEHTOB MO OTPaboTke METONOB M annapatypbl HHQOPMaLHOHHO-
H3MEPHTENIbHBIX CHCTEM U1 MHATHOCTHKH 3MCKTPOHHBIX H 3JIEKTPOHHO-HOHHBIX
KOJIBLIEBBIX CTYCTKOB B MIPOLIECCE MX CXKAaTHS B aare3arope Ha 3aKJIIOYHTEbHOM
cTagud (Ha paguycax Kosbua ~ 6—4 cM), a Takke HCC/IEIOBaHHA HHHAMHMKH
CXaTusl.

OcHoBHble MeTonb! [4,5] AHarHOCTHKH NapaMeTpoB KOJIBLEBBIX CTYCTKOB 3a-
PSAXEHHBIX YACTHLl B aNre3arope KOJUIEKTHBHOIO YCKOPHTEJs, OCHOBaHHbIE Ha
HCMO/Ib30BaHHH CHHXPOTPOHHOTO HITyuyeHHs WH(PAKPaCHOIO AManasoHa, GbuTH
pa3paboTaHbl Ui NMPOTOTHNA KOJUIEKTHBHOTO YCKODHTENS THAXEJBIX HOHOB
(IIKYTH). Peanusauus paspaboraHHsix MeTofoB ocyuiecTaisuiach Ha [IKYTH u

*3pech M Jjanee pacCMATPHBACTCS TONMBKO ONTHYCCKHMIA AHANMA30H CHHXPOTPOHHOIO HIIYHCHHS;
CBY-nuana3od HITydeHHs, [ 3HAYUTENLHYIO PQITE MOTYT HIPaTh KOTEPECHTHBIE MECXAHWIMBI HATY4YCHHS,
CBA3aHHBIE C BOBHMKHOBEHHEM Pa3HOIO POJia HEYCTOHYMBOCTEH J1EKTPOHHOIO HIIH AIEKTPOHHO-HOHHO-
To KOJIell, HE PacCMATPHUBAETCA.
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cunxporpone JIMA® [20]. JanpHeiimee pa3BuTHe MeTOAB HH(PAKPACHOM auar-
HocTukM nonyuywid Ha KYTH-20 [21].

BaxHoit 0COGEHHOCTBIO CHHXPOTPOHHOIO M3TyUEHHs SABJISETCS TEOPETHYEC-
Kasg MNpeACKa3’yeMOCTh €ro XapakKTEPHCTHK M MX TOYHOE KOJHYECTBEHHOE
onucanue. IIsunrep B cBoeii pabore [22] BriBen obliee ypaBHEeHHE MOLIHOCTH
CHHXPOTPOHHOTO H3JIy4eHHs, UCITyCKaeMOTO YJIbTPapeNsITUBUCTCKOM YacTHLEH C
sHepruei E, npuxymeiics 0o kpyrooil opbure paguyca R. [IBuxymiascs ¢ noc-
TOSSHHOM CKOPOCTBIO YacTHLA M3Iy4aeT Mo Bceid opburte momHocTs w(A, 0) B
MHTEpBase JUIMH BOJH dA H B uHTepBate dO akcuaisHoOro yma 0 (puc.3):

27 €% A Y E ¥ E 272
w(he)—_—[T](—‘—i] 1+[m—02‘9]j| X

321 R ? me
K@ ¢ M

E 2
— 0
mc?

E
1+ 9
mc
rac e, m — 3apsaia U Macca 4aCTUILlbl; ¢ — CKOPOCTh CBETQ; 0 — yroj Mexay
HalpaBJICHHEM H3JIYUCHUS M IUIOCKOCTHIO 0p6HTbI; )\'C — KpHUTHUYECKasd MJIMHA

x 1K} o) +

BOJIHBI
A=—"7"7" 2

=F mc2— eNATUBUCTCKHH akTop; K uk — MoaudHIHPOBaHHbIE
Y P pi Ky 3Ky g p

¢dynkunn Beccens 2-ro poga ¢ apryMeHTOM

&— + [1+(9) 2372,

Pacuer no sToit hopMyne maeT crnekTpanibHOE H YIVIOBOE pachpeieseHue
HUHTEHCUBHOCTH H3/1y4E€HHS YJIbTPAPENATHBUCTCKON YaCTHLIb.

CnekTpanpHOe  paclipefie/ieHHE MCHYCKAaeMOH  yNbTpapesTUBHCTCKOM
YaCTHLEH MTHOBEHHOH MOLIHOCTH CHHXPOTPOHHOIO M3JIYYEHHs Ha [UTHHE BHOJIHBI
A B €IMHHYHOM HHTEpBaje IVIHH BOJIH ONUchiBaeTca (opmymnoit [23]

5/2
wh) = 3 eC7 I

i S5 dn, 3)

mey=»X_/A
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Kpm‘nqecxaﬂ JJIMHA BOJIHDBI 7\«0 CBg3aHa C JJIMHOK BOJIHBI ?\,m, COOTBETCTBYI10-

el MakCHMYyMY CIIEKTPaJIbHOrO pacnpeeleHHs CHHXPOTPOHHOIO H3NyYyeHus,
CAEeyIOLUM COOTHOILECHHEM:

A, = 042} “)

B dopmyny (3) Bxonut pyHKuus
= 3«»
G0) =y [ K ) am.
y

D10 BBIpPAXEHHE XapaKTepH3yeT YHHBEPCAIbHYID KDHBYIO CHEKTPabHOIO
pacnpeneneH1ss HHTeHCUBHOCTH CHHXPOTPOHHOFO M3J1y4EHHs YbTPapesIsiTHBHCT-
CKO#t YacTHLbl, KOTOPYIO MOXHO WHCIOJIB30OBATh A/ NOJIYYEHHS pacnpeieeHus
npu nw0boit 3HEepruH, NMOCKONBKY ¢opMa KpHBOH HE 3aBUCHT OT JHEPruu
yacTHupl. C moMouibio 3TOH KPHBOI MOCTPOEHO M NOKa3aHO Ha puc.l cnekrt-
PaIbHOE pacnpefeieHHe MOLHOCTH CHHXPOTPOHHOro Hinydenus w(A) mpoTo-
HOB, OTJIMYAIOLIMXCS 3HEPTHAMH W paauycamu OpOHT, M Ha pHC.2 — MOLUHOCTH
CHMHXPOTPOHHOIO H3J1y4€HHs, HCITYCKAEMOr0 KOJbLEBbIM 3JIEKTPOHHBIM CI'YCTKOM
Ha pa3/MYHBIX JTANaxX €ro CXaTHA B aAre3aTope, HauMHas C MOMEHTA MHXEKLHH
3NEKTPOHHOIO My4YKa B ajre3arop.

Pacyer w1 CHHXPOTPOHHOIO M3JIy4€HHMS 3/IEKTPOHOB MPOBOMWIICH VIS KOJI-
JIEKTHBHOTO YCKOPUTeEJNZ, Y KOTOPOTO HEPrHa 3JEKTPOHOB MPH HHXEKLHH B -
resarop Y, =35, a HayalbHblii PAIHYC BUEKTPOHHOMH opbutsl R, =40 cM. Ilpu
pacyere yYMTHIBAIOCH YCJIOBHE annabaTHYHOCTH Mpollecca cXaTus Kofblia B ajl-
resatope, KOraa HEPrHI0 EKTPOHOB Y U paguyc opGHT HX BpalieHus R B sio-
6oit MOMEHT CXaTHsl KOJIbLa MOXHO BLIPAa3UTb Yepe3 HayalbHble NMapameTpsl Y,
U R, KOTOpble MMeEET MYYOK NPH MHXEKLUMH. BTO ycinoBue MoxeT GbiTh npen-

CTaBJICHO BbIpAaXE€HHEM

TR ~ YR, )
MoWHOCT, HATyYEHHs OJHOTO 3NMEKTPOHa mpu Y >> 1 onpenensercs ¢op-
MyJ10i
wiBr-anextpon™'] = [ w(hd\ = 4,6:1076 'R 2 [cm]. (6)
0
Ecnu nonuas MowHOCTh unydenus W xonbla NponopuMoHanbHa yucay N,

9JIEKTPOHOB B HEM, TO NPH 3aJaHHOM YHCJE 3JIEKTPOHOB MOXHO paccUUTaTh
TMOJIHYI0 MOLIHOCT u3nydeHus W =N, w.
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- Kak BUAHO W3 pHC.2, CHEKTpanbHblii QHANA30H WATyYeHHS, HCITyCKaeMoro
QNICKTPOHHBIM KOJIbIIOM TIPH €r0 CXAaTHH B a/Ire3aTope, 3aHAMAaeT LIMPOKMii
WHTEpBAJl JUJIMH BOJIH OT yJbTPa(HONETOBBIX B ONTHYECKOH OGNacTH 10 MHJUIH-
METPOBBIX B PaJMOBOJIHOBOM AManasoHe. [Io Mepe cXaTus KosbLa MaKCHMyM
CEKTpa M3Ty4EeHHs MEpEeMeIlaeTCs B KOPOTKOBOMHOBYIO 00JIacTh U Ha paauyce
4 cM nonagaeT B BUAUMBIH AHAMA30H.

Ha nocnenHem atane cxarus, HaunHas ¢ panuyca R ~ 6 cM, BenuuMHa U3y-
YaeMOH MOILHOCTH M CMEKTP M3JIyYeHHs MO3BOJSIOT BECTH HAlEXHYI0 PEerucr-
PALMIO M3Ny4eHHUs C MOMOLIbIO HH(paKpacHbIX AeTekTopoB. Ha Mabix panuycax
S/IEKTPOHHOIO My4Ka B aiAre3aTope MOIMHOCTh CHHXPOTPOHHOIO H3JIyueHHs, KaK
8TO BMIHO W3 pacyeTa, MOXET COCTaB/IATh KHJIOBATTBI. YUMTBIBas CjedyioLlne
0COGEHHOCTH CHHXPOTPOHHOTO H3JIyueHHs ajresaropa:

—— XOpOILUO PacCYMTHIBAEMbIE MAPAMETPhl H3JIyUEHHS,;

—— HENPEPbIBHBIHA CNIEKTP B IIHPOKOM HHTEPBAIE [UTHH BOJIH;

— 6OJIbIIYI0 MOHYI0 M CNIEKTPATBHYI0 MOUIHOCTH MITYHEHHS, MPEBOCXOISLLYI0
BCE JIPYTHE W3BECTHbIE MCTOYHHKH,

MOXHO CKa3aTh, 4TO aare3aTop MOXET UMeTb 6osbLUINE NEPCIEKTHBb KK YHH-

KaIbHBIH MCTOYHHMK M3/TydEHHUs U1 NPUKJIANHBIX H HAYYHBIX Lesieil, Hanpumep,

U1 METPOJIOTHH U (HU3HYECKHX HCCIel0BaHM BbICOKOTEMIIEPATYPHOi CBEpPX-

NMPOBOAHMOCTH.

PensTHBHCTCKMII 31€KTPOH, BpPalIasch ¢ NOCTOSAHHOI CKOPOCTBIO B MarHuT-
HOM [10J1€, UCTIBITBIBAET PAlHaATbHOE YCKOPEHHE, MPH 9TOM BO3ZHUKAET MArHUTHO-
TOPMO3HOE€ WM CHHXPOTPOHHOE H3NydenHe. OTHOCHTENBHO NMIOCKOCTH OpOHTBI
STO HM3/TyYCHHE pacnpoCTPaHAETCS B y3KOM Komyce (cM. puc.3), yron pactsopa
KOTOPOro O nogYHHAETCs BhIPaXEHHIO

0~ (1-p)/2=mc/E=1/y, @)

rae E — aHeprus anexTpoHa.

Yrnosoe pacnpeneneHue HITy4YeHUss MOXHO NOJ1y4nuTh, NPOUHTErPHPOBAB
BblpaX¢HHUE (]) MO0 BCEM UIHHAM BOJIH. Pacnpeneneﬂue HHTEHCUBHOCTH Mo 0O
NPHUHUMACT BUJ

_ e 2-52[1 .5 (48>
WO =57 [1+(9)] 6496 T op | ®)

B anresarope pasHoBechas Tpaexrtopus IEKTPOHOB Ha 3aKJIIOYHTENbHOMH
CTanuu CXaTvd KONbLa mpefcTasiser cofoil (¢ XOopolei TOYHOCTBIO) OKpyX-
HOCTh (OTK/IOHEHHE OT OKPYXHOCTH ONpefessiercs A3UMYTAIbHBIME HEOXHOPOL-

HOCTAMH MarHMTHOTO NOJIsl, KOTOpPBIE HE MpPEBBIUIAIOT ~ 10_3).
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CHHXPOTPOHHOE M3JIyueHHe ANTe3aTOpa M0 a3UMyTATBHOMY ymly @ (CM.
puc.3) pacnpenesieHo U30TPOIHO.

[To yrny 6 (yros OTKJIOHEHHs OT IUIOCKOCTH OpOMTbI) pacrpesie/ieHHe pesko
AHM30TPONHO, BBITHYTO BMEpPEd M 3aBUCHT OT HampaBlieHHs MNONAPH3ALKH.
OcHOBHasi 4acTh H3IydeHHs] CKOHUEHTpHpOBaHa B HHTepBaie ymioB *1/4.
IMpubiXeHHo YIOBOH pa3poc u3nydeHns (MONHas WMPHYHA HA MONMYBHICOTE)
MOXHO NpeAcTaBuTh hopMynamu [24]:

1/3
%[%] U1 k>>7~C

AB ~ , ;1/2 )
= = s A << A
Y| A, ¢

OcoBEeHHOCTHIO afre3aTopa sBISETCs JOBOJIbHO Gonpluast yacToTa GeTaTpoH-
HBIX KONIeOaHMii 9JIEKTPOHOB, CBS3aHHas C 3aIpy3KOH 3JEKTPOHHOrO KOJbLA
MOHAaMHM, YTO NOMOMHUTENBHO yiHpseT ([OYTH B [Ba pasa) yIIOBOE pacrpene-
JIeHHE CHHXPOTpOHHOro uinydeHus [4]. O6Ge 9TH NpUYHHBI NPUBOMAT K TOMY,
YTO U1 aAre3aTopa OCHOBHAS YacTh CHHXPOTPOHHOIO M3JIyYeHHs COCPENOTOUEHA
B ymie A6 ~ 60 Mpan, 4TO BMeECTe C GoJIBIION MIOTHOCTHIO TOKA Kosblia obec-
TleunBaeT aure3aTopy, KaKk MCTOYHHKY CHHXPOTPOHHOTO M3ydeHus B MHGpa-
KpacHOM [Mana3oHe, PEKOPOHO BBICOKYK SIPKOCTh, KOTOpas COCTaBIAeT

Bt
~ 2,7-105 — - Ils cpaBHeHus, SPKOCTh KNACCHYECKOr0 UCTOYHHKA — abco-
cM-cp :
motHo yepHoro Tena (AUT), ciekTp H3y4eHHst KOTOPOTO COOTBETCTBYET CNEKT-
: Br
Py CHHXPOTPOHHOTO M3NydeHus, cocTapiser ~ 19,4 ——
cM™-cp

PC3y.TIbTaTLI, TMOJIY4EHHBIC HAa OCHOBAaHHUM IMPOBCACHHBIX pacyeTos, MNO3BOJIA-
I0T C JOCTaTOYHOM s IPaKTHUKH CTENEHbIO TOYHOCTH MPOrHO3UPOBaTh BO3MOXK-
HOCTb MCIIOJIb30BaHMSA 111 JUArHOCTHKH CHMHXPOTPOHHOTO U3Ty4YCHHs MPOCTHIX B
9KCI1yaTaliuu umbpaxpacn-xblx JCTCKTUPYIOLIUX CHCTEM.

CnelyeT OTMETHTB, YTO METOMbI JMArHOCTUKH MPOTOHHBIX MyYKOB HAXOMAT-
cs1 B cTamuy pa3paboTku. M3BeCTHBI TOMBKO MPUMEpPHl BUIMMON CHHXPOTPOHHOM
JMArHOCTHKH, PEaTM30BaHHOH Ha KONbLIEBOM IIPOTOHHOM yckopurene. [Toaromy
NMPAKTHYECKH OTpPABJAHHBIM NpPEICTARIAETCH HCNOJb30BAHHE METOAOB MH(Gpa-
KpPAacHO#l CHHXPOTPOHHOH JUArHOCTHKH CHJIbHOTOYHBIX HU3KO®HEPIETHYHBIX
/IEKTPOHHBIX CTYCTKOB M JUIsi I[POTOHHBIX IYYKOB, HECMOTDS Ha ONPENC/ICHHbIH
(hopMani3M 1oaxoia U Mpou3BONBHOCT HEKOTOPBIX JOMYIIEHU.
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2. METOAbI U3MEPEHHSI.
OBIIIASA CXEMA YCKOPHUTEIA
H HHOOPMAIIMOHHO-U3MEPHUTEJIBHBIX CUCTEM

A.ure3aTop, OH X¢ KOMHPCCCOP QJIEKTPOHHBIX KOJIel, UMEET CBOU KOHCT-
PYKTHBHBIE ocobenHocTH. OH COCTOHT M3 ABYX OCHOBHbBIX 3JIEMEHTOB, KOTOpPbIMH
SABJIAIOTCSA BaKyyMHas KaMepa M MarHUTHas CHCTeMa.

Kamepa npencraenser coGoii WHIHHAPHYECKYIO CBApHYIO KOHCTPYKLHMIO, C
GOKOBbIMHM CTEHKaMH ChEpOMaATbHOI (HOPMBI, 3aKPEMIEHHYIO B KECTKOM CTarle-
ne. Ha uMnMnipuyeckoii NOBEPXHOCTH Kamephl MMeeTcsl HECKOJIbKO MaTpyGKoB,
OMH M3 KOTOpBIX CMNELMATBHO NpEAHA3HAYeH JUIS BBIBOLA CHHXPOTPOHHOIO
M3JIy4EHHsI.

Maruuthas cuctema aaresatopa ofecneunBaeT 3axBaT MIDKEKTHPOBAHHOIO
3 CHIILHOTOYHOIO JIMHEHHOrO MHAYKUHOHHOIO YCKOPHTENS 21eKTPOHHOTO Myy-
Ka, (OpMHpPOBAHHE M3 HETO KONbUEBOTO CIYCTKA M CXKaTHe KOJbla 40 Heo6-
XOMMMBIX pa3sMepoB. Karyliku MarHMTHOM CUCTEMBbI 3aKperieHb CHMMETPHYHO C
0Geux CTOPOH OTHOCHTENBLHO BaKyyMHOil Kamephbi. CHCTEMa COCTOHT M3 BHTKOB
HY/IEBOH CTYNEHH, POPMHUPYIOLIEH KOO W3 HHXEKTHPOBAHHOIO MyYKa W TPex
CTyneHel cXarus, 0GecreunBaloIMX CKATHE JTEKTPOHHOTO KOJbLA B HMITYIIbC-
HbIX MarHUTHLIX MOJsAX ¢ paguyca R =35 cm 1o R < 4 cm.

KonTpony 3a napametpamu KonbLEBOro cryctka B anresatope MMeer
HaHbONIbLIYIO aKTYalbHOCTh Ha MalbIX paauycax Kombua (R = 6 + 3 cM), Korga
NIPOHUCXOIMT OKOHYATENbHOE (POPMHPOBAHHE 3IEKTPOHHOrO KOJbLa ¢ HEOGX OflH-
MOIi TUTIOTHOCTBIO YaCTHIL M 3arPy3Ka €ro TAXKEJbIMH HOHAMH C LIESbIo nocnenyo-
IEr0 YyCKOPEHHS.

HBMCPHTCHLHHC CHCTEMbI JOJIXHbI BECTH YBCPEHHYI0 JUAarHOCTHKY KOJibLa
MPpH CAEAYIOLUHX HAYalbHBIX YCIIOBHUAX

1) Yactora uMnynscos (yactora cpabarbiBaHus yckoputens) f no 20 TI'u.

2) Bpems HabnioneHus (WIMTENLHOCTh MMMNYIIbCA CHHXPOTPOHHOIO H3JTyde-
HHUA) t ~ 1073 ¢. '

3) H3mepseMoe YHCIIO 371€KTPOHOB N, = 10° + 5.1013,

4) Panuyc konsua R = 6 + 3 cm.

5) ImameTp nons 3peHMs B IUIOCKOCTH MAIOIO CEYeHHS KONbLEBOIO
cryctka @30 mm.

6) PasMepsl MIOro ceyeHus KoMpLa ap, a; = 2 + 4 MM.

7) Pabouwmit cnektpansupiii quanason AA = 1 + 40 Mxm.

8) HanpsiXeHHOCTs MarHMTHOTO mons BG/IM3M OKHa BHIBOAA CHHXPOTPOHHO-
ro uinyyenus H = 100 B,
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HHTEHCHMBHOCTh CHMHXPOTPOHHOTO  H3IyYEHHs  YIbTPApeIATHBHCTCKOrO
(v/c =P ~ 1) snekrpoHa, HABHXyLErocs MO KPYroBod opOUTe B MarHUTHOM
nosne H, npouHTerpupoBaHHas N0 CIEKTPY M YIJlaM M3JIydeHHsi, paBHa

W= 2 ¢*H 2
3 23
myc
rme y=(1 - BZ)" % _ PENSITUBUCTCKUI (aKkTop, e ¥ m, — 3apsil M Macca

3JICKTpPOHA.

Ina xonpua paguyca R ¢ TokoM J NonHas MOMIHOCTh CHHXPOTPOHHOTO HU3ITy-
YeHUs paBHa

A
: a4 Y J [xkA]
W [BT1] = 6:10 R o] (10)

TpuBeneM TUNHYHBIE ITapaMeTpPbl JIEKTPOHHOTO KOJbLa B aare3arope
KVYTH, onpepensiomuye HHTEHCUBHOCTh CHHXPOTPOHHOIO H3/Ty4CHHSI.

DHeprud EKTPOHOB E/ m002 =y=136
Panuyc op6uThH R=35cMm

Tok Konblia J=0,5 kA
Pamnyc ceyenus Kolbla r=20,25 cMm.

U3 suipaxenus (10), nmoacTasiss yKa3aHHbIE BEJIMUMHBI, MOXHO JIETKO NO-
JIyYUTh CYMMApHYIO MOLIHOCTh CHHXPOTPOHHOIO H3/y4€HHs OT KOJbLEBOIO
97IEKTPOHHOTO CTycTKa, KoTopas cocrasiser W = 150 Br.

2.1. OcHoBHbIe H3MepeHna. MeToxpl U3MEpeHHi MapaMeTpoB BJIEKTPOHHO-
ro (3MEKTPOHHO-MOHHOI0) KOJIBLIEBOIO CIyCTKa WUTIOCTPUPYET puc.3, rue mnoka-
3aHa TEOMETPHsI MCIYCKAHUS ¥ PacTIpOCTPaHEHHst CHHXPOTPOHHOIO U3JIy4eHHs M
PAcnoIOXeHHe OTHOCUTENIBHO KOMBLEBOrO CTyCTKa PasjIMYHbIX NETEKTHPYIOILHX
cHCTEM.

