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1. ÂÂÅÄÅÍÈÅ

Â îïòèêå õîðîøî èçâåñòíû äâà òèïà âîëí: ïëîñêèå âîë-
íû è ñôåðè÷åñêèå âîëíû.

Ïëîñêàÿ âîëíà � ýòî ñòàöèîíàðíîå ñîñòîÿíèå ñ îïðå-

äåë¼ííîé ýíåðãèåé ω, èìïóëüñîì k è ñïèðàëüíîñòüþ λ.
Ðåàëèçàöèÿ → ëàçåðíàÿ âñïûøêà.
Ñôåðè÷åñêàÿ âîëíà � ýòî ñòàöèîíàðíîå ñîñòîÿíèå ñ

îïðåäåë¼ííîé ýíåðãèåé ω, ïîëíûì ìîìåíòîì èìïóëüñà

J, ïðîåêöèåé ïîëíîãî ìîìåíòà èìïóëüñà Jz = m è ÷¼ò-

íîñòüþ P .
Ðåàëèçàöèÿ → èçëó÷åíèå ïðè àòîìíûõ è ÿäåðíûõ
ïåðåõîäàõ
(çäåñü è äàëåå ~ = 1 and c = 1)
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Ãîðàçäî ìåíåå èçâåñòíû

öèëèíäðè÷åñêèå èëè áåññåëåâû âîëíû.

Áåññåëåâà âîëíà � ýòî ñòàöèîíàðíîå ñîñòîÿíèå
ñ îïðåäåë¼ííîé ýíåðãèåé ω,
ïðîäîëüíûì èìïóëüñîì kz,
ïðîåêöèåé ïîëíîãî ìîìåíòà èìïóëüñà Jz = m

è ñïèðàëüíîñòüþ λ.

Êîíå÷íî, òàêèå ñîñòîÿíèÿ äîëæíû îáëàäàòü
ÎÐÁÈÒÀËÜÍÛÌÌÎÌÅÍÒÎÌ ÈÌÏÓËÜÑÀ (OMÈ).

Êîðîòêî òàêèå ñîñòîÿíèÿ íàçûâàþòñÿ

�ÇÀÊÐÓ×ÅÍÍÛÅ ÔÎÒÎÍÛ
(TWISTED PHOTONS)�.
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Â ëàçåðíîé îïòèêå â ïîñëåäíèå äâàäöàòü ëåò ñ

íèìè ñâÿçàíî îäíî èç èíòåðåñíûõ íàïðàâëåíèé èñ-

ñëåäîâàíèé.

Ýêñïåðèìåíòàëüíî ðåàëèçîâàíû ñîñòîÿíèÿ ñ ïðîåêöèåé

ìîìåíòà èìïóëüñà âïëîòü äî m = 200

J. E. Curtis, B. A. Koss, and D. G. Gries, Opt. Commun. 207, 169

(2002).

Âîëíîâîé ôðîíò òàêèõ ñîñòîÿíèé âðàùàåòñÿ âîêðóã

îñè ðàñïðîñòðàíåíèÿ, à âåêòîð Ïîéíòèíãà âûãëÿäèò

êàê øòîïîð:
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Òàêèå ôîòîíû ìîãóò áûòü ïðîèçâåäåíû èç îáû÷íîãî

ïëîñêîâîëíîâîãî ëàçåðíîãî ïó÷êà ïðè èñïîëüçîâàíèè

ñïèðàëüíîé ôàçîâîé ïëàñòèíêè:
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èëè êîìïüþòåðíî ðàññ÷èòàííîé ãîëîãðàììû:
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Íåêîòîðûå ïðèìåðû ïðèëîæåíèé òàêèõ ôîòîíîâ:

Ñì. íåäàâíþþ êíèãó

Twisted photons

(Applications of light with orbital angular momentum)

edd. by J. P. Torres and L. Torner

(Wiley-VCH Weinheim, Germany 2011)
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[1.] Micro-machines � it was demonstrated that micron-

sized Te�on and calcite �particles� start to rotate after

absorbing twisted photons

[2.] Astrophysics � the observation of orbital angular momentum

of light scattered by rotating black holes could be very

instructive

[3.] Rotating atoms with light � rotating Bose-Einstein

condensates

[4.] Spiral phase contrast microscopy

[5.] Optical torques in liquid crystals

[6.] Quantum information � quantum features in high-

dimensional Hilbert spaces
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Äî íåäàâíåãî âðåìåíè â çîîëîãè÷åñêîì ñàäó ëàçåðíîé

ôèçèêè çàêðó÷åííûå ôîòîíû ïðåäñòàâëÿëè ñîáîé äî-

ñòàòî÷íî ðåäêîñòíûé ýêçåìïëÿð. Âñå ýêñïåðèìåíòû îãðà-

íè÷èâàëèñü îáëàñòüþ

ýíåðãèé âèäèìîãî ñâåòà ∼ 1 ýÂ.