H3mepenue uucna snekmponos. MeTonMKa H3MEPEHHS YHCIIA 3JICKTPOHOB
[5,20] ocHoBaHa Ha MPSIMOH 3aBUCHMOCTH WHTEHCHMBHOCTH CHHXPOTPOHHOIO
M3JIydEHHS OT YKC/Ia 3JIEKTPOHOB UM U3MEPEHUH 3TOM HMHTEHCHBHOCTH, MPOBO-
IIMMOM B CTIEKTPaIbHOM 06nacTi A >> A, KOIIa HHTEHCHBHOCTb M3IyYEHHs Clla-

00 3aBUCHT OT SHEpruM 1eKTpoHoB [19,25]. Uanyyenne perncrtpupyercs netex-
TOPOM, NPOKATUOPOBAaHHBIM HA UCTOYHHMKE C M3BECTHBIM CIEKTPOM M3JIy4€HHS U
HUHTEHCUBHOCTBIO. [leTexTop MOXeT ObITh KaK OJHO3/JEMEHTHBIM, TaK M MHOIO-
sneMeHTHBIM. PaspaboraHo 1Ba MeTOJa U3MEPEHUSE HHTEHCMBHOCTH CMHXPOTPOH-
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Puc.3. Cxema, noschsiomas reo-
METPHIO UCITyCKaHHUS CHHXPOTpPOH-
HOTO M3MY4eHHS W ero perucrpa-
uuu: | — opbuTa 3MeKTPOHOB,
2 — uU3MEpUTeNh 4YHCIIA YaCTHIL
(MonuTOD), 3 — HETEKTOP YIIAOBOM
PacXoOMMOCTH  CHHXPOTPOHHOTO
uanydenus, 4 — JUIHHHOGOKYC-
HBIH ONTHYECKHH TPakT, 5 — ge-
TEKTOD-M3MEPHTEb  IEOMETPHH
KOJIBLIEBOTO CTyCTKa

HOTO M3Ty4eHHUs: NPUOIMKEHHDbIH, KOTa CHHXPOTPOHHOE U3TyueHHe H3MEpPSeTcs
TOJIKO B MCIMAHHOM IUIOCKOCTH aAre3aropa 2, M TOYHBIA, KOTOA CHCTEMa gaT-
YHKOB CHHXPOTPOHHOI'O M3/1y4€HMs OXBaThiBaeT GOJIBIIYIO YaCTh NIOTOKA CUHXPO-
TPOHHOTO H3/y4eHus 3 (B MPOCTOTE annaparypbl — JOCTOMHCTBO MEPBOTO CIO-
coba wu3Mepenuit). HemocraTok — OTCYTCTBHE ONEpaTHBHOM, WIS KAXIOro
MMITyJIbCA YCKOpHUTENs, UHGOpManuu 06 yIJIOBOM paclpefeieHMH CMHXPOTPOH-
HOTO H3TyyeHus. Heo6xOAMMOCT HCTIONIB30BAHHS M3MEPEHHOTO paHee, B JPYrHX
ceaHcax paGoThI YCKOPHTENs, YIIOBOTO paclpefesieHus i OLEHKH MHTerpaia
CHHXPOTPOHHOIO M3JIyYEHUs C HEH3OEXKHOCTHIO YXYILIAET TOYHOCTh U3MEPEHUS
TOKA 3JIEKTPOHOB B KOJIBLIE B 3TOM IIPOCTOM, C OXHMM JATUUKOM, BAPUAHTE H3Me-
penuii.

Jnst TOYHOTO W3MEPEHHS MHTEHCHBHOCTH, C YYETOM YIVIOBOFO paclpesese-
HHA CHHXPOTPOHHOIO M3/Iy4eHHs 9JIEKTPOHHOTO KOJbLA OTHOCHTENBHO €ro
MEIMaHHOH IUIOCKOCTH, pa3paboTaH JETEKTOp B BMAE OAHOKOOPAMHATHOTO 6/10-
Ka CBETOYYBCTBUTE/IbHBIX 3JIEMEHTOB, YCTAHORIEHHBIH B NPSIMOM Iy4Ke CHHXpO-
TPOHHOTO H3JIy4CHUS NMEPNEHIUKYIAPHO BJIEKTPOHHBIM opOuram [14].

H3mepenue zeomempuueckux napamempos xonsua B amresarope [12,13]

CBOIMTCA K ONPENCNCHHUIO €ro pagHyca Ru pPasMEpPOB Malloro cedyeHus aZ 44 aR.

MeTon M3MepeHMs OCHOBaH Ha WCIONB3OBAHWH HOBEHIUMX JOCTHXCHHH B
nHppakpacHoil onTHke M WHPAKPACHOH MHOIOKaHAIBHOM perucTpupyouiei
TexHHKe. OH 3aKJII0YaeTCs B TOM, YTO H300pakeHHEe MalOro CeYeHMs KONbla,
MONaBLUIEro B MOJe 3pEHHst ONTHYECKOro Tpakta 4, (okycupyercs Ha
YYBCTBHUTE/IbHYIO NMMOBEPXHOCTh AETEKTOPA C JINHEHHBIM PACIONOXKECHHEM BJie-
MEHTOB 5.
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H3mepenue y2n1080i pacxooumocmu CUHXPOMPOHHOZO U3Ny4eHuA. BaxHbm
NMapaMeTpoM JUTs JHArHOCTHKH KOJIBLEBOTO CIyCTKa B ajire3aTope SIBJISETCs yrio-
Bas PAacXOJMMOCTb CHHXPOTPOHHOrO H3jlydeHus B HaNpaBJIeHUH, NEPNEHIUKY-
NSAPHOM MEIMAaHHOM TIOCKOCTH KonbLeBoro cryctka. Ee usmepenue naer uHdop-
Mauuio 06 BHEPruM BNIEKTPOHOB M MX YIJIOBOM pacripefienieHun (GeTaTpoHHbIe
kone6Ganug). [N U3MepeHus PacXOMMMOCTH MyukKa M3Ny4eHHsS M CBA3AHHBIX C
3TOil PACXOIUMOCTbIO OCOOEHHOCTel pa3paboTaHa METOAMKA, B OCHOBE KOTOPOH
JIEXHUT MHOIOKpaTHas B TeYeHHE LMKJIa YCKOPEHUs PErHCTpaunss HHTCHCHBHOCTH
CHHXPOTPOHHOIO WIIy4eHHs Ha BBIXONE €ro W3 Kamephl Kommpeccopa ¢ no-
MOLBI0 MH(PAKPACHOTO AETEKTOPa, [IMHA KOTOPOro NepekpbiBaeT Go/bliyio
YacTh MOTOKA CHHXPOTPOHHOTO U3JIyYEHHS B HAMpaBRICHHH, NEPNCHANKYISIPHOM
IUIOCKOCTH BpAlLEHHs 3apsxXeHHbIX YacTul [5]. Meroauka no3sonser:

— OLIEHHUTb BEJIMYHHY SHEPTHHU EKTPOHOB B KONBLE;

— M3MepATb MOLIHOCTh CHHXPOTPOHHOIO M3JIyYEHHs C Y4ETOM €ro peanbHOro
YIJIOBOTO pacrlipefesieHust W TeM CambiM NOBBICHTh TOYHOCTb abGCOMIOTHBIX
M3MEpEHHIl YNCIIa IEKTPOHOB B KOJIbLIE;

— 110 XapaKTepy YUIMPEHHS YIIOBOIO pacripefeseHusl CHHXPOTPOHHOIO H3ny4e-
HHUA OHEHHTh 4acToTy GeTaTpOHHBIX Koje6aHWI 3NEKTPOHOB B KOJBLE H
MHTEHCHBHOCTb HOHHOW KOMIIOHEHTHI 3arpy>X€HHOIO HOHaMH KOJbLIA.

2.2. HugopMaunoHHO-H3MEDHTEIbHbIE CHCTEMB! JHArHOCTHKH NapaMer-
POB KOJIBLIEBOTO CIyCTKa B garesarope. JlHarHoCTHKa napaMeTpoB KOJIbLEBOTO
CIyCTKAa OCYWUECTBISETC OZHOBPEMEHHO HECKOJIBKHMHM  HH(OPMAUHOHHO-
M3MEPHTEILHBIMH  cHcTeMaMH  [26], peanu3yioUUMH  MepedYHCIEHHBIE Bbllle
pa3inuHbie MeTOAHMKH. CXeMa 3KCMEPUMEHTAIbHOW YCTAaHOBKM TMOKa3aHa Ha
puc.4. UHXeKTHpPOBaHHbIi B BAKyyMHYIO Kamepy aure3atopa | pesiTHBHCTCKHH
My4OK SMEKTPOHOB B MArHUTHOM [10JI€ AN€3aTOpa CBOPAYMBAETCS B KOMbLO 2.
Bpamwasico B MarHMTHOM [I0jie, 3JIEKTPOHbl 4acTb CBOEH 3HEPrHH TEPAIT Ha
CHHXPOTPOHHOE M3TyuyeHHe 3, MAKCHMYM CEKTPaIbHOrO pacrpeieieHHs KOTo-
POTO CMelIaeTcs MO Mepe CXaTHs KOJbLa W3 PaMOvacTOTHOTO AManasoHa B
6nuxHiolo HHGpakpacHylo o6GiacTs, TA€ W CTAHOBMTCA [AOCTYMHBIM 11
PETHCTpAlMM  JOCTAaTOMHO MPOCTHIMM B  3KCIUTyaTaUuMd HMH(PaKpacHbMH
¢oTonpreMHHKaMH.

B KOHCTPYKLMM KOMIIpECcopa NpeaycMOTpeH naTpy6oK uist BbIBOAA CHHXPO-
TPOHHOTO KIY4eHHsl, OCb KOTOPOIO pacrojiaraercs Mo KacarejbHOH K 3JIeKT-
POHHOMY KoqbLy pamuycoM 5 cM. CHHXpPOTPOHHOE MITyYEHHE 3JIEKTPOHHOrO
KOJIbLIA BhIBOAMTCA M3 Kommpeccopa KYTH uepes cnennanbHoe unHdpakpacHoe
OKHO 4 ¥ PErHCTPHPYETCs CBETOYYBCTBUTENIHBIMU 3JIEMEHTAMH AETEKTHPYIOLUMX
GOKOB.

C y4eToM CHEKTPaIbHOM 0COGEHHOCTH PErHCTPHPYEMOTO CHHXPOTPOHHOIO
M3NyYeHHMs, 3aKJIIYAIOUIEHcs B €ro LIHPOKOMOJIOCHOCTH, Obul npoBeaeH Tiia-
TenbHbi oT6Op onTHYeckux MarepuanoB [27—30] ¥ JETEKTOPOB M3ITydeHHs
[31—37], oTBeualomux TpeGOBaHMAM U YCIOBHAM PaboOTaloIEro YCKOpPHTEs.



UHOPAKPACHAS CHHXPOTPOHHASI JUATHOCTHUKA 811

Puc.4. CxeMa sKkcriepUMEHTaTbHOM yCTAaHOBKH: | — are3aTop (KOMIIPECcop)
QMIEKTPOHHBIX Kojtell, 2 — SIEKTPOHHOE KOMBIO, 3 — CHHXPOTPOHHOE M3NTy-
ueHHe, 4 — OKHO, 5 — ONTHUYECKHil TPaKT, 6 u /0 — MHOrOSNEMEHTHEIE
HeTeKTHpytowue Onoky, 7, 9 u 11 — ycunurent, 8 — npUeMHHK-MOHHTOP C
YYBCTBUTENBHOM IUIOIAnkio S ’, /2 — KOHTPONBHEI HCTOYHHK (CBETONMON),
13 — 6noxu o6pabaTbiBaIOWIEN 91EKTPOHHKH

Jlnst BBIBOIA CHHXPOTPOHHOTO M3JIy4eHUsl H3 KOMMPECCOPa HCIIONMb30BAIHCH
okHa [7,9] u3 pasTHYHBIX ONTHYECKUX MaTtepuanos [27,30].

BriBenenHoe u3 aare3saTopa CHHXPOTPOHHOE H3TyYeHHE DPETUCTPHpYETCs
TPEMs HE3aBUCHMbIMM HH(PAKPaCHBIMH JETEKTHPYIOIMMH CHCTEMamH, obpasy-
IOIMMH €IMHBIH WH(OPMALMOHHO-U3MEPUTENbHBIN KomIuteke [21]. Kaxnmas uz
CHCTEM BBINONHAET CBOW0 KOHKDETHYIO 3amady, paboTas CHHXPOHHO B €IMHOM
Macuitabe BpeMeHH.

YCTpoHCTBO ¢ ONHO3MEMEHTHBIM JETEKTOPOM 8 MpeHa3HAauYeHO IS H3Me-
peHus abCOIOTHOTO YHCIA BIEKTPOHOB.

Jtst n3Mepenus reOMETPHYECKHX I1apaMeTPOB KOJbLA MCIIOB3YETC CHCTe-
Ma C MHOTO3JIEMEHTHbIM KOODAMHATHBIM JETEKTOPOM 6, paclOJIOXEHHBIM B
dokyce onTHYeCKOro KaHana 5. YIIoBas paCXOAMMOCTb CHHXPOTPOHHOIO HTy-
YEHHA M €r0 HMHTEHCHBHOCTb M3MEPAIOTCS C MOMOIUBK HH()PAKPACHOTO KO-
OpPIHHATHOrO AeTeKTopa 10 C MMHEHHBIM PacHONOXEHHEM DJIEMEHTOB.

TonyyeHHas OT M3MePHTENBHBIX cHCTeM MH(OpMalys, cobpanHas i opa-
Gorannas B Gnokax I3, Kyna BXOGMT 1 DBM, CYIIECTBEHHO MOBBILAET oburyio
TOYHOCTb M MH(POPMATHBHOCTD U3MEPEHMIL.

BbiGop AETEKTOPOB M1 CHCTEM AMArHOCTHKH ONpENEHNETcSs HHTEHCHB-
HOCTbIO W CHEKTPalbHbBIMH CBOWCTBAMHM PErHCTPHPYEMOrO CHHXPOTPOHHOIO
M3Iy4EHNs, a TAKXE YCIOBHAMU PaGOTH KOIEKTHBHOIO YCKOPHUTES.
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Tabnuua. CpaBHHTeIbHbIE JaHHbIe MHGPAKpPacHBIX (POTONPHEMHHKOB,
MCITOJb30BAHHBIX B KayecTBe JeTeKTOPOB CHHXPOTPOHHOIO HIIydeHHS

Tun Pa6ouas |Pabounii  |Hure- Temuosoe |Huepuu- |[loporosas
NPHEMHHKA |TeMie- |CneKT- rpaibHas |corpo- OHHOCTh, |UYyBCTBH-
parypa, |paibHBIi [YYBCTBH- |THBIEHHE, |C TEJLHOCTb,
K QUanasoH, |TeNbHOCTD, |OM Br-Tu %
MKM B-Br”!
®oronmon Si 295 | 03+1,1 — — 1078 10712
Mupoanextpuk | 295 | 0,4+46 |2 + 5)-102 - 106 |2+ 10)-107"
LiNbO,,
CdHgTe
®otoconpo- 295 1 09+46 103 104 21076 51078
TuBneHue PbSe
MoToconpo- 77 1 07+59 | 3104 2105 1076 1010
THBaeHHe InSb
®doToconpo- 7 2+85 | 1410 210 1078 1,6-10710
THBIIEHHE :
GeAu
(PCr-22-3A1)

Hpu BblGOpC ACTEKTOPOB OCHOBHBIMH TpeﬁOBaHHﬂMH ABJIAIIUCDH!

1) BbicoKas cheKTpaibHasd YYBCTBMTEJIBHOCTb B 0O6SacTH [JIMH  BOJIH
A =0,4 + 40 MkM;

2) BpeMeHHGe paspelueHue (6victpopeiicteue) T < 0,1 + 5-10'6c;
3) mpocToTa B 3KCIUTyaTallHH (OTCYTCTBHE CJOXHBIX KPHOTEHHBIX CHCTEM).

BrUtH paccMOTpeHB! pasTHuHble TUNBl HHGPaKpacHbIX PHEMHHUKOB M C yde-
TOM Ha3BaHHBIX TpeOGoBaHMI MpeLTOXEHb! NATh (POTONPHEMHHKOB, HCIOIB30BAH-
HBIX B PadIM4YHBIX MOAH(HKALMAX ONHOINEMEHTHHIX M KOOPAWHATHO-
YyBCTBUTEJIBHBIX AETEKTHPYIOIMHX 6l0KOB, BHINOMHSIOLMX KOHKPETHYIO 3a1auy H
4yBCTBUTENIBHBIX B 3aJaHHOM y4acTke MH(pakpacHoii obnactu criektpa. OCHOB-
HbIE€ XapaKTePHCTHKH BhIOPAHHBIX (POTONPHEMHHKOB MpPHUBENEHH! B Tabulie.

Kpome cranpaptHoro toronpuemMuuka ®CI-22-3A1, cepuitHO BbinycKae-
MOTO TPOMBILIEHHOCTBIO, BCE OCTaJIbHBIE JETEKTOPHI B3AThl JTHOO W3 Mepcrek-
THMBHBIX paspaborok corpyanuyaiomux ¢ OUAH opranusaumii, nu6o paspabora-
Hbl ¥ u3rotosyieHsl B OMSIU. JletekTopbl Ha OCHOBE NMHPOJIEKTPUKOB pa3pabo-
tanbl B Texnuueckom ynusepcurere, pesneH (l'epmanus) u ucnons3osansi [11]
B paMKax MexayHapoxHoro corpymaudectsa TY u OHUSIH.
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Perucrpanus CHHXPOTPOHHOIO M3Iy4eHHs 3NEKTPOHOB MOXeT BECTHCh
BCCMH H3MEPHTENBHBIMH CHCTEMAaMM ONHOBPEMEHHO JIM60 Kaxmol B oTae/b-
HOCTH. MHTeHCHBHOCTD M3nyyenus PETHCTPUPYETCS NETEKTOpaMH M BbIZAETCS Ha
BbIXOZIE B BHJIE aHAIOTOBOIO CHTHAA, KOTOPBIN MpeaBapuTeNbHO YCHIUBaETCs [0
HEOOXOMMMON BETHYMHBI U O KabebHOI JIMHUM CB3M MogaeTcs Ha nyJjasT yn-
PaBlIeHUs yCKOpHTeneM, rie npeobpasyercs: B uupoBoii koa v o6paGarsiBaercs
Ha DBM. HUsmepurensusie xaHais TIO3BOJIAIOT MHOrOKpaTHO (10 10 pa3) B Te-
YCHHE UMK/IAa CXaTHd KoJblia B KOMIIpECCOpe  yCKOpHTess perucTpuposars
MHTEHCHBHOCTb CHHXPOTPOHHOTO HITyYeHMs. Hnutensnocts crpoba H3MEpEHU
0,1 Mxc. Uureppan BPEMCHH MEX1y COCEAHHMH M3MEPEHHAMM MOXeT MEHSTHCH
or 100 MKc M Bbuue npu nonuoii ATMTENBHOCTH  MMITYJIbCA CHHXPOTPOHHOIO
H3jlyyenus ~1 Mmc.

Brinenennas nmynkrupom na puc.4 yacTh GIOK-CXeMbl OTHOCHTCS K HNETEKTH-
pywolleii annapartype, pasMelueHHoi B YCKOPHTENIBHOM 3a1€ B HENOCPENCTBEH HOI
6nusoctu or QAre3aTopa KOJIEKTHBHOIO YCKOPUTEI,

3. BLIBOA H TPAHCIIOPTHPOBKA
CHHXPOTPOHHOI'O HITYYEHHS

Mpouecc Hepaspywaiomeii AHArHOCTHKH  YCKOPSEMOIO MNyyKa Mo ero
CHHXPOTPOHHOMY M3NIY4YeHHI0 BKJTIOYAET B ceGs ONepaumio BLIBOAA CHHXPOTPOH-
HOTO M3INy4eHUS U3 BaKyyMHOIi Kamepbl YCKODHTESIS C MHUHUMANBbHO BO3MOX-
HBIMH MOTEPAMH 110 HHTEHCHBHOCTH BO BCeM pabouem criekTpanbHOM aManasone
(anuubl BonH B npenenax ot 0,4 go 40 MKM, COOTBETCTBYIOIUIME CHEKTPATbHOI
YYBCTBUTEJILHOCTH GOJNIbUIMHCTBA UCNIONIB3yeMbIX  [UIS  pealiM3alud  MeTONoB
HH(PaKpPacHoi CHHXPOTPOHHOI AMATHOCTHKM NETEKTOPOB MITydeHHs) NPH CO-

XpaHeHuH ryGoKoro Bakyyma (nyuwe yem 10~ mu pr.cr.). [Ipo6nema okown u
HX YIIOTHEHHii Bcerna Gbula BaxHOi B BAKYYMHOH TEXHMKE M KPHOreHMKe, B
TOM 4HCle M ans yckopuTeneii. Xopowas cnekTpanbHas Npo3payHOCTh B
LIMPOKOM IHanasoHe [UIMH BOJH, BBICOKas TEPMOCTOUKOCTb, MJIACTHYHOCTD U Me-
XaHW4eckad NPOYHOCTb, NPH MUHUMAILHOM ra3onponyckaHuu U cobCcTBEHHOM
Ta30BblNCNICHHH, fenaloT npobieMy OKHa OHOI M3 TTIaBHBIX, €C/IH He peliaio-
weH, s obecrnevenns TMarHOCTHKH Tio CHHXPOTPOHHOMY H3anydeHuio. Hemano-
BaXHOE 3HAYEHHE MMEIOT CTOMMOCTb ONTHYECKODD Marepuana v ero gocryn-
HocTb. C yyeToM nmepeuncinenmoix TpeGoBaHuii paspaGorausl u anpo6HpOBaHb! B
YCKOPHTEJIBHO# NpaKTHKE OKHAa M3 PAJTHYHBIX ONTHYECKHX MaTepHAIOB: Mias-
JIcHOro kBapua Mapku KB 13 Buanmoii u Onuxmei (no A = 3,5 MKM) HH(ppa-
KPacHOH 4aCTH crekTpa; ¢$moopura (Can) Ang BUIMMOH W cpemneil (o

A=9 Mkm) HHPaKpacHoit yactu CIEKTPA; ONTHYECKO Kepamuku KO-1
(MgF,) nna A=0,7+9 MKM, KRS-5, ontuueckoii kepamukun KO-4 (ZnSe) u
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Puc.5. Paspes okHa B co6paHHOM Buue: | — OUCK U3
KO-1; 2 — onpaBa okHa; 3 — npuxuMHo# ¢anen;
/ / / 5 4 — natpy6oK BaKyyMHOH KaMephl, 5 — MeTaLinye-

/ cKas MpoKIafKa

ONTHYECKOIO 6C3KPICJIOPO,IIHOI‘O CTEKJIa MapKH

%\
4 I ) HKC 25 (GeSe) s ciexTpajabHOro guanaso-

Ha 10 A =40 MKM. DTH MarepHaibl HUMEIOT
XOpOLIYI0 MPO3payHOCTh B pabouMXx ydacTKax

# CIeKTpa W YIOBAETBOPAIOT TpeOOBaHMAM IO

K BaKyyMy. lnamerp okoH or 60 MM (mpu Toi-

Azl . wuue ot 4—5 g KO-1 u 7 Mm s CaF,) o
L LT 115 mm npu Tommuue 19 mm g KB.

s mporpeBaeMoil KaMephl YCKOpUTENs
CMEeUNATbHO pa3paboTaHO BBICOKOBAaKYyMHOE
OKHO U3 MOJMKPUCTAUIHYECKOTO (PTOPHCTOro
MarHus (kepammka onrtuuveckas KO-1) [7]
IU1s1 BBIBOJA WH(PPaKPacHOIO CHHXPOTPOHHOIO
H3JIyYCHHSI.

s repMETHYHOTO COYIEHEHMS OKHa M3
kepamukn KO-1 ¢ Meraruyeckoit onpasoi,
YIOBJIETBOPSIOLIETO YCIOBHAM CBEPXBBICOKOTO
BakyyMa, mnpuMmeHen weton audy3HoHHON
ceapku. [Ipu aTom onpobosaHbl IBa criocoba
coepunenus. [lepsriit 3axnoyancs B nuggysu-
OHHOM CBapKe C ONpaBOil FOTOBOrO, MPOLIEMINETO MEXaHHYECKylo 00paboTKy
mucka u3 ontuueckoil kepaMuku KO-1, a Bropoil — B COBMEIIEHMH ONepaLuii
W3rOTORIIEHHS ONTHYECKOH KepaMUKM H3 BBICOKOOHMCIEPCHOTO MOPOLIKA C
ofiHOBpeMeHHO# augdy3MOHHON CBapKOi MoNy4yaeMoil KepaMHKU C METalIuye-
cko# onpasoit. Bropoii cioco6 okazaica Gonee 5GEeKTHBHBIM 1 HATEXKHBIM.

Ha puc.5 noxasan pa3pe3 okHa B coGpaHHOM Bupe. KOHCTPyKTHBHO OKHO
npencrasiseT coboi MOoCKonapawieNnbHbii IUCK | U3 ONTHYECKOH KepaMUKH B
onpase 2 U3 HepXapewILel CTAIN C TOHKOCTEHHBIM ropoM. CBeTOBOH aHaMeTp
okHa — 70 MM mpu TonmuHe 4 MM. Buemnuii nuamerp onpasst 155 mM. Kpen-
JieHHe Ha BaKyyMHOH cHCTeMe 4 OCYLIECTBISETCS Yepe3 MEeTaLUIMYECcKylo Npo-
Ki1agky 5 ¢ nomousio npuxumHoro ¢uanua 3. Kpome yMeHbIUEHHS MeXaHU-
4eCKMX HanpsXeHMH B ONpaBe, TOHKOCTEHHBIH pasrpy3ouHbiii rop nosponser
YCTPaHUTh BO3NEHCTBHE KPYTALIEr0O MOMEHTA Ha CBETONPOIYCKAIOIIUIi JUCK NpH
KpEIUIEHMH OKHA K BaKyyMHOH CHCTeMe.
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Puc.6. INpuHumnuansHas onTHyeckas cxema: | — ceyeHHe 3JIEKTPOHHOIO KOJbla,

2 — BLICOKOBaKYYMHOE 3allIMTHOE OKHO, paboTaiowiee B WHpPaKpacHoi obmacti; 3 —
OTKJIOHsAI0ILEE 3epKato; 4,5 — ciepuyeckHe 3epkana; 6 — auacparMa; 7 — IUIOCKOCT
u3obpaxeHus

Ilns u3MepeHHs reoMeTpHYECKMX MapamMeTpoB JIEKTPOHHOTO KOJbLAa C
MOMOIBI0  CHHXPOTPOHHOIO  HM3/Iyd€HHs B CHEKTpalbHOil  obnactu
AL =03 +40 mxm (E ~20+13 M3B, R~4+8 cM) pa3paboraH M co3OaH
CrieUHIbHBIA ONTHYECKHMH TPakT [9] ¢ OTpaXawLUMKH aKTHBHBIMH 3IEMEHTaMH,
obecneyHBaloMMH  IHPOKOMOIOCHOCTh BCETO YCTPOICTBA H NO3BOJSAIOLIMMHU
PETHCTPHPOBaTh CHHXPOTPOHHOE H3NydeHHe B CHEKTPalbHON  o6nacTu
AN = 0,3 + 40 MKM. )

TpakT npeanasHauyeH wis paGoTh C PaVIMYHBIMH THIAMH MHpaKpacHbIX
OXJIAXIAEMbIX H HEOXJIaXAaeMbIX (DOTONPHEMHHMKOB, HO B OCHOBHOM C MO-
3aHYHBIMH MHOTOQ/IEMEHTHBIMH (DOTONpPHEMHHKAaMH M3 KPEMHMs, aHTHMOHHIA
uHaus (pabGouasi Temnepatypa Tpa6 = 77 K), cejeHHa cCBUHLA (TpaG =250 K),

NHPO3EKTPHKOB.
OnHuM M3 OCHOBHBIX YC/OBHii PaGOTbI MHOTO3JIEMEHTHBIX JETEKTHPYIOLHX
CHCTEM SRMISAETCS MX BBICOKas MOMEXO3ALUMILEHHOCTh OT HMIYJIbCHBIX 3NIEKTPO-
MarHMTHHIX MOMEX YCKOpHTENs. ITIaBHLIM HMCTOYHHKOM NOMeX SBISIOTCS
MarHMTHbI€ NON4 anresaropa. i ycTpaHeHHs MX BIAMSHHA HEOGXOZMMO MHOTO-
KaHalbHble HH(pakpacHsle doTonpueMurie ycrpoiicrsa (PI1Y) YCTaHaBJIMBATh
OT anre3aTopa Ha pacCTOSAHHM He GnHXe ABYX METPOB. DTo moTpeGoBaNo co3-
JdaHHs ONTHYECKOro KaHala C WIMHHOMOKYCHBIMH ONTHYECKHUMH BJIEMEHTAMH.
OTpaxaloiue 3nMeMEHTHI C IOBEPXHOCTBIO 3aMaHHO KPHBH3HBI H3TOTOBJIEHBI
u3 onTHieckoro crexna K-8, nokpeitoro cnoem cepebpa, HaHECEHHOIO MyTeM
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Puc.7. YacTOTHO-KOHTPACTHAas XapaKTEpUCTHKA OIl-
THYECKOIO TPaKkTa: @ — C LWIMHAPHIECKUM OTKJIO-

=~
L

008 l- ' HSIOILMM 3epKaIOM; 6 — C IUIOCKHM OTKJIOHSIOLUHMM
7 a 3epKa/IoM; V — KOJIMYECTBO TUHMHA Ha 1 MM H3006pa-
- \x XeHus, k — OoTHOcHTe/NbHOE HM3MEHEHHE KOHTpacTa
o0ul— s u306paxeHus NO CpaBHEHMIO ¢ obbexkToM: I — Mg

? \"\ ' LIeHTpa NoJs 3peHus, 2 — Ha Kpaio MoJs 3peHus

B X
0 ] \ !

u \8 v ,
-doz b ucnapeHus: B BakyyMe. Tak KakK ONTHYECKHH
\ TPaKT UCIOJIB3YETCS NMPH OTHOCHUTEIBHO MOCTO-

SHHBIX TEeMIeparype W BIaXHOCTH, TO IJid
~pp6lo—o 2 yMEHBIIEHHS [OTeph NPH  NPOXOXIECHUH
3allMTHOE TIOKPBITHE Ha HaNbUICHHbIH MeTa
He HaHOocWwIoch. KOpPOTKOBONHOBas TIpaHULa
k CMEKTPATLHOIO JHana3oHa oOycjlomieHa Kaue-
5 cTBoM 00paboOTKH OTpaXaloLHMX MOBEPXHOCTEH
3epKkal M MaTepUaIOM OTpaXalolero MoK-
poitud. B AnMHHOBOIHOBOI -06/acTH AManasoH
B orpaHuyeH paudpakuuei, NpuyeM IpaHULA
3aBUCMT OT  BEJIMYMHBI  OTHOCUTEJIBHOIO
OTBEPCTUS  CHUCTéMBl U JUIMHBL  BOJIHBI,
- ~——  Gopmupyonieii usobpaxenue.
0 ! 1 Ha puc.6 noxazaHa npvHUUIHaIbHAs OI-
4 § v THYeckast cxema. CHHXpOTPOHHOE H3JIyYyeHHE
OT 3JIEKTPOHHOIO KOJbLa / U3 BaKyyMHOH Ka-
Mepbl KOMIIpeccopa BBIBOTUTCS 4epe3 HHGpa-
Kpacnoe okHO 2. IlepBoe cipepuueckoe 3epkano 4 YCTAHOBJIEHO TaK, YTOOBI
o0bekT HaOnmofeHuss Haxomwics B ero ¢okyce. Tak KaK CHHXPOTPOHHOE H3JIy-
YyeHUe PpaclpOCTPaHSIETC: B Y3KOM KOHYCE, YIojl pacTBOpa KOTOPOrO paBeH
~ 1/, To BUOMMBIM OyHleT He BCe BMEKTPOHHOE KOJBLO, a TOJIBKO €ro ceyeHHe,
NMepNeHIHKY/IIpHOe ONTHYECKOH OCH cHcTeMbl. M306paxenue ceuenus Topa
crpoutcs B hOKalbHON IUIOCKOCTM BTOpOro ctepuyeckoro sepkana 5, rae pac-
TI0JIOXKEHA YYBCTBHTEJIBHAS NNOBEPXHOCTHh PErUCTPHpYIOIIero ycrpoicraa. Pokyc-
Hoe paccTrosiHHe oOoux 3epkan pasHo 1800 mMM. OTKIIOHAIOLIEE 3epKao 3 MEHS-
eT HampasJjieHHe onTHYecKoi ocu Ha 90°. IlepBoHauanbHO €ro MOBEPXHOCTH W
VICTIDABJIEHUS acTUrMaru3Ma cepudeckdx 3epkai, paboTaoliux B HaKJIOHHBIX
ny4ykax Jjiydeid, Obina npugaHa UWIMHIpHYeckas ¢opma. B mansHelimeMm s
NOJTyYeHUs] ONTHMATIBHOIO KauecTBa H300paXeH!s ONTHYECKas CXeMa YCTAaHOBKHU
Obuta HWccnegoBaHA  METOROM — YacTOTHO-KOHTPACTHBIX — XapakTEPHCTUK €
nomowtsio DBM. Ipu sToM 6bUIO YCTAHORIEHO, YTO HAWIYYLIEE KAuecTBO H300-
paxeHHUs TMony4yaercs NPH IUIOCKOM OTK/IOHAIINEM 3epKale, TaK Kak, Io-
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BUAMMOMY, acCTUIMaTH3M B OTNTHYECKOH CHCTeMe YCTaHOBKH JeiicTByer cnabee,
yem apyrve abeppauuu (cepudeckas, koMa ¥ T.4.). COOTBETCTBYIOIINE YaCTOT-
HO-KOHTPACTHBIC XapaKTEPUCTHKH NMOKa3aHBl Ha puc.7. Y3 pucyHKa BHMIHO, YTO
€C/TH NMPHHATH 33 KPUTEPHii CHUXEHUS KOHTpacTa B H3oOpaxenuu yposens 0,02
(BU3yallbHOE pa3spelleHue), TO IPH HCMOJb30BAHHA LMJIMHAPHUYECKOTO 3€pKaTa B
Me[IMaHHOM TIOCKOCTH yCTaHOBKH (IUIOCKOCTb YepTexa) paspeliarnas crnocob-
HOCTb OTITUYECKOW CHCTEMBI COCTABUT 5—6 NHHHI/MM B BUIMMOM ONTHYECKOM
JHana3oHe JUIMH BOJIH.

OnHO M3 HOCTOUHCTB BBIOPAHHOI CXEMbl — Maiible MOTEPH U3TydeHHs TpH
MIPOXOXICHUH Yepe3 ONTHYECKMH TpakT. Onu cocraensior MeHee 4%. D10
AOCTHraeTCsl 3a CYET BBHICOKOro KoaduuMeHTa OTpaXeHus cepeGpa B CIIEKT-
panbioit o6sactH AA ~ 1 + 40 MKM 4 B CBS3M C OTCYTCTBHEM 3aLMTHOTO MO-
KPBITHS Ha OTPAXAWIIHMX IOBEPXHOCTAX. B OCHOBHOM MOTEPH CHMHXPOTPOHHOIO
U31YYCHHUs OINPEAE/A0TCS MatepuanoM uHdpakpacHoro okHa (qo 40% moreps)
¥ MaTEPHATIOM OKHa NMPHEMHUKA. ’

Ceerocuna cucteMbl cocrasnser 1:21, yBenuwueHwe —1x, paspemraomias

CIoCOGHOCTh B (DOKATHHOM TUIOCKOCTH M Ha paccTosHu + 15 MM oT Hee 7 MM ™!

(na paccrosHuu * 20 MM oHa paBHa 5 MM"I).

IIpenycMoTpena BO3MOXHOCTh HCHO/NB30BAHUS PAXIMYHBIX THIIOB PETMCTPH-
PYIOILMX YCTPOHCTB Uit BUAMMOM 1 HH(pakpacHoi obnactu. YCTpoicTBO B BUme
OTHENNPHOIO y3Jla KPEMHTCS Ha XECTKO# onope kK GeToHHOMY ocHoBaHMIO. Bce
ACTAIH W y3JTbl BBIMOJIHEHB! M3 HEMArHUTHBIX MaTepuanoB. OTCyTCTBUE XpOMATH-
yecko# abeppaliuu MO3BONISIET BECTH HAIAAKY NPUGOpa M €ro I0CTHPOBKY B BHIH-
MoOii obnactu onTuueckoro crektpa. [lnd npoBemeHus TO4HON (HOKYCHPOBKH
cepuueckue 3epKana MOTyT epeMeLIaTbes BAOJIb ONTHYECKOH ocH Ha £ 50 MM.

Tonsko 6nmarogaps ®TOMy, CTOJIb IIMPOKONONIOCHOMY ONTHYECKOMY TPaKTy
CTA10 BO3MOXHBIM BIEPBHIE HA KOJUIEKTMBHOM YCKOpHUTesie OOHApyXuTh M 3a-
PErucTpUpoBaTh CHHXPOTPOHHOE H3IYyYeHHE, MHTEHCUBHOCTh KOTOPOTO BHAyaJe
ObUia CTONL MasIoi, a CIEKTP UITYyYEHHsl CTOJb HEONPENENICHHBIM, YTO €3 ONTH-
YECKOTO YCHJICHHS H BO3MOXHOCTH PETHCTPHPOBaTh HM3IyYeHHE B LIMPOKOM
AManasoHe JUIMH BOJIH OOHAPYXHTh CHHXPOTPOHHOE U3lydeHue Opu1o Gbl HEBO3-
MOXHO.

Hns cnextpansHo#t obnacty AA =1+ 8 MkM Obula co3gaHa 3epKallbHO-
JIMH30Bas onruyeckas cucteMa [8]. Bribop onTuueckoii cxemsr onpenenuics Ha
OCHOBE CIleyIOIUX YCJIOBHH: TONE 3PEHHS CUCTEMbl B INIOCKOCTH 0OBeKTa
@30 MM, Bce M3jTydeHHe, IONAJAICLIEe HA BXOAHOH 3PAuOK CHCTEMBI, [OIXHO
ObITh COOKYCHPOBAHO HAa UyBCTBMTENBHOH MOBEPXHOCTH HETEKTOPA DasMEpoM
2 X 2 MM. DTa cxeMa NpejCcTaBieHa HA pHC.S.

Metoanka pacuera HogoGHBIX CXeM AOCTATOYHO XOpowO paspaGoTaHa B
pane pabor [38—41]. CucteMa cocTouT U3 0OBEKTHBA 2, KOJIEKTUBA 5, ycra-

HOBJICHHOTO B IUIOCKOCTH M300pakehHs, CO3[0aBaeMOro oGbeKTHBOM 2, M JBYX
nocepebpeHnsix 3epkan 3,4.
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Puc.8. TIpHHUMNHAILHAA ONTHYECKAA CXEMa 3ePKaIbHO-JIMH30BOH CHCTe-
Mbl: | — BbicokoBaKyyMHOe 0kHO u3 KO-1; 2 — o6wexTus; 3, 4 — orkio-
HAIOLUME 3epKana; 5 — KoJUIeKTHB; 6 — HH$pakpacHbIil JeTEKTOp

KomnextdB 06pa3yeT Ha 4YYBCTBMTEJbHOH TNOBEPXHOCTH TNpHEMHHKa 6
yMeHblLIEHHOe H300paXxeHHe BXOOHOINo 3payka CHCTeMbl, KOTOpBIi HaXOAMTCS
BOJIM3H IIaBHO#M MiockocTH oObekTHBa. IIpH TakOM pacnonioXeHHH KO/UIEKTHB
CO3JacT 3aCBETKY NMPHEMHHKA MO BCEH €ro IUIOIIagH, TEM CaMbIM HCKJIIOYAETCs
RIHSHHE HEONpPEeNe/ICHHOCTH, CBA3aHHOW C HEPaBHOMEPHOCTBHIO YYBCTBHMTEJIb-
HOCTH NPHEMHHKA 10 €0 NOBEPXHOCTH H C H3MCHEHHEM ITOJIOKEHHSA HCTOYHHKA,
KOTOPbIM SIBISIETCS CEYCHHE ICKTPOHHOIO KOJIbHA, B IOJIE 3peHHs cucTeMbl. B
BbIOpaHHOH CXeMe C KOJ/UIEKTHBOM, ODecreyuBalolieil pacnofioXeHHe NpHeM-
HHKa B IUIOCKOCTH BBIXOZHOTO 3payKa, HE NMPOHCXOOHT fepeMellieHHe u306pa-
XEHMs MO YYBCTBHUTEJIBHOH NOBEPXHOCTH MpPHEMHHKA NPH H3MEHEHHH YIa
NafieHHs JiydeH Ha BXOOHOM 3pavoK cHcTeMbl. TakuM o6pa3oM, HInydyeHHe OT
HCTOYHHKA, NMOMABLIETO B M0JI€ 3PDEHHA CHCTEMBI, OyIeT 3aperHCTpHPOBAHO He-
3aBUCHMO OT MECTOHaXOXICHHS HUCTOYHHKA.

B 3epkanbHO-JIHH30BOH CHCTEME BCE aKTHBHBIE 3JIEMEHTH (JIMH3bI) BHINOIHE-
Hbl M3 onTHyeckoil kepamuku (MgF,, ZnSe, CaF,, BaF,, LiF) 6eckucnopoaubix

crekon. PaGounii muanaszon mimH Bome 1+ 8 MM, ¢okycHoe paccrosHue
320 mM, ortHocutensHoe oTBepcTHe 1:5,3, raGapuThl ONTHYECKOH CHCTEMBI
290 x 300 x 100 mm.



omqrod € goHodi¥owe owdMh udu A8 Ol+, Ol =f IoKIEELO0D
Wo p =y enduod aokuired udu sMHOKALEM 0JOHHOALOAXHHO ILOOHEMOHILHY]
"HOIIOHY M douHndl BH KOLKTOAME WEE 8 HYLogedQo dIro0N
unHadoOWE 191BL9IkEdd ‘GG O MUHHL el oikmoreroged H [pp—zp] MVIAV
dudernerd @ OKHHOHIOUNE ‘C] AWOLOMO OIKHIIOLMAOWEH § MEKEO MHHHIC HOH
-q19geX ol KoLorewadau M [ A[] XEIdLHIHoATedu eH KoLoreaHIMoA oHdwaiudes
-rodu 29doLoN ‘MIEHIMO auNooRHdLYGIE § SMHORALEM Lokeedgoodu dowxouayy
(UA9) wonnomowadou kuuoraeduk wovorg srawndoxok suxorseduk eiawku o
OHHC KoL duk u um duyore exuroLo Yoaud|] ‘WK [Q
OI9LOOHROL O BIION KHHIXedQOEH HId0MooKN 8 XsuHorgediren xiaHdBLANHTHAL
-dou oHWMess XAdr 8 Kodreanarodol LoXOW MI9OLON ‘ONHIOLO WOHIIEHNIAIO
BH HOUGOHeLdA doivolor eivedl OJONOSRHMLIO KHHOdE orrOU W90E oF yuuHad
-OWEH KHHOIagOdL KLY "WW ()¢ Hoed KHHONOIGEH BLYOIQO0 HLOOMOOI € eLveds
kuHade Krou dLSWeHY! *[:] HMHOMIOHLO & 9 (KDYT) KMHORALEH oloHHOdLOdXHMO
edoLxa1aY 9100300KM 8 kAU oJonHOdLNowe 1dowsed ioewadou HQ W (%4
HOHMIM ¢ 1¥edL MHNOOhHMLLO-OHIIENdOE  LOBNRLOU M 4 OHNO OOHYIEHNIALO
€3doh 80HOM X9IaXKL KIroLndoNoA edooooduwoy 1IdoweN HOHWAKYe €1 KOLUYOE
-198 H10e1rg0 HoHoedieddun M HOWMTME & oMHORAIEM SoHHOdLOdXHHD)
'V'Qﬂd BH I9HRELRIOU OHhHLEW
-9X0 I9WALOMD I9LHOWALE JIMHEOHO() 'MILON XIMHHOH-OHHOALYOUE KIaLudoxok
KUl OHILRHIIONO Helreod M Heiogedsed wi9doioX ‘iNedl WMNOSRMLLO HiaHORdX
-edbHM LHYOXE I9WOLOMD HELO0D g 'BNOLQ OIOHLEHHIAOOMOHYO OIOHLHAWAIE
-OIOHW IHE € HOHLOLIYE dOLYOLOYf ONI9UON € YIMLOBh MIOOHLOLT KHHALSYodL

-oed H e319K10 oI > (un “Zp) oJorrew god d ‘(uudorxoedi-y)
EHLeXO 90ooomodu 8 y enqrox eokured dowen k1T W eHIrodu
‘BHHORALEM OJOHHOdLOodXHMO doredioniad HIHILEHENOIOHW OLe — KHIEXO

013 MYHWEHHY H endrroy godioweden xuxoonudLonoar KHHOdOWEH BWOLOMD)

VILOAID OJOFANIION
GOdLANVAVI XUADARMILINOAI AUHAJANEH v

‘eLHOWHdaIONE
0JOHIIALHAONIA HWEHHERE0QIdL O HHELOLAELO0D 8 MXMIOOHIEHY HOHHOdLOdXHHO
nonoedxedpun  (WIW  (Op + ¢°0) 9wooHoowouovodum  oikHarediNeUd  OIKH
-9UeNHHA 91MROLOSQ0 LOKLOGEOU BXHLUO KeHHelogedeed ‘Wogedgo WHNE],

‘edeoiq]r erkooo
HLOBh HOHXHH X koLMuady o1odoioX LHowowe u MaLOgAh ‘9 d
WOLOEe WIITMX OJOWORIXEXO Al0ged 9LMROLOAQO 19Q0Lh ‘OIOL KI 9%
-Yel & ‘OHHUIA OUl IWALOHO HONOAKHLLO 1iudegel eced eall 8 SLUMIHOWA 19Q0Lh
‘0JOL KU AWSXO OIANOShHMLILO € pHE ML X xdog

618 VIMLOOHIVHI KVHHOdLOdXHHO EVHOVAIVAOHH



820 MAJIBLIEB A A.

- Puc.9. MHor THBIE JETEKTOpPbl M3
InSb (1) u PbSe (2) c 6nokamu npemycHIMTe-
Nieit ¥ cUCTeMaMH OXJIAXAEHHA

N, = 10'0+10'% u NP BHEPrHH JJIEKT-
poHos E,=19 MosB. Bpems Xusuu

KOJblla Ha JaHHOM paauyce U Maibie
pasMepbl JIEKTPOHHOIO ny4ykKa onpeje-
JIVTACh  9KCMEPHUMEHTAIBHO W paBHBI,
cootBeTcTBeHHO, 0,3 +0,5 MC U <6 MM.
Ipu 3TOM CMEKTP MITy4EHHs COCPeNo-
TOYEH B OCHOBHOM B HH(ppakpacHoi
obnactu ¢ MaKCHMYMOM Ha JUTHHE BOJI-
Hbl 1,23 MxM [4]. M3 cka3aHHOro Bbilue
crieayer, 4TO B CHCTEME MCIONb30BaHBI
HETEKTOpPbl CHHXPOTPOHHOIO H3Ny4eHHs
(cBeTa) M3 Ce/IEHHa CBHHUA H CYPbMS-
HHUCTOIO MHAHS, YTO NO3BOJIMNO obecne-
YMTb  JMArHOCTHKY  HH(pakpacHoro
CHHXPOTPOHHOIO MTyYeHHs B AHANA3OHe WIHH BONH A A ~ 0,7+6 MKM.

HUHTEHCHBHOCTD CHHXPOTPOHHOTO HITyYeHHs H3MEPAIach C MOMOLLBIO 3THX
MHOIC ITHBIX ¢pakp 1X oTocc #, YHCIO KOTOPhHIX, B
3aBUCMMOCTH OT TPeGyeMOH TOYHOCTH H H3MEPAEMbIX NapaMETPOB, MEHSJIOCH OT
10 no 50.

JIns M3MEpEHHs FEOMETPHYECKHX NMapaMeTpPOB IEKTPOHHOTO KOJbLA B aire-
sarope npororuna KYTH Gbiia paspaGotaHa M cO3laHa MHOroKaHaibHas

&

¢op -H3MEPH cucrema [12] ¢ 50. THBIM OXJIaX,
HH(PaKpacHBIM AeTeKTOpoM H3 ¢ T e i -

p P
KEHMEM 3JIEMEHTOB, MW3IOTORIEHHBIX M3 n-InSb. [lManaion cmexTpanbHO#H
4yBCTBUTENbHOCTH AeTekTopa AA=0,7+5,9 MkM. Pasvep kaxaoro anemesTa
0,2 x 0,4 MM, a obwas wikHa NHHeHKH 20 MM. JleTeKTOp OXJIaXHaeTcs A0 TeM-
TepaTyphl XHAKOrO a30Ta, MPH KOTOPOii €ro 3/IEeMEHThl HMEIT TEXHHYECKHE Xa-
PAKTEPHCTHKH, TP B [31,45]. C KPHONeHHasi CHCTEMa 1103-
ponsieT ofecrieunBaTh HenpephiBHYI0 paGoTy AeTekTopa B Tedenue Gonee 4 ua-
coB. Ha puc.9 npexncrasnen o6luii BUI AETEKTOpa C KPHONEHHOH CHCTEMOH H
6I10KOM NpeyCHIHTENEH.

Bces cucreMa PErucTpaliid CHHXpOTPOHHOIO HITYYEHHS KOJIbLA 3JIEKTPOHOB
YCKOPHTeNS TAXENbIX HOHOB pXHUT 12 MHGOp KaHaloB, H Ha
KaX/blii KaHal MOXeT paboTaThb 0 5 3/IEMEHTOB JETEKTOpA, CHIHAIBI KOTOPBIX
CYMMHPYIOTCH B CXEM€ NPEXYCHIIHTENS.
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TpeGyemoe Bpems curnan «Ilyck» u (opmupyer U3 Hero cTpoG JIMHEHHBIX BOPOT
(CJIB) pnutenbHOCTBIO £ > 1 MKC, MO KOTOpOMY unopmauus ¢ Beixonos JIB

nocrynaer B 610k ananorosoit mamsti Al ITo okonuanun curnana CJIB sanyc-
kaetcs B paGory 610k ynpasnenus BY. OH NOIKITIOYaET MOOYEPENHO KaXMIblit
KaHan aHanorooii mamatu AIl k Bxomy aHaioro-uugpoBoro npeoGpasosarens
(ALITT) 1 reHepupyet AN Hero KoManjy Ha npeoGpasosanne (IT) LMTENEHOCTHIO
t.=1 mkc. Bo Bpems npeo6pasosanus ALITT Boaneiictyer Ha BY curnaiom

«mepTBOTO» Bpemenu MB, no cnany koroporo BY ¢opmupyeT KOMaHAy 3aUCH
3116 npeoGpasopantoii B uugpoBoil Kox HopMauun B 6nok Gydeproii
namstu (BIT). Komanna 3116 3asepuwaer u3Mepenue u npeoGpasosannue ungop-
MaLMK. OHOTO KaHana CHCTeMBI, Tocie yero BY moakmouaer x AUIL cneay-
OLMii KaHan aHanorosoii namsmy. Ilocne 3anecenus B BI1 gaHHBIX mocnenHero
kanana 6ok AIl dopmupyer curnan okonuanns onpoca (KO), kotopbiii nmocsie
pasBeTBeHHs Ha G10ke pasMHOXHTens (P) ocraHamnuBaer pabory BY u 3any-
CKaeT CNELKOHTPOILIEP, a Yepe3 3alepXKy OYHIIAET aHATOroBylo mamsTh. Crieu-
KOHTpOJUIEp OpTaHM3yeT pexuM 610uHOl nepemaun pannbix u3 BIT B namsrs
DBM. BydepHas namsTh OYMIIAETCS B Hauale UMKJIA M3MEPEHHIi MO KOMaHue
«[Tyck».
IMonHoe BpeMs u3Mepenwuii u nepenaun B BIT onpenensercs dopmysioi

k

Tty + Nt + Ot +Neg, <100 Mic,
1

rne N — uncino xanaios All; k — yucno kananos All, conepxauux ungop-
Mamuio. B cucTeMme MCronb30BaHbl 16-KanaibHbIi craHaapTHeiii 610k ATl AL
C YMCIOM KaHa1oB 256 M 4acTOTOH Bpems3ajaiowero reneparopa 50 MI'u u
6ok BIT emkocTbio 64 X 8 Gur.

Takum 06pa3oM, NpPHBENEHHas CXeMa MO3BOJSET 3a BPEMs NMPOXOXAEHHS
nsobpaxenus (T=0,3+0,5 MC) KoNbLIa MO JIMHEHKE NAETEKTOPA B OXHOM LMKIE
pa6oThl ycKOpUTENs CHATh 3—5 pacrpeie/ieHuil CHHXPOTPOHHOMO H3yYeHHs
IIEKTPOHOB KOJIbLIA IyTeM BbIGOpa 3alepXKH H autensHocTd curnana CJIB. Ha
puc.11 npencTaBieHbl BpeMEHHBIE MArpaMMbl M (PYHKLMOHaIbHAs cxema, obec-

TaKXe U Bp oit ananu3. OHa copepXuT 8 GI0KOB napanenb-
1o paGoraiomux ALITI, 2 6noka GydepHoii namst 1 cBoil 610K ynpasnenus. B
KaX/IOM W3MEPHUTEILHOM KaHaie paboTaloT 3 ajiemeHTa AeTeKTopa.

Curnan «[Tyck» 3anepxusaercst B 61oke A3 u 3anyckaer BY, ynpasinsiomuit
M3MepeHUsAMHU M0 KOMaHae npeoGpasosanus I1, KoTOpast OAHOBPEMEHHO PaCcKphI-
BaeT JIMHeiiHbie BopoTa Bo Beex ALITT. Komanna renepupyercs BY uepes dukcu-
POBaHHBIil MPOMEXYTOK BpeMEHH Af2>15 MKC C MOCTOSHHOH IUIHTEIBHOCTHIO
=1 MKc. IMpu Hanuuun uncopMauMyu Ha BHIXO#aX ycwiurtenedl Gnoku AL

BripaGathiBaioT curnatsl MB, nocrynaoume na BY uepes cxemy HIIH. Ilo
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Puc.12. O pamMma pacnp CHMTHAIOB MO 371EMEHTaM JETEKTOpa NpH
R=4 cM (a); pasMep MaloOro Ce4yeHHs KOJBLEBOIO CryCTKa M pacnpenesieHue a/eKT-
POHOB 110 CEYeHHIO NPH CXATHH KoJblia 1o panuyca R =3,2 cm (6)

3a1aeT MHHUMAbHBIA HHTEpBaI BpeMeHHoro ananu3sa. Konuuectso pacnpene-
JIeHHil MHTEHCHBHOCTH CHMHXPOTPOHHOTO WATY4eHHs MO JIMHEHKe AeTeKTopa,
KOTOPOE MOXHO CHAITb 32 OIMH LMK paGoTel yckopuTens, pasno 20 +30. Jlan-
Hblii BpEMEHHO# MHTEpBal [uisi Mocienyiomei 06paboTky faHHbIX B DBM 3a-
JiaeTcs nporp oii. IMocne 3anc peructpos BII renepupyer komaHmy
okonyanus onpoca (KO) ALII, koropas 3amyckaeT CHELKOHTpOIEp Vi
nepenauu aannbix B DBM 1 onHOBpeMeHHO ocTaHabiuBaet paGoty 6noka yn-
paBJICHHUs.

CxeMa aMIUTMTYIHOTO HMEeT MH oe GeicTpoOjeiicTBHE M3
IBYX NpuBeneHHbIX cxeM (~30 6HT/MKC), OGecneunBaeT NPUEIHXEHHYIO OLEHKY
Pa3MepoB KOJIbL@ M HCIONB3YETCs VISl CHATHS ONHOTO PaclipefeieHus 3a UMKI
yckopehus. Ho B T0 Xe BpeMsi oHa O6/afiaeT HEOCTIOPUMBIM JIOCTOMHCTBOM —
M03BOJISIET C BHIXOJA AHAIOrOBOI MaMATH BM3yalbHO HAO/IONATh 3a MpouUEccaMu
(popMHpPOBaHHs SMEKTPOHHBIX KONELl B Pa3HbIX LMKJIaX YCKOPEHMs Ha 9KpaHe
ocumuiorpada, 4To yacTo ynoGHO mpu HacTpoiike yckoputens. Ha puc.12,a
NpHBEieHa OCLMIUIOTPaMMa PacipeiesieHtst CUTHAIOB 10 9/EMEHTaM JeTeKTopa
npu R =4 cM (MMmysbc cnpasa OT pacnipeenenus — umnyise copoca All).

CxeMa aMIUIMTYAHO-BPEMEHHOTO aHAIM3a, MMes CKOpocTh 06paboTku
136 6uT/MKC, HEOOXOAMMA MNPH HCC/IEAOBAHWH BIIMSHUS PAsIHYHBIX (HaKTOPOB
(MArHUTHBIX TIONEH, HHKEKLMH aTOMOB M T.J.) HAa FeOMETpHIo Kosbla. Ona nos-
BonisieT 60J1ee TOYHO ONPENEINSTh ero pa3Mephl MPH HCTOJI30BAHWM HHXETNpHBe-
JeHHoro Metofa oGpaGoTku JaHHbX B DBM.
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R MM IJIMHHOBOJIHOBYIO MH(pakpacHyio 061acTs.
50— ' YyBCTBUTENBHBIE  3JIEMEHTHl  JIETEKTOpa
CMOHTHPOBaHBI B OJHOM Kopmyce C Ipel-
YCHJIMTENIAMH, YTO MO3BOJWJIO YMEHBUIMTH
\ IUIMHY TPOBOJHMKOB M TEM CaMbiM MMOBBI-
CHTh NTOMEXO03ALIMUIEHHOCTb.

DnexTpPOHHAs annaparypa H3MepHTelIb-
HO# cuctembl coOpaHa no cxeme, NpeacTas-
W \ nenHoit Ha puc.l11, tonsko Bmecto ALII

ucnone3ylorcs  256-KaHalbHbIE  3apsio-

\_‘ uncpossie npeobpasosarenn (3LIII).
35 H3aMepuTenbHas cucTeMa BOLWLIA B YHC-
4 77’ Me 3 ¥ o OCHOBltblx (6a30BbIX) YCTPOHCTB HEpas-
pywiaiowei IHarHOCTHKH IMy4Ka W HaXxoUH-
Puc.13. JIunamMuka cxarus Konsla B J1ach B NMOCTOSHHOW 3KCIUlyaTallMH Ha KOJ-
TEYEHHE OIHOTO LMKNA YCKOPEeHHS JIEKTHBHOM YcKopHTesie. C MOMOLIBIO 3TOH
CHCTEMbl PErynsapHO NPOBOJMIIUCHL H3MeEpe-
HHSl T€OMETPHYECKHX MapaMeTpoB KOJbLe-
BOTO CTYCTKa M HCClIeAoBanach AMHaMHKa ero ¢opMupoBanHus. OcHoBHas 3ajaya
NS CHCTEMBl — H3MEpEeHHe pagHyca KOjbla Kak Mapamerpa, Onpenesisiouero
TOYHOCTh H3MEpeHHd HMHTEHCHBHOCTH CHHXDOTPOHHOro HinyuyeHus. CpenHss
KBaapaTHyHaid omHOKka H3MEpeHUs paguyca He npeswinaer 2,2%. Kpome Toro,
CHCTEMa TMO3BOJISET KOHTPOJNHPOBaTb B JHHAMHKE IUIOTHOCTb pacnpelesieHus
3JIEKTPOHOB B KOJIbLIE H NPOCTPaHCTBEHHble OCOOEHHOCTH KOJIbLIEBOTO CryCTKa B
3aBMCHMOCTH OT paauyca OpOMTBI, S3HEprHHM 3JIEKTPOHOB, YHC/Ia 31EKTPOHOB H
HOHOB B crycTke. PasMepsl Maoro ceueHHs KOJIBLIEBOTO CIyCTKa M pacnpeaee-
HHE 37IEKTPOHOB MO CEYEHHIO MPH CXKaTHH Kojblia 10 paguyca 3,2 CM HLIIOCT-
pupyeT puc.12,6. AKCHanbHbIH (az) M paiMaibHBIA (a) pasMepbl cedeHus (mo-

45

JIYIHpHHAa Ha HOIIYBHCOTC) B MPOBEACHHBIX C€aHCax COCTaBIANIH ar=4—8 MM,
az =5 MM. JluHamMuKa cXaTHs KOJIbLIEBOIO CrycTka B TCHCHHE OQHOIo LIHKJIA YC-

KOpeHus npexacrasjieHa Ha puc.13. Ha atom pucyHke noka3aHa R(f) — Tpaek-
TOPHS 3JIEKTPOHHOIO KOJIbla Ha 3aK/IIOYHTENbHON CTalHH CXaTHi (CnajalouiHi
y4acTOK KpHBO#) H B Hayaje ero XeKOMNnpeccHH (y4acTok nogbema). Hamepenus
nposogwiHch yeped 100 Mxc.

5. I3MEPEHHE YIJIOBOH PACXOIUMOCTH
CHHXPOTPOHHOI'O H3JIYYEHHA

Jns nonydenus uHcdbopMalMK O YHCIIEe IEKTPOHOB B KOJBLUEBOM CIYCTKE H
YacTOTe aKCHA/IbHBIX GeTaTpoHHBIX KoJeGaHHil KOMbLA ClyXaT TakMe Xapak-
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TEPUCTUKH CHHXPOTPOHHOIO H3yd4eHMs, KaK HHTErpaj OT IIOJIHOIO IOTOKa
CHMHXPOTPOHHOIO H3JIy4€HHs M YIJIOBas 3aBHUCHMOCTb pachpeleieHus €ero
HHTEHCHBHOCTH OTHOCHTEJIBHO IUIOCKOCTH IEKTPOHHOM OpPOHUTHI.

Llenblo paccCMOTpEHHOH B HaHHOM pasjiele 3a]auyd sBISNIOCh IOBBILIEHUE
TOYHOCTH H3MEPEHHs MOTOKA CHHXPOTPOHHOIO M3Ty4eHHS OT KOJIBLIEBOTO CTYCT-
Ka, a TaKXe U3MEePEeHHE PAaCMpele/eHHs 9TOT0 NOTOKA B HAMpPAaBJIECHHH, MEPIEH-
IMKYJISPHOM MEIHaHHOH IJIOCKOCTH KOJIBLIEBOIO CTYCTKa.

HU3BeCTHO, YTO B CHJIBHOTOUHBIX, 3arPYXEHHBIX HOHAMH DJIEKTPOHHBIX KOJb-
LIax XapakTep pacrnpefe/ieHus CHHXPOTPOHHOTO W3JIy4eHHs M0 yrly B Halpas-
JIeHHH, MEPNEHAMKY/ISPHOM IUIOCKOCTH 3JIEKTPOHHOH OpOHMTHI, ONpenesiseTcs B
OCHOBHOM GeTaTpOHHBIMH KOJIeGaHHSIMH 3JIeKTPOHOB B Kounble [4]. Yactora Ge-
TATPOHHBIX KojeOaHui V, 3aBUCHT OT MOJIOKHMTEILHOTO 3apsiia HOHOB, HaKOI-

JIEHHOTO B KOJIblie, U YAOBJIETBOPSACT YCIOBHIO [47]:

2
2R%-1/7) P
V2= a-pk

= H,
o,(c,+0,) 2
ZN,
e Y — pesTHBUCTCKHI thakTop; R — pamuyc xonbua; f =T — 3arpy3ka
e
9JIEKTPOHAMH M UOHaMH, Z H Ni — 3apsa M YUCIO MOHOB B KOJIbHE, Ne —

YHCJIO DJICKTPOHOB, O'a U Gb — CpEeMHECKBaApaTUYHBIC panuanbnmﬁ H aKCHaJIb-

HBIH pasMepsl MAJIOro CEYCHHUA KOJIblla,

P=2In 16R ;
B \2 (c,+0,) |’
[J.=Nere/21wR — YMCIIO 3IEKTPOHOB Ha EIMHHUUE [UIMHBI KONbLA, 7, —

KJIaCCHYECKMH PaiHyC 3JeKTpOHa.
IIupuHa yrmoBoro pacrpeneieHns, CBI3aHHas ¢ 4acToToi 6eTaTpoOHHBIX KO-
neGaHuii V,» @ 3HAYUT, H C YHCIIOM HOHOB N;, MOXeT ObITh HaiiieHa W3 BbIpa-

XKCHUA
= A0
A,=A, cos (Vz@/21t).

Takum 06pa3oM, H3MEPHB YITIOBOE pacnpeieieHue 0TOKA CHHXPOTPOHHOTO
U3ydeHHs MHOTOB3JIEMEHTHBIM OHHOKOOPAMHATHBIM JETEKTOPOM, JUIHHA KOTOPO-
roL ZAZ » MOXHO TONy4MTh HHPOPMaLHIO 00 HOHHOM KOMITOHEHTE KOJIbLiA, TOT-

Aa KaK MHTErpaja OT 3TOro pacrnpeinc/icHus NpsAMO CBA3aH C YHUCIOM 3JIEKTPOHOB
B KOJIBLIC. an STOM IIOBBIINACTCA TOYHOCTH U3MCPECHHA IJIEKTPOHHOrO TOKAa 3a
cuer Oonee TOYHOrO, IO CPaBHEHHIO C ONHONATUMKOBBIM HU3MEPEHHEM, onpene-
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nenust reomerpuyeckoro ¢akropa G_,, BXOLAIIErO B tdopmyity omnpenenenus

MHTEHCUBHOCTH M BHOCSIIENO CYLWIECTBEHHBIH BKJIAX B MOTPELIHOCTh W3MEPEHUH
WUHTEHCHBHOCTH CHHXPOTPOHHOTO H3J1y4€HHs.

Ins waMepenns npodunst PyHKUMH pacnpefeseHds noToka CHHXPOTPOHHO-
o M3J1y4eHHst OTHOCHTENIBHO OPOUTAIBHON MIIOCKOCTH 3JIEKTPOHOB MHOTOKPATHO
B MpoLIECCe CXaTHs KOoJblUa B aare3aTope Gbul paspaboTaH METOA, OCHOBAaHHBINH
Ha MCTOJIb30BAHHH CKOPOCTHOTO WHTErpalbHOrO KOOPAHWHATHO-YYBCTBUTEIBHOIO
MH(PAKPaCHOrO AETEKTOPa, YCTAHOBJIEHHOTO NEPNEeHAHKYJISPHO MEeAMaHHOM
TUTOCKOCTH KOJiblla W TNEpeKphiBAIOILEro BeCh MOTOK CHHXPOTPOHHOrO H3jy-
4eHHs.

[lo BenuuMHE W3MEPEHHOH HHTErpalbHBIM AETEKTOPOM YIJIOBOHM pacXomu-
MOCTH My4yKa CHHXPOTPOHHOrO MinyueHus © ~ 1 /Y MOXHO Kay€CTBEHHO OLie-
HUTh SHEPTHI0 UIEKTPOHOB B Kosblie. B cnydae u3MepeHHs YIIOBOH pacxomu-
MOCTH B CIHEKTPAIBHOM jAMarnasoHe A ~ lc IIMpPHHA YIIOBOTO pacnpenesienus [48]:

_082

Gl [Mpan] = E [TB]

B 3TOM Cilyuae SHEPIUs JEKTPOHOB B KOJbLIE MOXeET ObiTh onpeneneHa ¢
JOCTaTOYHO XOpOWEH TOYHOCTLIO.

B cucreme onepaTHBHOrO KOHTPOJISH KOMIIOHEHT 3JIEKTPOHHO-HOHHOTO KOJb-
La MO ero CHHXPOTPOHHOMY WMIydeHHio, palpaboTaHHON AAs KOJUIEKTHBHOIO
yckoputens taxensix oo OMSIM, B xayecTse gerekropa CMHXPOTPOHHOrO
uanyyeHus Obila WCMONb30OBAaHA MHOTOYIEMEHTHas JIMHeHKa M3 ¢oTo-
COMpOTHRIEHHI Ha OCHOBe ceneHuaa CBMHUA. Takas JiMHelika M3 ObiCTpbIX
OTONPHEMHUKOB C BPEMEHHBbIM paspemieHneM ~ 1 +3 Mkc, paborawwmux Ha
nuHuM ¢ DBM, no3sonsier obecrieudBaTh MONy4eHHE ONEPaTHBHON HHGOpPMAaLHH
0 pa3/IMYHbIX MapaMeTpax dIEKTPOHHO-HOHHOIO KOJIbLEBOro CrycTKa, Hanpumep,
O IMHaMMKE €ro pasBUTHs M BeJIMUMHE 3apsiia SMEKTPOHHO-HOHHBIX KOMIIOHEHT
N, u N; B KaXIOM UHKIIE cpabaThiBaHHS YCKOPHTEsS, YTO, B CBOIO Ouepelb,

NO3BOJISET MCIOB30BaTh 3Ty MH(GOPMALMIO NMPH HACTPOMKE YCKOPHTENS, MOA-
NEpXaHUH U KOHTPOJIE ONTHMATBHOIO peXuMa ero paboThi.

Ha puc.4 npeacramneHa 6710K-CXeMa CHCTEMbl ONIEPATHBHOIO KOHTPOJS TO-
KOBBIX M SHEPreTHYECKHX NapaMeTpOB 31EKTPOHHO-HOHHOrO KOJIBLIEBOIO CryCT-
Ka Ha MaisiX paguycax ero cxarus B agresarope KYTH. Jlerektupyromnii 610k
10 (n03.3 Ha puc.3) pacnosioXeH B HENOCPEACTBEHHOH 6IM30CTH OT OKHA BbIBO-
Na UITyYeHHs W3 anre3aTopa, B 30HE ACHCTBUS WMIIYJIBCHBIX MArHHTHBIX TNOJIEH
HYJIEBO CTYNEHH M Tpex CTymeHeil cxartus xonpua. B uenax sdexkrusHoro
MOJIaBTIEHHS UMITYJIBCHBIX 3JJ€KTPOMAarHUTHBIX HABONOK, NOCTHrAlOLIUX B MECTE
PacroyIOXeHHs JeTEKTOpa 3HAYMTENbHON BEJIMYMHBI, CHTHAIBI C YyBCTBHTEJIBHBIX
®JIEMEHTOB AETEKTOpA MOAAIOTCS MO CKPYYEHHBIM NapaM Ha Bxon Ornoka mpen-
yCHIIMTesIel, OTHECEHHOTO OT AETEKTOpa Ha paccTosHue ~ 1 M.
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KOPOTKAR NWHEWKA LIMHHAA  JAHEKKA CHETYUKY CH  OBPATHAZR WHR
T CYMMa UEHTP PASMEF  CrMMA  UEHTF PA3MEP TOFMOZHOMD MOHWUTOR EBHICAXKA AATY
1 662 4,00 2.13 1488 2,72 20.1 0 123 0 0
2 813 3.99 2.01 1681 ~2.90 19.8 0
3897 3.99  1.99 1783 ~2.74 19.8 0
4 986 4,01 1.99 1801 2,71 19.8 0
5 817 4,00 1.98 1717 ~2.63 19,9 0
& 702 4,09 2,08 1593 -2.82  20.0 0
7 823 4,15 2.25 1383 ~2.70 20.4 0
8 321 4,33 2.54 1102 -3.11 20.9 0
9 157 4.94 3,15 797 -3.03 21.9 )
10 74 5.78  3.465 498 ~3.62 24.3 0

WK £3 NOHATORP CH $123

144 LR 141 P L2
152 X 127 HNAY KRN
o 134 XN o 113 [T T T I YUK T=3
1 120 HHRY b 4 Qe HARAKA RN KR KKK
b: 104 AK K KX Tas KRR KA KK HH
~ 8 AKX S 71 R EI T T LT TN
TO7D EEARRRR : 57 XA HA AN F K H KKK 2K
94 HHERK AR 43 HEARAKERERRRXARXK AAR
40 EAXFAKRXKE 29 WK IHAIEI KK HAK
24 RXREARKHAR 15 NXAHHRMNRRN KRNI H KN T S A NI HRNN
1234567890 x2,am - 1234546789012345678901234567890 x4, mm

f ' l | i |
G2 0 -4 20 b 20 40 60 B mpes

Puc.14. Tabauua H MCTOTPaMMBbl, WITIOCTPHPYIOLIKE paboTy H3MEPHUTEIBLHOTO KOMIIeKca
MH(PaKpacHOH CHHXPOTPOHHON AHArHOCTHKH [TapaMeTpOB KObUEBOro CIycTKa

Hlerektop — wu3MepuTenpHblil npeobGpa3soBarens CHHXPOTPOHHOTO H3Ny-
YeHHs B BJIEKTPHYECKHH CHIHal — JipeicTasnseT coboil MHOroajieMeHTHbIH He-
oxjlaxaaeMbli GOTONPUEMHHK 3. ceseHHma cBuHua (cM. Tabi.), YyBCTBHTENb-
HbIA U1l CHHXPOTPOHHOTO MTyYeHHs B cnekTpaibHoi obnactu 0,9 + 4,6 MKM, ¢
ONHOPSAHBIM PacIO/IoXKEHHEM 3/1eMeHTOB. Pasmep oaHoro anemenTa 0,2 X 4 MM,
KOJHYECTBO 3/1eMeHTOB B auHeiike 30. Onmn obpasyor 30-anementHoe oTo-
npuemHoe yctpoicTso (P-30) anunoit 120 mM. [InnHa nuHeAkH BhIGUpanach U3
YCJIOBHS

L2A ~20y",

roe | — pPacCTossHMe OT IUJIOCKOCTH Manoro ceuyeHusd KoJibLa g0 HETEKTOpA,
AZ — LIHpHHA YIJIOBOI PacXOAHMOCTH CHHXPOTPOHHOIO H3JTyUYeHHUs.

OcOBEeHHOCTDIO IETEKTOPa ABAAETCA TO, YTO OH MOMYNIbHBINA. Beero uMeercs
6 monyneii. Takas KOHCTpyKuus NO3BONSET NMPOBOAMTH ONEPATHBHYIO 3aMEHY
NpH HEHCIIPDABHOCTH 3JIEMEHTOB. JleTeKTop YCTAHORIEH HA pacCTOSHMM ~ 1 M
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I (8), orH. en.

o |
45
30 |
15 |
0 N ' ' ;

e 0,5 1,0 1,5 2,0. 2,5 3,0
I.(0°), oru. ea.

Puc.15. Koppensuus curnanos ¢ CH-monuropa [1(0°)] u iun-
Holl nuHelku [1(0)]

OT HATYYalOIMero CeYeHHs KOJBLEBOTO CryCTKa NEpIEHIUKYISPHO MeIHaHHOH
IWIOCKOCTH yckopuTtessi. [IpenycMoTpeH KOHTposs paboTocnocoGHOCTH KaHAIOB
H3MEPHTENIPHON CHCTEMBI NTyTeM MOJAYH Ha YYBCTBUTENbHBIE 9JIEMEHTHI IETEKTO-
pa uH¢pakpacHOro HydeHHs ot cBeropmomoB AJl-106 B, ycraHOBJIEHHBIX B
KOpIyce HEeTeKTOpa MOH YIJIOM K ®JIeMEeHTaM TakK, 4ToGbl He SKPaHHpOBaTh -
NpsIMOIi IIy40K CHHXPOTPOHHOIO HATyYeHHs. DIIeKTPOHHAs anmnaparypa cobpaHa
no 6yok-cxeMe, onucaHHoi B pabote [12] u npegcrasnenHoi Ha puc.11.

Hexoropsle pe3ynsrarsl H3MepeHHit, nposoguMbix Ha KYTH-20, unnioctpu-
pyloiue pabory cucTeMbl, IpUBENEHB! Ha puc.14, rne B Bue Tabnuubl («UIHH-
Hasl JMHeHKa») W IHCTOTpaMMbl (TpaBas 4acTh) MOKAa3aHO XapaKTepHOEe MpOCT-
PaHCTBEHHOE pacrpeleneHie MHTEHCMBHOCTH CHHXPOTPOHHOTO H3Jy4eHHs 2J1eK-
TpoHHOro Koseua B paboueM pexume KYTH-20 B ogun u3 10 MoMeHTOB
BpeMeHH HabmomeHus. [Ing npoBepKH BIMSHUS YIIOBOH PacXOOHMOCTH Ha TOY-
HOCTb M3MepeHHs MHTEHCHBHOCTH CHHXPOTPOHHOIrO MiTydeHHs GBUTH HCIONB30-
BaHbl PE3yNbTaTbl CHHXPOHHOH paborsi @-30 M MOHMTOpPa CHHXPOTPOHHOTO
nanyyesns (MCH). MoHuTOp HM3Mepsil HHTEHCHBHOCTb UVTYYEHHS B MEAHaHHOM
TUIOCKOCTH KOJbLIEeBOro cryctka (puc.3,2), a @-30 usMmepsii HHTEHCHBHOCTb C
y4ETOM YITIOBOM pacxoauMOCTH mydka (puc.3,3). Oba nerekTopa HaXOZWIKMCh Ha
OJMHAKOBOM DacCTOSHHHM OT KOJbLia. Pe3ynbTaTsl M3MEpeHHil NMPeICTaBlIeHb Ha
puc.15. Koppensuus CUTHaIOB MeXIy JETEKTOpaMH XapaKTepH3yeT BOCIPOU3-
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BOJJMMOCTb PE3YJIbTATOB 0 OMpeNeeHHbIX npeaesios (~ 1,5 - 102 e). Ilpu 6onb-
LIOM YHCJIE 9/IEKTPOHOB B KOJIbLE HAGNIONAETCS YLUIMPEHHe YIIOBOM pacXOi-
MOCTH OTHOCHTENILHO MEAMaHHOM IUIOCKOCTH KOJIbLA, H MOHMTOp, YCTAHOB/IEH-
Hbli B 3TOH IUIOCKOCTH, NA€T 3aHMXEHHOE 3HAYEHHE [OJHOH MOLIHOCTH
CHHXPOTPOHHOTO H3Ty4YeHHS.

PajpaGoraHHas cucTeMa MNO3BONAET MOBBICHTL TOYHOCTH HM3MEPEHHS
MHTEHCUBHOCTH CHHXPOTPOHHOIO M3JIYYEHHMS M TEM CaMbiM TOMHOCTb OINpele-
JIeHUs YMCna 4acTHLl B KONBLEBOM cryctke. ['eomerpuueckuii daktop G o BXO-

mswui B (QOPMyNy PETMCTPHPYEMO#H MOIUHOCTH CHHXPOTPOHHOrO HITyd4eHHs,
ONpeneseTcs CO CpefHel KBaApaTW4HON norpemHocTsio 1,8% u u3Mepsercs
O[IHOBPEMEHHO C PErucCTpUPYEMOH HHTEHCHBHOCTBIO. BBOA CHCTEMbl MO3BOMMI
aBTOMATHU3NUPOBaTh MPOLIECC M3MEPEHHS 3JEKTPOHHO-MOHHBIX KOMMOHEHT B
KOJIbLIE, €r0 TOKOBBIX M IHEPIETHYECKMX MapameTpoB. B cucreme B ocHOBHOM
ucnonb3ylorcss cepuiinbie 6noxku LI u Gydeproit namstu. HetexTupyloumii
60K CBETOUYBCTBHTE/ILHBIX 3/IEMEHTOB, GOK yCHIMTENel U 610K ynpasJieHHs
pa3paboTaHbl CEUMHaANEHO WIS JaHHOI 3anayM.

Hacrpoiika u kanu6poBka KaHaI0B CHCTEMBI OCYIMECTBISIACh HA CTEHE C
TEIUIOBLIM  HCTOYHHKOM, B  KayecTBe KOTOPOTO  HCMO/b30BAIaCh  CBe-
Ton3sMepurensHas namna CHPLL 6-100. C noMouwso MOAYNSTOpa MMHTHPOBAICS
HMITYNIBC HITYYEHHUs, GIM3KHIA MO UIMTEIBHOCTH, MHTEHCHBHOCTH H CTIEKTPalb-
HOMY COCTaBY K CHHXPOTPOHHOMY H3/Ty4EHHIO YCKODHTE/.

6. HI3MEPEHHE YHCJIA 3JEKTPOHOB

CnekTpaibHoe pacnipenenieHHe HHTEHCHBHOCTH CHHXPOTPOHHOIO H3Tyye-
HHA, PaCCUMTAHHOE WIS HECKONIbKMX- 3HAYEHHH IHEPTHii 37IEKTPOHOB Ha paIHy-
HBIX paIHyCax CXaTHd B KOMIMPECCOPE MPOTOTHNA KOJUIEKTHBHOTO YCKODHTENS
TAXKEJIbIX HOHOB, MOKa3aHO Ha pHcC.2. Jlaxe Ha KOHeYHOIl Op6uTe CXaTHS KoabLa
(R=3,58 cm, E=21,3 M3B) Makcumym CHEKTPAILHOTO  pacrnpefe/ieHus
CHHXPOTPOHHOTO HMinydyeHus A, Haxomutcs B HHppakpacHoi o6nacTu

(l.n ~ 1 MxMm). OGecneyerne BO3MOXHOCTH HaGmIONEHMS 3a napamMeTpaMi ny4yka

B MpOLECCe CXaTHs, KOIla CIEKTP CHHXPOTPOHHOIO H3/lydeHHs CHBMHYT elwe
Banbllie B HHGPaKpacHylo 06/1acTb, IPUBORHT K HEOGXOMMMOCTH HCIIONb30BAHHS
MeToAa HH(PaKPaCHOH CHHXPOTPOHHOMN AHArHOCTHKH. Bropoit u, MoxeT GuITb,
TIaBHOH NpHYMHOH BRIGOpa 3TOrO MeToja AMIAETCA YCIOBUE MUHHMH3ALHK
OIHGOK M3MEPEHHH, KOTOPOEe MOXHO Peanu30BaTh, ECIH NPOBOANTH U3MEPEHHS
B 00J1aCTH [UIMH BOJH A > lc.

CriekTpansHoe pacnpeieiehne MOUIHOCTH CHHXPOTPOHHOTO H3Ty4eHUs
uMeeT BHI [49]
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W =75 ;3!

U3 (11) MOXHO OLEHHMTh MOLIHOCTb, M3ITyYaeMyl0 BOJNH3M MaKCHMMyMa
KPHBOii CrieKTpasisHOro pacnpenenenus (wis A ~A_/2) [19]:

A8 . an

w,[Br - MKM | '3JI€KTp0H_1] ~9.1072! Y7R -3 (12)

A MOILUHOCTb, H3JIy4YacMyl0 Ha [JIMHAaX BOJIH, MNPEBbIIIAIOLIMX KpHUTHYECKYIO

7»27»0:

w,[BT MM - aneKTppH"l] ~9.10710 R72/3)77/3, (13)

U3 (12) u (13) BugHO, uTo ombKa BHUUCICHUS MOUIHOCTH CHHXPOTPOHHO-
roO M3JydeHHus, CBS3aHHas C HETOYHOCTBIO 3HAHHMsS 9YHEPIMH BIEKTPOHOB M
panuyca ux opOMT BpaleHus, BO BTOPOM CJ1y4ae 3HaYMTE/IbHO MEHBIIE, YEM IIPH
U3MEPEHHMH BOMM3U THKa CIEKTPAILHOIO pacrnpenesieHus

Aw, /w, =[TAY/9* +(3AR/R/2,
TOrjaa KakK
Aw,/w, ~ AR /R.
3T0 06CTO$ITCJILCTBO " OﬂpCIICJISIeT uenecooGpamocn UCIIOJIB30BAHUA JIA

U3MEpPEHHA TOKa 3JIEKTPOHOB B KOJIbLC o0yiacTy AJMH BOJIH A 7\«6.

MOIHOCT H3Ty4€HHs OJHOIO 2JIEKTPOHa 1pu Y>> 1 onpenensercs dop-

MYJIOH
-1 16 AL, -
w[Br - anexrpon ] =4,6 -10 6 YR 2,

Ecny nonHas MOIMHOCTh ManydeHuss W xonbla NpornopuxoHanbHa ydciy N
57EKTPOHOB B HEM, TO M3MEpEHHE €€ MO3BOJIAET ONPEIEUTh YUCIIO JIEKTPOHOB
N=W/w. TonHas MOIIHOCTb CHHXPOTPOHHOIO M3JIyYEHHs PaCCUHUTBHIBAETCA,
HCXOIS W3 DKCIMEPUMEHTANBHBIX NAHHbIX:

W=UG,_, 1”%2 dh- [ e) w) dh, (14)
0 0

rne U — BenuuuHa curHana (OTONPHEMHUKA B BOJNBTaX, NPONOPUHOHATbHAS
MHTEHCUBHOCTH u3nyuenus; G — reomerpuueckuit gakrop, onpenensembii

reOMETpHEl OMNbITa ¥ YITIOBBIM paclpesie/IeHHEM CHHXPOTPOHHOTO HM3JyYeHHs
OTHOCHUTENBHO OpOUTAIBHON IUIOCKOCTH; E(A) — OTHOCHTENbHAA CHEKTPaib-



WHOPPAKPACHASA CHHXPOTPOHHAS IMATHOCTHKA 833

Hasl YYBCTBHUTEJBHOCTh U K — HWHTErpajibHas 4yBCTBUTEIBHOCTbH (BEJIUYMHA
CHTHaJIa B BOJIbTAX Ha €AMHHUIY Majaolleil MOLHOCTH) OTONpPHEMHHUKA.

Ha puc.3 mnpencraBneHa cxeMa, NOSCHAIOINAS TEOMETPHIO MCITYCKaHMS
CHHXPOTPOHHOTO H3JIydEHHs] W €ro perucrpauuu. Ha npueMHUK u3jiyyeHus 2 ¢
4yBCTBUTEJIbHON MIIOWIANBI0 S ', PaCHOIOKEHHBIH MEPHEeHIMKYISPHO KacaTesb-
HOM K Op6uTe BJIEKTPOHOB Ha PacCTOSHHH [ OT TOYKH KacaHHs, MONAmaeT 4acThb
NOTOKa M3JlydeHUs: AW, cBi3aHHas C MOJHOM MOLIHOCThIO W:

AW(A, ©)=N w(}) /G (O, ¢),

rac

2m? | w©) do

GCH(G’ (P) = S ’ W(Oo) ’ (15)

W(@) — H3MEPEHHOC IKCNEPUMEHTANIBHO PACNpPEACIICHUE MOTOKA HU3JTYYEHHUS B

¢dynkunu yrma ©, w(0°) — HHTEHCHBHOCTH CHHXPOTPOHHOTO M3IIyYyeHHUsS B
MEIMAHHON MIOCKOCTH KOJIBLIEBOTO CTYCTKa.

B 06H_ICM cityqae BHCKTquCCKI/Iﬁ CHTHaJI HAa NMPUEMHHKE HU3NTYYCHHA
U, =NKG' [wiy e, dn, (16)
0

T, — TpONyCKaHHE MPOMEXYTOYHBIX onTHyeckux cpe. Koncranra K onpene-

ngercs 1o BonbpaMoOBOH JEHTOYHOH namme [55], npokanuGpoBaHHOH MO
AYT. Curnan, cHuMaeMblil ipu Kanu6Gposke:

U =KG [ a0 e 1, dh, 17)
0

2

rae Gn = EL,

H3Ty4aTenb — MPHEMHHK, q(X) — H3Ny4eHHeE JIaMIIbl.
Yucno s1eKTpOHOB N, u3 Beipaxenuit (16) u (17) pasno

— FEOMETPHYECKHIi aKTOp M3nydyeHus namnml, L — paccrosinue

Jamy e <, an
G
—cn 0
G, = '
Jwy e 7, an
0 N
B dopmysy st Beruncienns aGcomoTHOrO uKCna AMeKTPOHOB N B Kosible

N =

(4

U

U
N,= EﬂE’ R, G, \), 19)
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H3MEPSEMOro C MOMOLIbI0 CHHXPOTPOHHOTO HIy4EHHS, BXOAMT KaimuOpoBou-
Has KOHCTaHTa (MHTerpajibHas YYBCTBHTEJIBHOCTb) AeTekTopoB K. B Beipaxe-
Huu (19) U — BenwuymHa cCHrHajga Ha BEIXOAE U3MEPHUTEIIBHON CHCTEMBI, a
f — byHkuus, 3aBMcsILas OT SHEPrUH 3JEKTPOHOB E, paBHOBECHOTrO paauyca R,
reoMeTpuu perucTpaunu G, CIEKTPaIbHOrO AHANa3oHa A.

Ins onpepeneHus abGCONMIOTHOTO YHUCAa 3JIEKTPOHOB HEOOXOAHMO, 4TOOBI
M3MEPHTEJIbHBI KaHal ¢ NMPHEMHUKOM CHHXPOTPOHHOIO H3jtydeHHs Obu1 mpo-
KaM6poBaH Ha STATOHHOM HCTOYHHMKE C H3BECTHON MHTEHCHBHOCTBIO M CIIEKT-
pPaIbHBIMH XapaKTEPHCTHKAMHM, XeJaTesibHO, OIIM3KUMHU K CHEKTPalIbHOMY pac-
NpedeneHHi0 CHHXPOTPOHHOTO H3JIydeHHS KOJUIEKTHBHOTO ycKopHTens. Takum
ATAIOHHBIM HCTOYHHKOM MOXET ObiTh JIMOO KONBLIEBOH 3JEKTPOHHBIH YCKOpH-
TeNb, Hanpumep. cuxpoTpoH [20], ¢ H3BeCTHOH CHEKTPAIbHOH IUTOTHOCTBIO
CHHXPOTPOHHOIO M37ydeHHs, MO0 TensoBoi HCTOYHHK, Y KOTOPOIo, KaK HM3Be-
ctHo [50], xapakTep cneKTpalbHOrO pacnpeneneHus GIN30K XapakTepy pacrnpe-
JeJieHUs CHHXPOTPOHHOTO M3Ty4YeHHs.

JIns CHHXPOTPOHHOIO HITYYEHHUS MaKCHMYM CIIEKTPIbHOIO pacnpeneseHus
NPUXOAMTCA Ha [UIMHY BOJIHBI kfn", ONpENeNAEMYI0 U3 BbIpAXEHHS

A =1,7-R/Y,

rae Y — pensTMBMUCTCKMH ¢hakTop. [na TensioBoro Manyuaress M3 Bojibgppama
[51] MakcMMyM cnexTpaibHOTO pacnpeaeyieHHs HaXOOUTCA Mo 3aKoHy Buha u3
BBIPAXEHHS

TH _ -1
A =2660 - T~

rae T — aGcomotHas TeMnepatypa uanyqarend, K. U3 ycnosus A7 ~ A™ (co-

OTBETCTBHE MAaKCHMYMOB CNEKTPaJIbHBIX pacnpejie/ieHH#t TEMIOBOro U CHHXPO-
TPOHHOIO M3JIyY€HHS) MOXHO ONpeNe/IuTh TEMNEpPaTypy 3TAIOHHOIO MCTOY-
HHKa, KOTOpas COOTBETCTBOBaIa Gbl ONpeneieHHOMY paIuyCy H SHEPrHH 3/eK-
TPOHHOTO KOJIbLIa:

- -1
Ty = 1565 - TR

[Mxm]

Ipu xanuGpoBke Ha CBETOH3IMEPHTENBHOI JIaMIie C BOMb(PaMOBbIM HITyYa-
TeJleM s MPAaKTHYECKHX PacyeToB MHTEHCHBHOCTH HCIONB3YIOTCH 3aKOHBI M3Ny-
4yeHus abCOMIOTHO YEPHOTO Teia, HO BBOAMTCH KO3IPMHLUMEHT «CEpOCTH»,
3aBMCAIIMH OT MaTepHala HaTyyaress. [lonHas MIOTHOCTE MOTOKA C EMHHUYHOI
wiomagky uinydatens Q(7) M cnekTpaibHasd IUIOTHOCTh MOTOKA C €IHHHYHOM
IUTOIAAKH H3ITyYarens MOTYT ObiTh MPENCTABICHB B CIIEAYIOLIEM BHJE:



. HHOPAKPACHAS CHHXPOTPOHHAS MIMATHOCTHUKA 835

(1) =¢(T) oT 4,

. C /AT
Q(}% T) = PO"’ D Cl A‘--.S(e 2/ - 1)_1a

me C,=3,74-10""% Br-cw, C,=1,438-10* mxm-rpan, p(A,7) — xo-

sthbunmenT unydenns sonstpama, ¢=5,67- 1072 Br/em? - rpan4— MOCTO-
anHast Credana — Bonsumana.

B ciyyae KanuGpoBKHM C MOMOLIBIO IIACTHHYATOTO M3TYYaTessi MOLIHOCTD,
Najamomasd Ha MPHEMHUK IUIOmanbio S’, BeTHYMHA BO3HMKAIOLIETO HA BBHIXOAE
M3MEPHTENbHOH CUCTeMBl curHana U, xapakTepusylolasi OTKJIMK AETEKTOpa Ha

nanaiouiee U3jy4eHHe, ¥ 4yBCTBUTENBHOCTh AeTekTopa K T (B- BT'"I) CBSI3aHbI
COOTHOLLIEHHUEM

2 T
o7 L UmF
QS IS 7 *

rae S — miomans uytyyarens, L — paccTosuue namydatens — MPHEMHUK,

a koapuument F7 3asucur or CNEeKTPaIbHONH YyBCTBUTENIBHOCTH TMPUEMHUKA
&(A) u pasen

FT=[qa) dr/[ g0 ed) an.

Jns mposenenus KanuOGpOBKH GbUT paccuMTaH SHEPreTHYECKHIl CHEKTp U3Ny-
YeHus Bobpama npu Temneparypax 1270, 1770 u 2680 K B auanasone miuH
BoJIH OT 0,3 10 6 MKM. BrIGOp TeMnepaTypHbIX 3HauYeHHMIi ONPENENsUICS yCIOBHEM
COOTBETCTBHsI CMEKTPOB TEILIOBOTO M3JIyYeHHs BOJb(paMa W CHHXPOTPOHHOIrO
H3JTy4€HHs BJICKTPOHOB B airesarope Ha pamuycax 4,42; 4,02 u 3,58 cm. Pacuer
NIPOU3BOMAKIICA MO METOHMKE, H3/I0XKEHHOH B [51,52], ¢ Mconk3oBaHHEM JaHHBIX
06 wnanyyarenbHOli crnocoGHOCTH Bosstpama [53,54]. Pesynbrarsl pacueros
CHEKTPabHOIO pacnpefe/IcHHs HITYYeHH NIPH PasIMYHBIX TEMIEPaTypHBIX 3Ha-
YEHHUIX NPHBEIECHBI Ha pHC.16.

B kayecTBe MCTOYHHMKA TEIUIOBOIO M3NydeHUs (TEMNEPaTYPHOIO STaloHa)
MCIIONb30BAINCH JIaMIIbl HAKAIMBAHMS —— BTAIOHHAS C KPEMHHEBBHIM OXHOM
HK 4-1,2, ceerousmepurenshbie namnsi CU10-300y u CHPLL6-100 ¢ nentoy-
HBIM BOJIb(PaMOBbIM H3ydatesieM. OHU ABISIOTCS XOPOLIHMH TEMIIEPaTYPHbIMH
ST/IOHaMH B ONTHYECKOH NUPOMETPHH C U3BECTHHIM OTHOCHTENLHBIM pacrpene-
JicHueM o criekTpy [55]. CBerousMepuTenbHble JaMIbl BEITOOHO OTIHYAIOTCS OT
TEMIIEPATYPHOTO STaNOHa THIIA abCOMOTHO YEPHOTO Tesa yNoGHBIMH pa3MepamH,
HeGOIBLIOH CTOMMOCTBIO M IIPOCTOTOM B DKCILTyaTaUMH; paGouuit CHEKTPaIbHBIM
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Puc.16. OTHOCHTEJIBHBIC CHIEKTPANTbHBIE XaPAKTEPHCTHKU: TEMJIOBOro
uanydyenns BonbgpaMoBoil NeHTHl npu Temneparype 1) 1270 K,
2) 1700 K u 3) 2680 K, cooTBeTcTByiOLIEH CHHXPOTPOHHOMY H3Iy-
YEHHIO 3MEKTPOHOB B airesatope npu pamuyce xonmsua 4,42; 4,02 u
3,58 cM; YyBCTBUTENIBHOCTH NpHeMHHKOB 4) PbSe, 5) Si; nponyckanus
6) konGel 3TaNTOHHOMH J1aMIIbl M OKHA [/I5 CHHXPOTPOHHOIO H3y-
yenus, 7) Ge-dpunsrpa

OMana3oH MPOCTHPaeTcs OT BHAWMOH 00nacTH A0 3 MKM W OMNpEesseTca B
OCHOBHOM TIpO3pa4HOCTb0 KONObl. I1pu Hanuunm B GokoBoi yacTH Konbbl OKHa
M3 ONTHYECKOH KepaMHKH IMana3’oH MoxeT ObiTh paciuupe 10 10 MKM.

B u3Mepenusix aGCoONIOTHOIO YHC/A 3/1IEKTPOHOB B KOJIBLIEBOM CTycTKe Obinu
MCIIOJIb30BaHbl [Ba HeoXjaxaaeMbiX (POTONETEKTOPA, CYLIECTBEHHO padinya-
IOLMXCS CBOMMHM CMEKTPAIbHbIMM XapaKTEPHCTHKaMH M ucnosHenuem [10]. Ha
puc.16 moka3aHa OTHOCHTE/IbHas CNEKTPalibHas YYBCTBHTE/IbHOCTb 3THX AETEK-
TOpoB. BO3MOXHOCT H3MEHEHHS HHTEHCHBHOCTH TEIUIOBOTO HITYYEHHS Ha
YYBCTBHTE/IbHOH MOBEPXHOCTH KanuOpyeMOoro nmpHeMHHKa C MOMOLIBID OTpe3a-
omux GuiasTpoB M3 repMmanus, ontuueckoit kepamuku KO-1, KO-2, KO-6,
6eckucnopogroro crexna MKC-29 u HefirpanbHbIX NOMIOTHTENEH, a TaKXe C
MOMOILBI0 U3MEHEHHs PAacCTOAHHS MEXAY HCTOYHHKOM H NPUEMHHKOM, MO3BOJIS-
€T BECTH PETHCTPALHIO Ha JIMHEHHOM y4yacTKe YyBCTBHTENILHOCTH M3MEPHTENBHO-
ro kaHana. Ha puc.16 wtpuxoBkoil oTMe4eHa crieKTpalbHad 06nacTh, B KOTOPOii
BEJlaCh pervcTpalus MHTEHCUBHOCTH TEIUIOBOTO H CHHXPOTPOHHOIO MTy4eHHH
IS onpefieNieHns abCOMOTHOIO YKCNIA 31eKTPOHOB N,. Kak BMAHO M3 pHCYHKa,

Hcnonb3yeMas JUis KaTHOpPOBKH M H3MEPEHHMH Ha YCKOpPHUTENe CheKTpaibHas
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obnacte AA /A >> 1, 4TO NMO3BOMISET MOBBICHTH TOUHOCTD usmepenus N, 3a cuer

TMOBBIIUEHHS! TOYHOCTH U3MEPEHHS MHTEHCHBHOCTH H3JIYYEHHS, M0 CPABHEHHIO C
06bIYHO Henonb3yemoii AN /A << 1.

Temnieparypa u3yyaioleli MOBEPXHOCTH BOJb(DPAMOBOI JIEHTbI OMpeaeNs-
nack ¢ nomousio nupomerpa DOII-66. Tposenensl Wccnenosanus no onpese-
JIEHHIO XapaKTepa 3aBUCUMOCTH TEMIIEPATYpH! JIEHTH MO ee anuHe. OTMeueHo,
YTO Kpas JIEHTBl UMCIOT TeMmrieparypy Ha 2 + 3 % HHUXe, YeM LeHTpalbHas YacTb.
Llupuna BonbpamMoBoii nienTs aMn — 2 MM. B LeHTpanbHoii 30He paboueii
acTH JICHTbl TeMneparypa MnocTosHHa ¢ TouHocteio + 0,3%. duadparma, ycra-
HOB/ICHHAs MNEpPE/l JIaMIOi, OrpaHUYMBAET M3JTYYAIOLLYI0 [UIOLIAAKY B CepefuHe
JIEHTBl pa3mepoM 2 X 2 MM, TIe Temneparypa NpakTHYECKH OJMHAKOBA 110 BCeii
NOBEPXHOCTH.

[Ipu kanuGpoBke MH(pPaKPaCHBIX NETEKTOPOB HE YYUTHLIBATOCH CHEKTPAIh-
HOE MporycKaHue Kon6bl. DTO CBA3AHO € TeM, YTO Ha AAre3aTope KOJIEKTHBHOTO
YCKOpHTEIs 115 aGCOMIOTHBIX U3MEPEHHI TOKa JIEKTPOHHOIO KOJbLA HCIOJb30-
BI0Cb OKHO BBIBOJA CHHXPOTPOHHOTO M3JIydeHHs, BBITOJIHEHHOE W3 KBapLa,
CNEKTPAIbHOE MNPONYCKaHHE KOTOPONO COOTBETCTBYET [IPONYCKAHHIO KOJIObI
CHPLL6-100. Hccnenosanus, nposeaenHbie ¢ NOASPOMAHBIMA TUIEHKAMH, npen-
Ha3HAYEHHBIMH U1t paboTbl B BUAKMO# 0GIACTH ONTHYECKOrO CHEKTpa, MOKa-
3a/4, YTO NMPHEMHHMKH, NPUMEHSEMBbIE HA YCKOPHTENE [Nl W3MepeHHs abCcomtioT-
HOTI'O YHCJIa JIEKTPOHOB, MOJIAPHU3ALHOHHBIMH CBOHCTBAMH He 00nazanT. MoxHo
MPEANONOKHTE, UTO 3Ta 0COGEHHOCTh PACNPOCTPAHSETC W Ha Ty WHGpaKpac-
Hyl0 06/1aCTb CUHXPOTPOHHOIO MITYYEHHS, KOTOpas HCHONb3yeTcs IS H3Mepe-
HHS TOKa.

Pesynbratel kanubposku npencrasnenbt Ha puc.17. Wsmepenns uHTerpais-

. T
HOM 4yBCTBHTENIBHOCTH K ' [BYX JETEKTOPOB CHHXPOTPOHHOTO H3JIyYeHHs,
MCNOJb30BAHHBIX HAa KOJUIEKTHBHOM® yCKOPHTESIE Ui M3MEPEHUS TOKa, BBINOJ-
HEHbl MPH HECKOJIBKHX 3HAYEHHMAX TEMIMepaTypbl ITAIOHHOINO HUCTOYHHKA. Kak
BHOHO W3 3TOr0 pPHMCYHKA, HHTerpalbHas YyBCTBHTEJIBHOCTb JETEKTOPOB
Malo MeHseTcs B MHTepsaie Temmnepatryp 1000-+2500° C, cootsercTByOIIEM
A ~ 0,942 MKM.
Cymmaphas owmnGka rnpH oOnpeseneHHH HyBCTBHTENbHOCTH JeTeKTopa
T T -2 " .

AK" /K" ~5-107". OCHOBHO} BKJIal B MOIPELIHOCTH U3MEpEHHH NpU Kanub-
POBKE Ha 3TAIOHHOM TEIUIOBOM HCTOYHHMKE BHOCAT: MOrPELIHOCTb OMpeNeieHHs
~2
TUIOTHOCTH M3nyyeHus AQ/ Q= 3 - 107, norpeltHOCTh ONpeaeeHus WIoWaT

-2
uanyqarens  AS”=3-107°;  norpemHocts H3MEPHUTEJIBHOTO  KaHaja
_3.
AU/U<2-1077; norpewHocTs onpenesnexus PacCTOSHUsT MEXXY NPHEMHUKOM
-3
u uyyareneM AL/L=4-10" u norpewHocts onpenenenus Koasgppuumenrta
T -
AFT/FT=2.1072
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S xB /B’I‘ Puc.17. 3aBUCHMOCTH HHTETPATLHOH YyB-

’ CTBUTEJILHOCTH AETEKTOPOB CHHXPOTPOHHOTO
W3Ty4eHHd OT TEMIEPaTyphl 3TAIOHHOTO
ucrounnka: 1) PbSe, 2) Si

B pesynsTare mpoBeeHHBIX Hcce-
JOBaHUA Mo KanmuOpoBKe OEeTEeKTOPOB
CHHXPOTPOHHOIO HMIIYyYEHHS Ha TeIJo-

. BOM BOJb()paMOBOM HMCTOYHHKE MOXHO
2 = CHenaTh BBIBOJI, UTO CyMMapHas oumruOka
:/ 2 KanuOpoBKH YYBCTBUTEIBHOCTH HE TIpe-

. poiiaer 6%. Takum 06pa3oM, MeToOx
' KaTHOPOBKM M3MEpHTeNeH TOKa 3JIeKT-
POHHOTO KOJIbIIa Ha TEIUIOBOM MCTOYHH-
K€ TIO3BOJIMIL ONPENEIHTh YyBCTBUTEIb-
HOCTb W3MEpHUTEss NMPH pasIU4YHBIX pa-
IMycax U SBHEPrUsiX dJIEKTPOHOB. B pe3ynbpTaTe cpaBHEHUs MOIYYEHHBIX DKCIIEPH-
MEHTAIBHBIX PE3y/FTaTOB MO MeTOAaM KaiMOpOBKH Ha TEIUIOBOM HCTOYHHMKE H
Ha 3JEKTPOHHOM KOJIBLIEBOM YCKOPHTENe C M3BECTHBIMHU napaMerpamu [20] noa-

TBEpXOACHA MNPaBHIbHOCTH BbIﬁOpa METOOUKH Kanu6pomm Ha TCIUTIOBOM
HCTOYHHKE.

. ] .
I o T, 10°%

W3 psna HanGornee BaXHbIX 0COOEHHOCTEH KOJUIEKTHBHOIO YCKOPHTENS Clie-
IyeT OTMETHTH BBICOKHiI yPOBEHb DJIEKTPOMArHUTHBIX TTOMeX BOIHM3H KOMIIpecco-
pa SJEKTPOHHBIX KOJiell, HCTOYHMKAMM KOTOPBIX SBISIOTCS WMITYJIbCHBIE
MarHMTHBIE MO KOMMpeccopa ¢ yactotol 1+ 2 kI, a Takxe cunoBast ceTh C
yactotoit 50 T'u. YpoBeHb CHIHala IOMEXH, NpPHBENEHHBI K MOIIHOCTH

CHHXPOTPOHHOIO H3JIy4eHHsl, COCTABNIET ~1077 Br. [Ipu ®TOM MO BpPEMEHH H
YaCcTOTHOMY AMANa3oHy MOMEXH COBMANAIOT C U3MEPSIEMBIM CUTHATIOM C JIETEKTO-
pa CHHXPOTPOHHOTO U3nyueHus. Jlaxe ymaneHue gerekropa (~ 2 M) OT KOMIIpecC-
copa 3a CYeT ONTHYECKOTO TPAKTa MOJIHOCTHI0 He peiaeT npobiieMy 60prObl €
HABOIKaMH BO BXOJHBIX LeNgX U3MepUTENbHON cucteMsl. HyXHO OTMETHTD, YTO
BBEICHUE ONTHYECKOrO TPaKTa BBI3BIBACT TPYJHO KOHTPOJHPYEMBIE HOTEPH B
WHTEHCUBHOCTH H3JIydeHHs, MONAJAIOLIEr0 Ha AETEKTOp, M CHUXAET JOCTHXH-
MYI0O TOUHOCTb aGCONMIOTHBIX M3MepeHHi.

N CHMXEHUS BIMAHUA IEKTPOMArHHUTHBIX HABOAOK HAa TOYHOCTb H3Me-
peHHs TapaMeTPOB JIIEKTPOHHOIO KOJIBLA 110 CHHXPOTPOHHOMY H3Ny4yeHHI0 Obuta
paspaboTaHa crieunanbHas cuctema [10], cocrosimas U3 ABYX pPerMCTpHpPYIOIHX
KaHajoB. B OTHOM U3 KaHAI0B PHEMHHKOM H3TYYEHHUS CIIYXKHT HEOXJIaXJaeMoe
(poToCOMPOTHBIEHHE M3 CEIEHUAA CBUHLA, B APYrOM KaHajle — KPEMHHEBbIi
toroguon. Takoe coueTaHHe TMO3BOJIAET BECTH PErMCTPALMI0 NOTOKA CHHXPO-
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TPOHHOTO M3ITyYeHHs B CHEKTpalbHON o6nactu 0,4 +4,5 Mkm. CnekTpaibHble
XapaKTepUCTHKH (POTONPUEMHHKOB, U3MEPEHHBIE B OTHOCHMTENbHBIX eaqMHMLax,
TNpenCTaBieHbl Ha puc.16. Perucrpauus CHHXPOTPOHHOTO H3/TydeHMS MOXeT
BECTHCh OAHOBPEMEHHO 10 0GOMM KaHanaM 1MGO KaXubiM KaHAIOM B OTHE/b-
HoCTH. POTOAMON, C IHAMETPOM YYBCTBHTEBHOI NIOBEPXHOCTH 3 MM, BBIIIO/IHEH
B OLHOM KOpTyce C NpeyCHIIUTENIEM N0 MHTETPATLHON TEXHOMOMMH. Pasmep Bee-
ro ()OTONPHEMHOTO YCTPOICTBA HE MpPEBBILIAET OHOIO KyOHYecKoro caHtumer-
pa. bnaropaps MMHMMH3aUMM KOHTYpOB B (OTONPHEMHOM yCTpOIiCTBE 3HAYM-
TE/IbHO CHUXKEHA €r0 YYBCTBHTE/ILHOCTh K HHAYKUHOHHBIM HABOAKAM, YTO NO3BO-
nseT paGoTaTh B HENOCPEACTBEHHOH GIM30CTH OT BJIEKTPOHHOTO KOJIbLA B
YCTIOBHSAX BBICOKHX D/IEKTPOMArHUTHBIX MoMeX. Takue hOTONpHeMHHKH B Cilyuae
PETHCTPALHH CHHXPOTPOHHOIO M3/IyYEHHS WMEIOT P MPEUMYLLECTB MO CpaB-
HEHUIO C NpUMEHABIIMMUCA paHee DPDY. Ycrynas ®DY B yyBCTBUTENLHOCTH,
YTO NpH MMEIOLIEMCH B YCKODHMTE/E YPOBHE CHMHXPOTPOHHOTO HATyYeHHs He
OYCHb CYLLECTBEHHO, POTOMPUEMHHK HMeeT GoMee IWMPOKHMIl AMHAMHYECK il
AMaNasoH M UIHPOKOMNONOCHOCT CNEKTPANbHOI XapakTepuctuku (0,4 + 1,1 MKM).
Maisie pasmepsl oTonpueMHHKa, HEUYBCTBUTENBHOCTD K BHELIHEMY MarHUTHO-
MYy nonio, Hebonbiuas notpebnseMas MOLWIHOCTD (10B, 2MA) ynpowaior npobe-
My KOMIIOHOBKHM npuGopa 1 fenaloT ero ynoGHbiM B aKcrutyataumu. [ns nogas-
JIEHHA HABOAOK, KOTOpbIE MOIYT BO3HHKHYTh B KaGesie CBA3M BXOMHOMH CXEMbl C
BbIXOIHOH PErHcTpupylolel cekuMeil, ocoGoe BHHMaHMe obpaileHo Ha pacro-
JIOXEHHE M 3KPaHHPOBKY Kabens.

H3mepurenbhbiii kaHan ¢ HeoxnaxaaeMbim totoconporusnennem (PbSe) B
Ka4eCTBE IETEKTOPa NO3BOJIAET U3MEPATh MrHOBEHHbIE (B Npeaenax 1 MKc) 3Ha-
YEHHA BEJIHYMHBI CHTHAIa CHHXPOTPOHHOTO MITYYEHHS C MCIONb3OBAHUEM
HMIYIBCHOTO npeoGpa3soBanus CHrHala ¢ (HOTONPHEMHHKA M BBEICHUS Clie-
LHabHOTO yCTpO#CTBa [56] aKTHBHOIO NONABNEHMS HABOLOK B H3MEPHUTEILHOM
KaHane nepex peructpaumeit B AL, HderekTop coctout u3 aByx cotocon-
POTHRIIEHHH, OOHO M3 KOTOPHIX ABJIAETCS KOMMEHCHPYIOLIHM H 3a3KPaHHpPOBaHO
OT CHHXPOTPOHHOTrO M3nyyeHus. Takas CTPYKTypa NeTEKTOpa M MCIOJb30BaHUE
auddepeHUHANBHOIO  YCHIINHTENS  NO3BONMHIHN NPUMEHUTL GalaHCHBIH CheM
CHTHANA C NETEKTOpa H 3HAYHTE/NBHO CHHU3HTh YPOBEHb CHH(A3HBIX HABOJOK Ha
BRIXO[HOH CHIrHas u apeiid Ha BXoxe H3MEpHUTENIbHOIO KaHarna. Kpome Toro, Bce
BXOAHBIE LICMH MOMELLEHB B /IEKTPHYECKHE IKPaHbI, IPOBOJHUKH OT JETEKTO-
PoB Ha nudpepeHunanbHble BXOAB YCHIHTeNs 6uuIapHO CKpyueHsl, a cam
YCHJIHTE/Ib OTHECEH OT KOMIIPECCOpA Ha pPaccTOsHUe ~ 1 M. ®oroconporuBieHus
noaGupanuck ¢ 6ru3KuMH Mexay co6oii napaMeTpaMu: 4yBCTBUTE/IbHAs 0BEPX-
Hocte 0,2X7 MM, Tennosoe compoTuByieHHe ~ 6 KkOM, nmocTosHHas BpE-
MeHHu 1 + 2 MKc.

H3MCpHTCJIbeIﬁ KaHan ¢ HUMNYJIbCHBIM npeoﬁpazoxaﬂnem no3BONAeT pe-
THCTPHPOBATb HHTEHCUBHOCTH CHHXPOTPOHHOrO H3ITyYE€HHs KOJibLia B pasiiHyHbIE
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' Puc.18. H3MeHeHHe HWHTEHCHUB-
J, omH. €d.
HOCTH CHHXPOTPOHHOIO H3Iy4e-
HHS B Ipoliecce CXKaTHA U IEKOM-
MPEeCcCHH 3/IEKTPOHHOrO KOJIblia

!~

MOMEHTHl BpEMEHH, a B MHO-
TOKAQHATPHOM  HCIOJIHEHHUH
MOXeT OBITh HCHOJNb30BaH
IUTE N3MEpeHHsl reoMeTpHUYec-
KHX IapaMeTpoB KOJiblia.

JOCTOUHCTBAMH OIHUCAH-
HOH  CHCTEMBI  H3MEpEHHd
0 | { J CUHXPOTPOHHOTO M3/yuYeHHs

2 3 +. MC N0 CPaBHEHHMIO C HCIOJb30-
BaBIUMMUCS cuctemamu [12]
SBJISIOTCS BO3MOXHOCTh pac-
nonarath  JETEKTOPHl CUHXPOTPOHHOTO H3MyYeHHMs B HEMNOCPEACTBEHHOH
GAM30CTM OT MCTOYHMKA H3NyYyeHHs, B pe3yiabTare 4Yero OTHajaeT Heol-
XOAUMOCTh B OIITHYECKOM TpPaKTe, H HOCTHIAETCA 3HAYMTESIbHOE CHHXEHHUE Ior-
pemHOCTH U3MepeHus. Tak, B U3MEPUTENBHOM KaHANE C MMITYIbCHBIM npeobpa-
30BaHHEM OpPH  DPErHCTPALMH  CHHXPOTPOHHOrO  HM3/1ydeHHMs JOCTUTHYTa
oTHOCHTENbHAd TouHOCTh ~0,2%.

I'maBHas 3amaya JUArHOCTHKY KOJIBLIEBOTO CTYCTKA B ajre3aTope KOJJICKTHB-
HOTO YCKOPMTENs — HAXOXIEHHE BEIMYHH, ONPENE/SIOUIHX TEMI yCKOPEHHM:
HaNpAXEHHOCTH COOCTBEHHOTO 3IEKTPUUYECKOTO MO, KOTOPas ONMpPENENIETCs U3
yHC/a IEKTPOHOB M TEOMETPUYECKUX I1apaMeTpos Kosibua. HauGonee BaxHO
3HATh ®TH MapaMeTpbl Ha 3aK/TIOYHTEIBHOH CTaJiuu CXaTUs 3JIEKTPOHHOTO KOJb-
ua (na paguyce R=4-+4,5 cm), Tae OCYLIECTBIAETCS 3arpy3Ka 3JIEKTPOHHOTO
KOJIbLIa HOHAMH M BBIBOJI HArPYyXEHHOIO KoMblua B 06/1aCTh NIMHEHHO Criagaioile-
o MarHUTHOTO TIOJI M YCKOpEeHHe MOHOB 10 3Hepruu 1+ 5 MaB/HyKioH.

B M3MepeHHsX MCIONB30BaHbI Ba NPHEMHMKA, YCTAHOBJICHHBIX B HEMOCPEN-
CTBEHHO} ONM30CTH OT OKHa aaresaropa (~1 M OT ceuyeHMs CrycTKa) IOH HyJe-
BbIM YIVIOM K MEJMAHHOM IUIOCKOCTH KONBLEBOTo crycrka (cM. puc.3, 2). Ilepen
npueMHUKOM u3 PbSe ycTaHOBIIEH MOJIOCOBOH (PUIIBTP-0CHaGHTENb, MIPO3PAYHBbIH
JUTA MATYYEHHS B CHEKTPAILHOM AuanasoHe 2+2,5 MkM (cM. puc.16). Biusnue
atMocephl (IUIOTHOCTh BO3YXa, BIAXHOCTh, 3albUICHHOCTH) HE YYHTHIBAIOCH
M3-33 MaICTO PAacCTOAHMS MEXAY JETEKTOPAMH H OKHOM ajresaropa.

B paboueM pexmMe YCKOPUTENS JUIMTENBHOCTh LUMKIIA YCKOPEHHS COCTaBIS-
er ~3 Mmc. JUTENbHOCTh MMIYIbCA CHHXPOTPOHHOIO H3JIyYCHUS, PETHCTPH-
pyemoro aetextopoM, cocrasnser ~1 mc. Ha puc.18 mokasano pacmpenesnenue
WHTEHCHBHOCTH (B OTHOCHMTEIBHBIX EIMHULAX) CHHXPOTPOHHOIO HU3JIy4eHHS B
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Puc.19. Koppensuust curuanos c NEeTEKTOPOB CHHXPO-
TpoHHoro U_, u TopMo3Horo UY usnyvenuii: O — doro-

muon Si, @C — dotoconporusicuue PbSe

fipouecce cXarust U NAEKOMNPECCHH 31EKTPOHHOTO KONbLA B aAre3atope, Wime-
penHoe ¢ nomomsio ¢orToconporusiekus PbSe uepes HHTEPBAIBl BPEMEHH
40 Mkc. PucyHox wutoctpupyer BPEMECHHYI0 3aBUCMMOCTh MMITYJIbCA CHHXPO-
TPOHHOTO M3ITY4eHMs, H3MEPEHHYIO B CMIEKTPAILHOM Auanasone 2+2,5 MkM. Xa-
paxTepHas mupHHa uMnynsca At=0,7 Mc. MakcuMyM CHrHala IPUXOZMTCS Ha
Bpemsi 2,7 MC OT Hayana CXaTus KOJbla B aaresarope. O6mnacts yBepeHHOI
PErUCTpaliii CHHXPOTPOHHOTO M3NyyeHHs uH(pakpacHbIM feTekTopom PbSe ¢
MaKCHMYMOM CIIEKTPajIbHOH YYBCTBUTENBHOCTH OKOJNO 3,6 MKM COCTaBIISieT
2,1+2,7 Mc, 4TO COOTBETCTBYET M3MEHEHHMIO paauyca koJjibna ot 4,6 ¢cM 1o
3,6 cMm.

M1 NMpoBepKH JIMHEHHOCTH 3aBHCHMOCTH MeXIly HUHTEHCHUBHOCTHIO 3a-
PETHCTPUPOBAHHOTO CHHXPOTPOHHOIO M3NYHEHMs M YHCTIOM 3JIEKTPOHOB B KOJib-
lie nCciefoBaHa KOPPENsUus CHIHANOB ¢ NPMEMHHUKOB CHHXPOTPOHHOIO H3Nny-
HCHUA M C ICTEKTOpa, PErMCTPHPYIOLIETO Y-H3yYeHue, 06pasyioleecs npu c6po-
CC SJICKTPOHOB HAa CTCHKH KaMephl ajre3aTopa B KOHLE LMKJIA YCKOpHTENS.
HIHTEHCUBHOCTD TOPMO3HOIO Y-H3TydeHus NPONOPUHOHATBHA YHCITY HIEKTPOHOB.
[IpoBenennsle uccnemosanus noxasanu JMHEHHYI0 KOPPEJSLHI0 CHIHAIOB C
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Puc.20. Koppensiuns cHrHanoB ¢ OBYX HETEKTOPOB, PErHCTPH-
PYIOLIMX CHHXPOTPOHHOE H3NTYYEHHE B Pa3HBIX CMEKTPAIbHBIX
obnactax

NPHEMHHKOB CHHXPOTPOHHOIO HITYYEHHS M C JETEKTOpa Y-KBaHTOB. Pe3ynbTarhl
HCCrieNOBaHHi MpeAcTarIeHbl Ha puc.19.

Hccnenosana peakuus NETEKTOPOB C pa3HOi CMEKTPanbHOH YYBCTBHUTE/b-
Hocthio (P — doronunon Si, PC — otoconporusnenne PbSe) Ha norok
CHHXPOTPOHHOIO H3/y4€HHS OOHOM HMHTEHCHBHOCTH. Perucrpauus uanyyenus
Besach OGOMMH [ETEKTOPaMM ONHOBPeMEHHO. Koppensuus CHrHanoB Mexmy
HumH (puc.20) xapakTepH3yeT BOCIPOM3BOAMMOCTb pe3ynsraroB. Cyas no pe-
3yJIbTaTaM U3MEPEHHMH, OTKJIOHEHHE TOYEK OT MPAMOM JIMHHH He npesbiliaer 5%.

Pe3ynbraThl H3MEpPEHHS YHCA BJIEKTPOHOB N, (yckopeHHOro Toka) 3J1eKT-

POHHOIO KOJIbL{a Ha KOHEYHOM PaliHyCe CXaTHS KOJIBLIEBOrO CrYCTKa B aare3aro-
pe KYTH npencramienst Ha puc.21. Msmepenne nposoaunocs uHGpaKpacHbiM
aetekTopoM U3 PbSe B ciekTpansHoM auanasone 2+2,5 mxM. ITo ocu abecumce
OTJIOXEHAa BENHYMHA CHMIHana ¢ HHGPaKpacHOTO JerekTopa B BonbTax. Ha
BEPTUKAILHOW OCH II0Ka3aHa COOTBETCTBYIOLIAS 3TUM CHrHanaMm BeJIHYMHA
CUTH&IA C JETEKTOPa TOPMO3HOTO Y-H3JIydEeHHs JIEKTPOHOB MpH UX oGparHoii
BBICAJIKE HAa CTEHKH KaMephl airesaTopa.

Yrnosoe pacnpenenenne CHHXPOTPOHHOIO HM3NY4YCHHH, 0COOEHHOCTH H Xa-
PaKTEp KOTOpOro HCOGXOJ.IHMO YUYHTBHIBATh NPH ONPCACIICHUH N e H3MEPAIOCH B
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Puc.21. PesynsraThl W3MepeHMs 4mcna 20k Nx10 12 Uy,
3/IEKTPOHOB "y e

1

15

OTHENIBHOM 3KCNEPHMEHTE, HO IIpu
TEX XK€ peXHUMax YCKOpHUTessd, KOTO- . 4 10
pele OBUIM M NpPH TOKOBBIX H3Me- NRE
penusax. Ha puc.22 mnpeacrapnens 1,0 i
pe3ynsraTtel  M3MEPEHHMH XapakTepa i
YIJIOBOHl  PacXOOMMOCTH  CHHXpO- - 15
TPOHHOI'O W3JIY4EHUS OTHOCHTENIEHO -
OpOHTAIbHOM TJIOCKOCTH 9JIEKTPO-
HOB. H3mepenus mposommnuch ¢ .
MOMOWIBI0 [BYX OIHO3JIEMEHTHBIX . . 0
JACTEKTOPOB MO CIECAYIOUIEH METOOH- - '

Ke: OfMH u3 fetektopos (PbSe) 6bu1 0 03 08 Ucu?
YCTaHOBJIEH TO[ HYJIEBBHIM YIJIOM ,

OTHOCHTE/ILHO MEAMaHHOM IUIOCKOCTH KONIBLIEBOTO CrycTKa, a Apyroit (Si) mepe-
MELAICS NEePNEeHAMKYISPHO OPOUTABHOM [UIOCKOCTH YacTHIL.

W3 puc.21 MOXHO BHAETH, YTO H3MEPAEMbIi CHTHAT CHHXPOTPOHHOIO H3Ty-

YeHus N0 YpoBH:s -~ 1,5 10! YacTHLl MpPaKTHYECKH JIMHEHHO CBs3aH C
MHTEHCHBHOCTBIO SJIEKTPOHHOIO KONbLA. Bhilie 3T1oro ypoeHs Ha6rmomaercs He-
GoJIbIIOE OTKJIOHEHHE OT JIMHEHHOCTH, KOTOpOe CBsI3aHO, KaK MOKa3aHo B pabore
[14], ¢ akcHaTbHBIMH GeTAaTPOHHBIMH KOJI€GaHUIMH 9JIEKTPOHOB B KOJIbLIE, Yac-
TOTa KOTOPBIX 3aBUCHMT OT (haKTOpa HeHTpaiM3aLKK KOJbLa. BiiusHue HMOHHOI
KOMIIOHEHTB TIPH YBEJIMYEHHH HHTEHCHBHOCTH 3JIEKTPOHOB MNPHBOAHT K
PacUIHPEHUIC YIJIOBOTO PACHpelesieHUs 3NEeKTPOHOB B KOJIBLIE U, COOTBETCTBEH-
HO, PaClINPEHHI0 YIJIOBOTO pacnpeie/ieHuss CUHXPOTPOHHOIO HM3NydeHHs (T.e.
OTHOCHTENIPHOMY CHMXEHMI0 HMHTEHCHBHOCTM CHHXPOTPOHHOIO H3Nyd4eHMs B
ME[MaHHOH TUIOCKOCTH KOJBLEBOTO CrycTKa). PerucTpamus IIOTHOCTH MOTOKa
H3JIy4eHUs] 1O BCEH IUMPUHE €ro YIIOBOIO paclpefeNeHUs OTHOCHUTENBHO
MEIMaHHOM IUTOCKOCTH 3/ITe3aTopa yCTpaHsAeT OTKJIOHEHHE OT JMHEHHOCTH.

PaGoty usmepurensHoro KoMiviekca MHpaKpacHoii CHHXDOTPOHHOM [uar-
HOCTHKH TOKOBBIX, FEOMETPUYECKHX M YHEPTETUYECKUX NAPAMETPOB YCKOPSEMO-
TO MydKa 3apsKCHHBIX YaCTHU, B KOTOPBIA BXOOMT M CHCTEMa H3MEPEHMS VIVIO-
BOH DAacXONMMOCTH CHHXPOTPOHHOTO H3NyYeHws, WUIIOCTpUpyeT puc.14. Ha
PUCYHKE B BuIe TaONULBI NpeACTaBAEHHl pe3ynbTaTsl 10 H3MEPEHUI, Mpo-
BOAMMBIX depe3 100 MKC pasnmuuHBIMM M3MEDHTENBHBIMH CHCTEMAMM B TEYEHHE
I mc (32 ogun wMKN yckopurens). «KopoTkas nuHeiika» Xapakrepusyer paboty
CHCTCMBI H3MEPEHHUs FTEOMETPHYECKUX NapaMeTPOB KoJbla. «IMHHAsS nuHelKay»
M3MEPSET MHTEHCHBHOCTH CHHXPOTPOHHOIO MINTYYEHHs H €ro YIIIOBOE pachpese-
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Puc.22. YroBoe pacnpefesieHHE CHHXPOTPOHHOTO H3ily-
YeHUs B ajresatope

JIEHHE OTHOCHTENbHO OpOHTaNbHOM MockocTh yactul. «CH-MonnuTop» Himeps-
er abCoMIOTHOE YHCIO 3/1eKTPOHOB. Ha HMXHMX THCTOrpaMMax MOXHO BHAETD
pasMep Maloro ceueHHs KOJbLEBOTO CrycTKa H XapakTep pacrnpeiesieHHs 3JIEKT-
POHOB MO CEYEHHIO (JleBass MCTOrPaMMa) H YIIOBOE pacrpefe/ieHHe CHHXpO-
TPOHHOrO W3NTyyeHHs (TpaBas THCTPOrpaMma) B OMH M3 10 MOMEHTOB BPEMEHH
cxatus Kosibua. [To ocu aGcuuce OTNOXEH JIMHEHHbIH pa3Mep AETEKTHPYIOLIUX
6510k0B. Y «KOpOTKO# JMHEeAKH» mar ~ 1 MM. ¥ «IJIMHHOH NHHEHKH» 1uar
~ 4 mMm. Tlo ocu opauHar OTNOXEHa BEJMYHHA CHCHATIA C KaXOOro 3jeMeHTa
JIETEKTOPOB B KaHanax.

Kpome 6a30BbIX (OCHOBHBIX) CHCTEM Hepa3pyllalolleid JIHAarHOCTHKH KOJib-
LIEBOr0 CrycTKa, KOTOPHIMH SIBNIAIOTCS HHTErpaibHble W KOOpAHHaTHbie HHpa-
KpacHbIe IETEKTOPbl CHHXPOTPOHHOTO H3y4eHHS H KOTOpPbI€ COCTAaRIAIOT OCHO-
BY M3MEPHTENIPHOTO KOMIUIEKCA, B 3TOT KOMIJIEKC BKJIIOYEHBI BCIIOMOTaTe/IbHBIE
HU3MEPHUTENIPHBIE YCTPOHCTBA: CYETYHKH TOPMO3HOTO HTy4EHHMsA, Y-IETEKTOP
oOpaTHOH BbICaOXyW, WHAYKLUHMOHHBIH maTyuk Toka (nosc Porosckoro, ycraHoB-
JICHHBIH Ha BBIXOZE 3JIEKTPOHHOIO My4YKa M3 JTHHEHHOrO yCKOPHTe/s MEpel ero
HHXEKLMEH B KOMIIpeccop) — 3alieHiCTBYeMble TOTHa, KOraa HeoGXoauMo npose-
IOEHHE KOppelMpOBaHHBIX H3MepeHmii. B cnydyae oOGbyHON paboThi, 4TO
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WUTIOCTPHPYET pucC.14, BCOMOraTeNbHblE AHATHOCTHYECKHE YCTPOHCTBA He
HCIOJIb30BATHACS.

Ana awanusa morpemHocTeli M3MepeHHs abGCOMIOTHOTO YMCNA BIIEKTPOHOB
UCTIO/Ib30BaHBl METOIbl TEOPUHM OWIKMGOK ¥ PEKOMEHALMH 110 MaTeMaTHYeCKOji
00paboTKe pe3y/bTaTOB H3MEPEHMI, HUIOXEHHbIE B pabore [57]. Pacuer no-
TPEUIHOCTEH MPOBOAMJICA HAa OCHOBE OKCIEPHMEHTATbHBIX pPE3y/lbTaToOB M
ananu3a gopmynst (19). [pu aHanuse pesynbTaToB GbLTH H3YYEHB U onpeaesneHsl
CHCTEMATHYECKHE H CllyualHHBbIe MOTPEWHOCTH U3MepeHus. [1poBefeHHBIH aHaIN3
MOTPEIIHOCTEH MOKa3all, YTO HH(PaKPACHbI CHHXPOTPOHHBI MeToa oGecreyns
TOYHOCTb OMpeneNieHus abCoMIOTHOTO YMCNa BIEKTPOHOB B CIYCTKe (TOKA MyyKa)
ayquwe yeM 10—12%, uto B aBa pasa npesbiwaet TpeGyemyio YCKOPHTEJIbHbIM
3KCNIEPHUMEHTOM TOYHOCTb, HENOCTHXHMYK C HOMOLUIBIO ApYrMX METO/IOB
AWArHOCTHKH, HCHOJIb30BAHHBIX HA KOJUIEKTHBHOM YCKOpPHTESE.

3AKIIOYEHHE

B 3akmouenne uenecooGpasHo nepeuncauth cBojicTBa nHdpakpacHoro
CHHXPOTPOHHOIO METO/a, KOTOpbie AE/IAIOT €r0 HE3aMEHHMBIM MPH Hepa3pyiua-
IoleH AMarHOCTHKE HU3KOIHepreTHuHbix (E ~ 10+25 M3B, R ~ 8+4 CM) 3JIeKT-
POHHBIX CTYCTKOB M NPOTOHHbIX ny4ykoB (E ~ 200 3B, R ~ 100 m):

— YHHK&/IbHbIE CBOHCTBA CHHXPOTPOHHOTO M3Ty4eHHWs — OCTpass HamnpasiieH-
HOCTb W BbICOKass MHTEHCHBHOCTh B MH(pakpacHoii 06;1acTH — faenaloT BO3-
MOXHBIM HCIO/Ib30BAHHE AOCTATOYHO MPOCTBIX, & 3HAYUT, BoJiee HANEKHBIX,
HOCTYNHBIX W AelieBbXx WHpakpacHbiXx aeTekTopos [4,5,20];

— LWIMPOKHIA CNIEKTP IHArHOCTHPYEMOrO CHHXPOTPOHHOTO H3Ty4eHHs, POCTHpa-
IOLHACS OT BUAMMOMH YacCTH ONTHIECKOTO CIEKTPa B Aanekylo HHpakpacHyio
obnacts go 40 Mkm [11,21,58];

—— BbICOKad TOYHOCTh M3MEpeHHs abCOMIOTHOTO YHCNAa YCKOPSEMBIX YacTHL, KO-
TOpas 06ecreYHBaeTCsl PErHCTPALIMEll CHHXPOTPOHHOTO H3TyYEHHS! B JUTHHHO-
BOJIHOBO#H yacT cniektpa (A 2 A ), KOra MHTEHCHBHOCTb M3/Ty4eHHs NPAKTH-

HECKH HE 3aBHCHT OT HEPIHM YaCTHLL, BHOCALIEH OCHOBHOI BKJIal B MOrpeLw-
HOCTb W3MEpEHHH, a Takke KanMOPOBKOH [ETEKTOPOB B HIHPOKOM
CNeKTpalbHOM AuanazoHe (AA /A 2 1) [5,59,60];

—— BbICOKad NOMEXO3AUMIIEHHOCTh OT HMHTEHCHBHbIX WMIYJIBCHBIX 3NEKTpO-

MarHMTHBIX, PAIHAUHOHHBIX M CBETOBBIX MOMEX MO CPABHEHHIO C TPAIHLHOH-
HBIMH JICTEKTOPaMH ONTHYECKOIO H3jlyyeHHs Ha ocHose ODY [10,61];

— BBICOKHiI TeMN Habopa WH(OpPMaLMH, NO3BOASIOMIMI BECTH JIUArHOCTHKY U
MCCNIE0BAHUS yCKOPSEMBIX MyYKOB B IHHAMMKE MX Pa3BUTHS, BECTH PEIHCT-
paumio GHICTPONPOTEKAIOMKX TIPOLIECCOB [12—14].
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HUcnons3oBanne MHGPAKPACHOTO CHHXPOTPOHHOIO M3JIydeHust I Juar-
HOCTHKH M 9KCNIEPUMEHTOB HA NMPOTOHHBIX KOJIBIEBBIX YCKOPHUTENAX, Wi Hayy-
HBIX M MPUKJIATHBIX UCCIENOBaHUH, HAIPAMED, B METPONIOTHH, B OO/IACTH BhICO-
KOTEMIEepaTypHO#i CBEPXNPOBOAMMOCTH M B OMONOrMHM, OTKPHIBAET HOBYIO
CTpaHMIly B IPUMEHEHUH CHHXPOTPOHHOrO M3ydenus [62].

Pa3pa6orannbie B OMSIM npeuusuonHsie MH(pakpacHbie NETEKTHpPYIOUIME
aBTOMATH3MPOBAHHBIE CUCTEMbI MOTYT GBITh MCIIOJIb30BaHb B PasMMyYHbIX 0Cna-
CTSX HaykH M npombluvieHHocTH. Ha MX ocHoe Moxer OmITh co3laH MH(ppa-
KpacHblii TOMOrpa IS MeIHMLMHBL. B MeTalypruuecKod NpPOMBILLIEHHOCTH
OHH MOTYT HaWTH NPUMEHEHHE B CHCTEMaX, OTC/ECXKHBAIOIMX TEXHOJIOTHIECKUE
MPOLIECCH], M B 9KOJIOTMYECKOM KOHTPOJIE OKPYXaloLled Cpelsl.

B 3aK/II0YEHHE CYMTAI0 CBOMM TPHUATHBIM JOJIOM BHIPa3uTh [IyOOKylo Gna-
rogapHocTs JI.T.Ilerposckoii, M.A.Mansuesy, A.P.KysbMuyeBy 3a MOMOLIb B
TIOAATOTOBKE JIaHHO# paboTHI.
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PE®EPATBHI CTATEH, ONIYBJINKOBAHHBIX B BBIIIYCKE

VIIK 539.1.03621.384.6

HyOuenckuit cunxpothasorpor. COCTOSHNE M NEPCIIEKTHBBI PA3BHTHA YCKOPHTEIHHOTO
Komiuiekca JIBD. Cenmentowxur H.H. ®u3uka sMeMEHTAPHBIX YacTUL{ H aTOMHOIO a7pa,
1996, Tom 27, Bbim.3, ¢.571.

MHorue ronsr nyOHeHCKUi CHHXPOGAa30TPOH SBISETCA ONHMM M3 HEMHOTHX B MHpE
YCKOpHTe/Iel 3apsSXXEHHBIX YaCTUL, NPENOCTABIMIOIMX 9KCIEPHMEHTATOpaM IHPOKHMIl Ha-
60p TMy4KOB PENATMBUCTCKHX SfEP M MOMSIPH3OBAHHBIX AeiTpoHoB. IlpeoGpasoBanue yc-
KOpHTE/s IPOTOHOB B YCKOPHTENb Sfep CTANO0 BO3MOXHbBIM G1arofaps peKOHCTPYKLIMH psiia
BaOXHEHIIMX CHCTEM CHHXPOGA30TPOHA M CO3IAHMIO HOBBIX. ITOCTOSIHHOE COBEPLIEHCTBO-
BaHUE YHUKAILHBIX MCTOYHHKOB BBICOKO3apSIOHBIX MOHOB ¥ IMONIPH30BAHHBIX AEHTPOHOB,
MOIEPHH3aLMs IMHEHHOTO ycKopHTels, BU-cHcTeMbl YCKOPEHHS, COOPYXEHHE 1BYX CHCTEM
MEVICHHOTO BBIBOAA YCKOPEHHOIO ITydKa M3 CHCTEMBI GBICTPOrO BHIBOZA M HAa UX OCHOBE
Pa3BETBICHHOM CHCTEMbl KAHAIOB NMy4KOB YACTHL[ H Jp., BHICOKaS HANEXHOCTh paGoThI
CHHXPO(ha30TPOHA — BCE 3TO ONPENENWIO HOBbIE KAYECTBA YCKOPHTENHHOTO KOMIUIEKCA
naboparopuu.

B 0630pe naercs Kparkoe OMMMCAHHE OCHOBHBIX CHCTEM, PEXHMOB PaGOTHI M KaHAOB
1y4koB 4YacTHl. HameyeHHas Ha Gnuxaiiiie rogs! nporpaMma (pU3HIECKHX MCCIEI0BaHMI
JIB3 Halle/leHa Ha M3yueHHUE MIEPEXOHOTO PEKHMA OT NPOTOH-HEHTPOHHOM K KBAPK-TIIIOOH-
HOii MaTepun. OHa OCHOBHIBA€TCA, NIPEX/E BCETO, HA TOCTAHOBKE SKCIIEPUMEHTOB Ha COGCT-
BCHHOM YCKODHUTENBHOM KoMmIuiekce. [lnsg sToro Gymer MCIIONL30BATHCA BBEISHHBIA B
AefictBue B 1993 r. XecTKOOKYCHPYIOLLMII CBEPXIIPOBONAILMI YCKOPHTEND — HYKJIOTPOH,
TIPEAHA3HAYCHHBIA M/ YCKOPEHWS HOHOB JIOOBIX aTOMOB IIEPUOAMYECKOH TaGiHubl
JI.M.MeHzeneesa 10 MAKCUMATBHOH SHEPIHU 6 TsB/nyksioH, u ao cosnanus Gycrepa Hyk-

JIOTPOHA — MO/APU3OBAHHEIE MYUYKH AEHTPOHOB CHHXPOGA30TPOHA.
Ta6n.7. Hn.6. Bubnuorp.: 67.

VIK 530.145

MeTox KOHTHHYaNLHOTO HHTEIPHPOBAHHMSA UL 3314 C CyNEPHHTErPHPYEMbIMH HOTEH-
IHAJIaMH HA AByMepHOM ranepdononne. I powe K., Ilozocan I'.C., Cucaxkan A.H, ®usvika
9JIEMEHTAPHBIX YAaCTHLl ¥ aTOMHOIO fzpa, 1996, Tom 27, Bhin.3, ¢.593.

Hacroswmas paGora siBasercs TpeTheil u3 cepun paboT, B KOTOpoil 06oGIIEHO TIOHATHE
CYNEPHHTETPHPYEMBIX ITOTEHUHAIOB, M3BECTHBIX VI TUIOCKOTO I[IPOCTPAHCTBA, HA CIyyail
NIPOCTPAHCTB IIOCTOAHHOM OTpHUATENbHOH KPHBH3HEL CopMYIHpOBAH METO KOHTHHYATB-
HOTO MHTETPHUPOBAHUS IS CYNEPHHTEIPUPYEMBIX MOTEHUMAIOB HA ABYMEPHOM Iunep6o-
noupie. HaiflieHs! 11STh OTEHUMATOB HCKOMOTO THIIA, KOTOPbIE CONEPXAT TPH (hyHKIIMOHA-
HO HE3aBHCHMBIX MHTerpana [BHXeHus (HaO/I0NaeMBIX), H B KaXIOM C/Iy4ae BBHIHCAHBI
COOTBETCTBYOILHE HHTErPIbl 10 TpaeKTopHsM. OMmucaHbl Bce Ciiydau, e ¢ MOMOILBIO Me-
TOAA KOHTHHYaIILHOTO MHTETPHPOBAHHS BOSMOXHO PEllieHHE B SBHOM BHJE Ha sI3bIKE NpoIa-
raTopoB, pyHKUMi I'pHHA M CTIEKTPAILHEIX PaNIOXEHHH 110 BONHOBBIM (yHKuMAM. O6GCyxX-
AAI0TCA BCE BO3MOXHBIE OPTOTOHANBHBIE CHCTEMBI KOOPIAHHAT Ha ABYMEPHOM rHIIEpGoiouze.
Hnst KaXn0il U3 CHCTEM KOOPIWHAT mocTpoeHs! oneparop Lllpenunrepa u Marpuua Iltex-
Kena, NPUBENEHBI COOTBETCTBYIOLIME HHTErpambl AsuxeHus. OcoGoe BHUMaHME YAeNeHO
00001IEeHHI0 TaPMOHHYECKOTO OCLMUIATOPA, WIM OCHMIATOpa XHITCA, ¥ 3a0auM Kemnepa
— Kynona. OcraBuinecs Tpy noTeHuMana SBASIOTCS aHATIOTAMH HOTEHLMANa X0NTa 1 eH-
TPOGEKHOIO, a IOCHENHsAs MOMNENb COOTBETCTBYeT B MpEAeNe TUIOCKOTO IIPOCTPAaHCTBA
JINHEHHOMY ITOTEeHIHATY.

Ta6n.3. Bubnuorp.: 66.
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VIK 539.1.076+621.384.6
HekoTopsie HOBbIE NPEJIOKEeHHS VI ycKopuTenei. [oizanos 3.H., Tapamun A.M., 3un-
yenko A.M. OU3KKA BNeMEHTapHBIX YacTHIl H aTOMHOTO sapa, 1996, Tom 27, Beim.3, c.675.

Konnaiineps! YacTHI BLICOKHX SHEPIUii ABIAIOTCA, TIO-BHIMMOMY, OIHHMH U3 Haubolee
CIIOXHBIX TEXHHYECKHX YCTPOHCTB. YCKOPEHHBIE MYYKH YAacTHL JOIKHBI COXPAHATHCH B yC-
KOpHTEJle B TeueHue MHOTHX 4YacoB, TNpHYEM HX MapaMeTpsl HOMXKHBI OCTaBaThCH
CTa6WIbLHBIMH, YTOGBI 0GECMIEUHTD MONyYeHHe MaKCHMyMa HHGOPMaLMH B 9KCIIEPHMEHTalIb-
HBIX HccnenoBanusx. OnTuMusauus paboTbi KONIaiaepoB BNSETCS BAXHON H 04eHb Henpo-
CToi 3amaueit u3-3a GOMBIIOH CIOXHOCTH H TpeOyeMoil BLICOKOH TOYHOCTH 3KCIIEPHMEHTOB,
a TaKkXe BbICOKOH CTOMMOCTH PaGOTHl YCKOPHTE/IBHBIX KOMILIEKCOB.

Haetcs 0630p HECKOJIBKMX MEPCMEKTHBHBIX HANpPamICHHH B YCOBEpLUEHCTBOBAHHH
paboThl KONNaIepOB, KOTOPHIE HEXABHO GLUIH MHMLMHPOBAHBLI HAMH M ONYGIMKOBAaHbI B
Hay4HBIX XYpHaIax ¥ COOGIUEHHAX, a MMEHHO: BBIBOM rajlo MyyKa U3 KojUlaiinepa 4acTHL
BBICOKMX 3IHEPIHii C MOMOLUBIO H3OTHYTHIX KPHCTA/LIOB M1 OPraHM3aLMK AOMONTHHTEBHBIX
IKCNIEPUMEHTOB Ha (PHKCHPOBAHHBIX MHILIEHAX; KOMIIEHCALUHs BIHAHHS NPOCTPAHCTBEHHOTO
3apAAa BCTPEYHBIX MYYKOB Ha MX CTaGWIBHOCTb; HOBLIE CXEMBI ralliEHHs KoneGatuii nydka
M UX OpUMEHeHHs B cHcTeMax oGpaTHOM CBA3M; HepaspyllaloLlas AMarHoCTHKA napaMeTpoB
UMPKY/IHpYIOIUMX MYYKOB C MOMOLUBIO MyMKOB YaCTHL HH3KHX SHEprui. [lns netansHoro
HCCIENOBAHMA ITHX MpelioXeHni HaMu Obla paspaboTaHa adpeKTHBHAA KOMIBIOTEPHAs
MOZIeNTb KOJIAiIepoB, CO3AaHbl KOMIIBIOTEPHbIE NPOrPaMMBal JUTA pacyera TpaeKTopHii 3aps-
XEHHBIX YacTHLl B KPHCTal1e, a TAKXe B 10/ie NPOCTPAHCTBEHHOIO 3apsfia, NIEKTPUYECKHX
H MarHMTHLIX MOJSX B YCIOBHAX, XapaKTEPHBIX M1 KO/UTaiiepoB YaCTHU BLICOKHX 9HEPIHiA.
Pe3yneraThl MCCIIEROBaHHI NAOT OCHOBAHHA HANEATHCS HAa BO3MOXHOCTb 3HAYMTENLHOTO
ynydwenus paboTsl KonainepoB. 3To n03BONKT PacIIMPHTL 06/1acTh QU3HYECKUX Hccie-
NOBaHHii, JOCTHXHMBIX Ha CTIKHBAIOLIMXCA NMY4YKax CYLIECTBYIOLIHX U COOPYXaeMBIX YC-
KOpHTeNei, M YBEMUMT HOCTYMHOCTh 3THX YCKOPHTENLHBIX KOMIUIEKCOB ans Gonbluero

4YHC/Ia UCCIIEN0BATEIbCKUX TPYIL.
Ta6n.1. Mn. 21. Bubnuorp.: 33.

YK 530.12:531.51
I'paBHTAIHOHHAS H YIEKTPOMATHHTHAN 38/8TH ABYX Tejl B CHICHHATLHO-PE/ISTHBHCTCKOM
noaxone Ilyanxape. Acanos P.A., Aganacves I'.H. Ou3HKa 3/IEMEHTAPHBIX YaCTHI H aTOM-
Horo sapa, 1996, Tom 27, Bem.3, ¢.713.

TNyankape 0606wmmn cucreMy ypasnennid HoloToHa Ui ABYX B3aUMOAEHCTBYIOLIHX TeJ
Ha c/1ydail TONBKO 3aMa3AbIBAIOIUMX CHJI, PACTIPOCTPAHSIOMIHXCA CO CKOPOCTBIO cBeTa. dop-
mynupoBka [lyaHkape rpasuTalHoHHOH 3anau (Kennepa) comepXuT OBe NMpPOH3BOJIbHbBIE
¢ynkuuu. Ilpu onpeneneHHoM Bbifope 3THX (DyHKLHH IMOMYYEHO NpPaBHIBHOE ONMCAHHE
Tpex u3BecTHHIX 3¢ipekToB oO6IIel TEOPHH OTHOCHTENBHOCTH H 3dpeKTa 3aNepXKH
PaIHOJIOKALIMOHHEIX CUTHATOB. [Ij1i paccMOTpPeHHS B 3TOM MONXOAE 3/1EKTPOMATHHUTHBIX
B3aMMOZIEHCTBHI NpPHLUIOCH PacIUMpHTh CHCTeMy YypaBHeHui [Ilyankape, BBels CHUIIB,
3aBHCAIME OT YCKOpeHHi Ten. HaiineHb! yc/OBHS Ha BRIDRKEHHS IUIS CHJI, NPH ACHCTBHH
KOTOPBIX BO3MOXHBI CTAllHOHADHBbIE KPYIOBhie NBHXEHMS, H MpPHBEAEHHI MPHMEPH! TaKHX
CWI ¥ ABMXeHUH. JIaHbI IPUMEpHI CWJI, IIPUBOAAIIMX K NMPAMOIHHEHHOMY OBHXEeHHIO0. Pac-
CMOTpEHBI HEKOTODHIE ApYrHe NOAXOMBI K 3ajaue.

Bubnuorp.: 37.



PED®EPATHI 851

VIK 530.145; 535.14
ITpoGiema da3bl 1EKTPOMATHATHOTO MOJIS B KBAHTOBOI onmuke. Mypsaxmemos  B.K.,
Yuxoe A.B. ®Ousnka sneMEHTapHBIX YaCTHI M aTOMHOro sapa, 1996, Tom 27, Bein.3, c.747.
Han 0630p COBPEMEHHOTO COCTOSHHS MPOGIEMBI ONMcaHus ¢hasbl KBAHTOBAHHOTO 3JIEK-
TPOMArHUTHOTO MoJis. [Topo6HO HITOXEHDI [IBa TOOXOAA K MOJy4eHHI0 ¢a3oBbIX pacripene-
JIEHH#, UCTIONB3YEMBIX JUIS BLIYHMCIICHHS KBAHTOBO-MEXaHHYECKHUX CPEAHUX OT (ha30BhIX Ha-
6monaeMbix. OMH H3 MONXONOB OCHOBAH Ha MCIIOJIE30BAHMH 3PMHMTOBA OflepaTopa (hassl U
€ro CoOCTBEHHEIX COCTOSHHH. B npyroM nozxone ¢asoBsie cpefHHE BBIYMCISIOTCS NPH
noMom (asoBbiX pacrpeneneHui, NoTydaeMbIX MOCPEACTBOM HHTEIPUpPOBaHus (yHKLMM
pacripejieieHusi KBa3UBEPOATHOCTH T10 pafuansHOi nepeMeHHol. Ha npuMepe KOHKpeTHbIX

HEKJIACCHYECKHMX COCTOSHMH CBETa MPOBONUTCA CPABHEHHE 3THX ABYX MOIXOLOB.
Hn. 15. Bubnuorp.: 96.

YIK 621.387: 621.391

HudpakpacHas CHHXPOTPOHHAS NHATHOCTHKA KAK HOBOE Hampamiende B (GH3MKe M
TEXHHKE YCKOPHTEJILHOTO 3KCIiepuMenTa. Mansyes A.A. PU3MKa aIeMEHTAPHBIX YACTHL M
aTOMHoOrO sapa, 1996, Tom 27, Bem.3, ¢.797.

B 0630pe mpescTaBneHbl METOMbI U CHCTEMbl HEPa3pyLIAIOWIEH AMarHOCTHKH M HCCle-
JOBaHHH MyYKOB 3aPAXEHHBIX YaCTHL (B TOM YHMCIIE H MPOTOHHbIX), OCHOBAHHBIE HA MCMOJb-
30BaHMH MX COOCTBEHHOTO MarHHTHO-TOPMO3HOIO M3TydeHHs (CHHXPOTPOHHOIO MM Kpae-
BOTO) HH()PAKPACHOTO JHAINA30HA (IPEHMYIHECTBEHHO).

CymecrtsyeT mHMpokui Kpyr npobieM YCKOPHTEIBHOro KCIepuMenTa (HanpuMep, He-
paspyliaioumas AHarHOCTHKA YCKOPSEMBbIX IY4YKOB, MCC/IENOBAHUE KOT€PEHTHOCTH CHHXPO-
TPOHHOTO H3Iy4eHHsI), B METPOJIOTHH, OHOIOTHH, BHICKOTEMIIEPATYPHOH CBEpPXIPOBOIH-
MOCTH H T.J., KOTOPBIE MOITIH OBl pEIIaThcd ¢ NMOMOINBI0 HH(PAKPACHOM CHHXPOTPOHHOIM
AUArHOCTHKH, MEPEKPHIBAOLICH HHTEpBal MIHH BOJMH 0,3 MKM, YTO CYILECTBEHHO NpPEBOC-
XOOMT CHEKTPanbHYI0 o61acTh, NCIONB3YEMYI0 JUIS 3THX Lieneil (B OCHOBHOM, 3To o61acThb
MOpsAfiKa MKM).

Pacumpenne cnexTpanbHOro ApanasoHa YBEPEeHHO JUATHOCTHPYEMOIO CHHXPOTPOHHO-
O U3TyYEHHUs OTKPHIBAET HOBLIE BO3MOXHOCTH B €0 HCIONB30BAHHH JUTA PELLEHUS HAydHbIX
Y TIPUKJIaNHbIX 3a0a4.

Ocobrlit MHTEpEC MHGPaKpacHas CHHXPOTPOHHAs NMArHOCTUKA (KaK HOBOE HArpas-
JieHUe) TIPEACTABIAET VIS My4KOB IIPOTOHHBIX KOJIBLIEBBIX YCKODHTENel HbIHE CYIECTBY-
fowx (SPS), cosnaBaembix (YHK H®BD, Hyknorpon OHSIM) u npoektupyeMbix (SSC),
X0Ts GBI B CHITy TOTO, YTO [0 HEJABHHX IOP O CHHXPOTPOHHOM MTY4eHHH NIPOTOHOB CYIUe-
CTBYOIUMX YCKOpHTENeH Booblie He Moo ObITb M pEYd H3-3a HHYTOXHO MAoi
HHTEHCHBHOCTH 3TOTO HITy4EHHUS.

Ta6n.1 Wn.21. bubnuorp.: 62.
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K CBEJEHHIO ABTOPOB

B xypHane «Du3HKa 2/IeMEHTapHBIX YaCTHI M aTtoMHoro sapa» (DYAS) nevaraiorcs 0630psi no
aKTyanbHbIM NpoGIeMaM TEOPETHYECKOH M 3KCHEPUMEHTATLHOMH (U3NKH 3/IEMEHTAPHBIX YacTHIl H
aTOMHOTO s1pa, MpofiieMaM CO3IaHHs HOBBIX YCKOPHTESBHBIX H 9KCIIEPHMEHTAIbHBIX YCTAHOBOK, ABTO-
MaTH3auMH 06paboTKH 3KCNEPHMEHTAIBHBIX AaHHBIX. CTaThH MeYaTaloTcsl Ha PYCCKOM M aHIIMICKOM
s3bikax. Penakums npocHT aBTOpOB NMPH HanpamICHUH CTaTbH B NEYaTh PYKOBOACTBOBATLCH HIOXKCH-
HBIMH HUXE MpaBWIaMH.

1. TexcT cTaThy JOMXEH GbiTh HaNEYaTaH Ha MAlIMHKE Yepe3 1B MHTEPBATAa HA OHOH CTOPOHE
nucta (06s3aTeNbHO NpENCTABNAETCS NEPBbi MALIMHOMMCHBIA 9K3eMmuisp). Tlons ¢ neBoii cTOpOHBI
HONXHbI OBITE He yXe 3—4 CM, PYKONHMCHBIC BCTAaBKH He HOMYCKAIOTCS. DK3EMIUIAP CTATBH JOKEH
BKJIIOYATh aHHOTAUMH M Ha3BaHHE HAa PYCCKOM H aHIMMICKOM s3blKax, pedepar Ha pycCKOM s3bike,
VIK, ceenenus 06 asropax: aMWIHA ¥ MHHUMAIH (Ha PYCCKOM M aHIIMICKOM S3bIKax), Ha3BaHWeE
MHCTHTYTa, anpec u Teeon. Bee CTPaHKUB TEKCTa ROMXHBI GbiTh NpoHyMepoBaHbl. CTaThs A0NXHA
6uiTe noanucana Bcemu aBTopamu. TEKCT cTaThi MOXET GbITb HalleyaTaH Ha NpHHTEpE C COOMIONEHHEM
TEX Xe MpaBui.

2. ®Qopmynb ¥ 0603HAYEHHR NONXHB OBITb BIHCAHBI KPYHO, YETKO, OT PYKH TEMHbBIMH
YepHWiaMu (1u60 HaneyaTaHBl Ha NMPHHTEPE M OGA3ATENILHO pasMedeHbl). XKenaTensHo HyMepoBaTh
TONBKO Te OPMyNB, Ha KOTOPbiC HMEIOTCH CChUTKH B Tekcte. Homep dopmynn ykassisaercs cnipasa B
Kpyrbix ckobkax. OcoGoe BHHMaHMe criefyeT OGPaTHTL Ha aKKypaTHoe M306paXcHHMe MHIEKCOB H
NoKasaresed CTeneHeR: HWXHHE MHACKCH OTMEYAIOTCA 3HAKOM MOHMXEHUS M, BEPXHHE — 3HAKOM
TNOBBILICHUA \J; WITPHXH HEOGXOAHMO YETKO OTJIHYATE OT CAHHHIIB, @ CAHHKLY — OT 3anaToii. Crenyer,
10 BO3MOXHOCTH, H36eraTh rPOMO3AKHX 0GO3HAYCHHI H ynpowats HaGop dopMyn (HanpuMep, npuMe-
Hss exp, npo6b yepes Kocyio uepTy).

Bo u3bexanue HenopasymeHmi M OWMGOK CENyeT feaTh ACHOE PALTHYHE MEXILY NPOMHCHBIMMU
M CTPOYHBIMH GYKBaMH, OIIMHAKOBHIMH 110 Haueptanuio (V uv, Unu, Wuw,Ouno, Kuk,Sus, C
U C, P up, Z u 2), NPONuCHbIE NOXYEPKUBAIOT ABYMS HYECPTaMK CHH3Y, CTPOYHbIE — IBYMS YEpTaMH
cBepxy (§ H §, C u T). Heobxonumo nenarts YeTKOE paxtHune Mexiy 6yksamu ¢, I, O (6onbwoii) U o
(manoi) u 0 (HyncM) s vero Oykeul O M O OTMEYAIOT ABYMs YEPTOYKAMH, a Hylb OCTABIAOT Ge3
nopyepkupanus. I'peueckne GyKBbl MORYEPKHBAIOT KPacCHBIM KAPRHNAMIOM, BEKTOPH — CHHHM, 60
3HAKOM LJ CHHU3y uepHwiamu. He pexoMeHmyeTcs HCnonb3oBaTh Wi 0GO3HAYeHMS BETHUMH GyKBBI
FOTHYECKOrO, PYKONIHCHOMO M APYTWX ManoynoTpeGHMBIX B XYPHAIBHBIX CTathiX WPHETOB, OIHAKO
€CIIH Takyio GYKBY HeNlb3R 3aMEHHTDL GYKBOH IATMHCKOIO WIH Ipeyeckoro aidasHTa, TO ee pasMeyalor
NpOCTHM KapaHnamoM (06BOAST KPyXKoM). B ciiyuae, ec/in HamMcanMe MOXET Bbi3BaTh COMHEHHe,
HCOGXOIMMO Ha NONAX JaTh NOSCHEHHE, HanpUMep: § — «iseTa», § — «kcu», k — faT., K — pycek.

3. PHCYHKH NpPEACTABNAIOT Ha OTACTBHMX JIHCTax 6en0i GyMard WiH KalbKH C yKa3aHHEM. Ha
06opoTe HOMepa PHCYHKa H Ha3BaHMs cTaTbd. TOHOBHE (hoTOrpaHH NONXHB ObITh NPEACTaBNEHb B
ABYX 3K3EMIUIApax, Ha 0GOPOTC KapaHNalllOM YKa3aTb: «Bepx», «HHM3». I'patuku HONXHb GHITb Tia-
TE/IHO BHINOIHEHB TYWBIO WIH YCPHLIMH YEPHWIAMH; HE PCKOMCHIYETCS 3arPOMOXAATh PHCYHOK He-
HYXKHBIMH JeTaniMH: GO/BIUMHCTBO HaNMCE# BBHHOCHTCS B MOMMACh, 3 HA PHUCYHKE 3aMEHSETCH
uudpamu win Gyksam. XKenatensHo, YTo66 PHCYHKH GBUTH TOTOBBI K MPAMOMY PENpPOAYLIUPOBAHHIO.
TMoanuck K pHCYHKaM NPEACTARIAIOTCA HA OTAENbHBIX JIHCTAX.

4. Tabnuubl JOMXKHH GHTL HaNeyaTaHsl Ha OTAENBHBIX JUCTAX, KAX/as TaGIHLa D0MXKHA UMETH
3aronoBok. CrieflyeT yKa3niBaTh €AMHHLL U3MEPEHHS BETHYHH B TabiHuax.

5. CmHCOK AHTEpPaTyphi MOMEWIACTCS B KOHHe CTaThH. CCBUIKH B TEKCTE NAIOTCA C YKA3aHHEM
HOMCpa CCHUIKH Ha CTPOKE B KBanpaTHhIX CKoOkax. B iMTepaTypHOIl CCBUIKE JOMKHB OHITE yKa3aHb!:
V1 KHUF — (aMWIHK aBTOPOB, HHHULIMAIH, HA3BaHHE KHHTH, TOPOIl, H3IATEIBCTBO (HIH OpraHH3auus),



TOI M3/1aHMs, TOM (YacTh, I1aBa), UMTHPyEMas CTPAHMLIA, €CIM HYXHO; JUIS CTaTeil — (paMWIHM aBTo-
POB, MHHLIMA/IBI, HA3BaHHE XyPHAlIa, CEpHs, TOX H3IaHUA, TOM (HOMED, BBIIYCK, €CJIM 5TO HEOGXOAMMO),
nepsas cTpaHula ctated. Ecin aBTopoB Gonee mATH, TO YKa3arth TONBKO HEPBbiE TPH haMUIIHMH.
Hanpumep:
1.Jlesnop A.H., Casenses M.B. — [I'pynnoBbie MeTOOb! HHTETPUPOBAHHS HENMHEMHBIX
JIMHaMHYecKHX cucteM. M.: Hayka, 1985, c.208.
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