Ïîëîæåíèå äåë èçìåíÿåòñÿ ïðÿìî íà ãëàçàõ.

Íåäàâíî áûë ïðîâåä¼í ýêñïåðèìåíò,

J. Bahrdt, K. Holldack, P. Kuske, R. M�uller, M. Scheer, P. Schmid

Phys. Rev. Lett. 111 (2013) 034801

â êîòîðîì çàêðó÷åííûé ñâåò ñ ýíåðãèåé ôîòîíîâ 99

ýÂ áûë ãåíåðèðîâàí íà ñïèðàëüíîì îíäóëÿòîðå

ñèíõðîòðîííîãî èñòî÷íèêà BESSY II (Áåðëèí).
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À â ÈßÔ èì. Áóäêåðà (Íîâîñèáèðñê) â íàñòîÿùåå âðå-

ìÿ ïðîâîäÿòñÿ ýêñïåðèìåíòû ñ çàêðó÷åííûìè ôîòîíà-

ìè â òåðàãåðöîâîé îáëàñòè (äëèíà âîëíû 140 ìêì),

èñïîëüçóÿ ëàçåð íà ñâîáîäíûõ ýëåêòðîíàõ

B.A. Knyazev et al. Phys. Rev. Lett. 115 (2015) 163901

Ñ çàêðó÷åííûìè ôîòîíàìè áûëè ïðîâåäåíû êëàññè÷å-

ñêèå îïûòû Þíãà (äèôðàêöèÿ íà äâóõ ùåëÿõ) è Ôðå-

íåëÿ (äèôðàêöèÿ íà ýêðàíå â ôîðìå ïîëóïëîñêîñòè),

à òàêæå áûëè ïðîâåäåíû îïûòû ïî ãåíåðàöèè ïîâåðõ-

íîñòíûõ ïëàçìîíîâ
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Á.À. Êíÿçåâ
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Â ðàáîòàõ [6,7,8] ìû ïîêàçàëè, ÷òî âîçìîæíî êîí-
âåðòèðîâàòü çàêðó÷åííûå ôîòîíû èç îáëàñòè ëà-
çåðíûõ ýíåðãèé

ïîðÿäêà 1 ýÂ

â îáëàñòü âûñîêèõ ýíåðãèé äî

íåñêîëüêèõ ÃýÂ,

èñïîëüçóÿ

ÎÁÐÀÒÍÎÅ ÊÎÌÏÒÎÍÎÂÑÊÎÅ ÐÀÑÑÅßÍÈÅ

ëàçåðíûõ ôîòîíîâ íà óëüòàðåëÿòèâèñòñêèõ ýëåê-
òðîíàõ.
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Êðîìå òîãî, íåäàâíî íåñêîëüêî ãðóïï ñîîáùèëè îá

óñïåøíîì ãåíåðèðîâàíèè

ÇÀÊÐÓ×ÅÍÍÛÕ ÝËÅÊÒÐÎÍÎÂ,
ñíà÷àëà èñïîëüçóÿ ôàçîâûå ïëàñòèíêè,

M. Uchida and A. Tonomura, Nature 464, 737 (2010)

à çàòåì ñ ïîìîùüþ êîìïüþòåðíî ðàññ÷èòàííûõ ãîëî-

ãðàìì

J. Verbeeck, H. Tian, P. Schlattschneider, Nature 467, 301 (2010);

B. J. McMorran et al, Science 331, 192 (2011)

Â ðàçëè÷íûõ ýêñïåðèìåíòàõ ãåíåðèðîâàëèñü ïó÷êè
ýëåêòðîíîâ ñ êèíåòè÷åñêîé ýíåðãèåé äî 300 êýÂ è
êâàíòîâûì ÷èñëîì Jz = m äî m = 3000.
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Â ïðèíöèïå, ñ òàêèìè ïó÷êàìè çàêðó÷åííûõ ýëåêòðî-

íîâ ìîæíî ìàíèïóëèðîâàòü êàê ñ îáû÷íûìè ïó÷êàìè, è

íåäàâíî áûëî äîñòèãíóòî çàìå÷àòåëüíîå ôîêóñèðî-

âàíèå çàêðó÷åííîãî ýëåêòðîííîãî ïó÷êà äî ðàçìå-

ðîâ â ôîêàëüíîé ïëîñêîñòè

ìåíüøå ÷åì 1.2 · 10−8 ñì = 0.12 íì â äèàìåòðå

� ñì. ðàáîòó:

�Atomic scale electron vortices for nanoresearch�

Verbeeck, Schattschneider, Lazar, St�oger-Pollach, L�o�er, Steiger-Thirsfeld,

Van Tendeloo, Appl. Phys. Lett. 99, 203109 (2011)
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Îæèäàåòñÿ, ÷òî åñëè ýòè ýëåêòðîíû èíæåêòèðîâàòü â

ëèíåéíûé óñêîðèòåëü, òî èõ ýíåðãèÿ ìîæåò áûòü ïî-
âûøåíà äî îáëàñòè ÌýÂ èëè ÃýÂ. Òàêèå çàêðó÷åí-
íûå ýëåêòðîíû ìîãëè áû áûòü èñïîëüçîâàíû äëÿ îïû-

òîâ ïî ãëóáîêî íåóïðóãîìó ðàññåÿíèþ íà ïðîòîíàõ äëÿ

èçó÷åíèÿ âíóòðåííåé ñòðóêòóðû ïðîòîíà, èñïîëüçóÿ äî-

ïîëíèòåëüíóþ ñòåïåíü ñâîáîäû � çàêðó÷åííîñòü ýëåê-

òðîíà.

Â íàñòîÿùåå âðåìÿ êàê ðàç ýêñïåðèìåíò òàêîãî
ðîäà ñ çàêðó÷åííûìè ýëåêòðîíàìè äî 50 ÌýÂ îá-
ñóæäàåòñÿ â Je�erson Lab (USA) � see report �Twisted
Electrons at JLab� by D. Dutta at Mini-Workshop on twisted

particles (George Washington University, Washington DC,

August 2014).
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VS-dean-Dutta (Washington DC, August 2014)
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2. ÇÀÊÐÓ×ÅÍÍÛÅ ×ÀÑÒÈÖÛ

Îáû÷íîå ïëîñêîâîëíîâîå ñîñòîÿíèå ñêàëÿðíîé ÷à-

ñòèöû ñ ìàññîé me èìååò îïðåäåë¼ííûé 3-èìïóëüñ k è

ýíåðãèþ ω = k2/(2me), à åãî âîëíîâàÿ ôóíêöèÿ èìååò

õîðîøî èçâåñòíûé âèä

Ψk(t, r) = e−i(ω t−kr) . (1)

Çàêðó÷åííàÿ ñêàëÿðíàÿ ÷àñòèöà èìååò îïðåäåë¼í-

íûé:

ïðîäîëüíûé èìïóëüñ kz,
ìîäóëü ïîïåðå÷íîãî èìïóëüñà κ,
ýíåðãèþ ω = (κ2 + k2z )/(2me)
è ïðîåêöèþ m îðáèòàëüíîãî ìîìåíòà èìïóëüñà íà

îñü z,
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òàê ÷òî å¼ âîëíîâàÿ ôóíêöèÿ óäîâëåòâîðÿåò óðàâíåíè-

ÿì:

p̂2

2me
Ψκmkz(r) = ωΨκmkz(r) , p̂ = −i∇

p̂zΨκmkz(r) = kz Ψκmkz(r) , p̂z = −i
∂

∂z
,

L̂zΨκmkz(r) = mΨκmkz(r) , L̂z = −i
∂

∂φr
.

Âîëíîâàÿ ôóíêöèÿ â öèëèíäðè÷åñêèõ êîîðäèíàòàõ r⊥,
φr, z èìååò âèä:
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Ψκmkz(r⊥, φr, z, t) = e−i(ωt−kzz) ψκm(r⊥, φr) ,

ψκm(r⊥, φr) =
eimφr√

2π

√
κ Jm(κ r⊥) , (2)

ãäå Jm(x) � ôóíêöèÿ Áåññåëÿ.

Ôóíêöèÿ ψκm(r⊥, φ) ìîæåò áûòü ïðåäñòàâëåíà â âèäå

ñóïåðïîçèöèè ïëîñêèõ âîëí â xy ïëîñêîñòè,

ψκm(r⊥, φ) =
∫
aκm(k⊥) e

ik⊥r⊥
d2k⊥
(2π)2

, (3)

ïðè÷¼ì ôóðüå àìïëèòóäà aκm(k⊥) îêàçûâàåòñÿ ñêîí-

öåíòðèðîâàíà íà îêðóæíîñòè k⊥ ≡ |k⊥| = κ:
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aκm(k⊥) = (−i)m eimφk
√
2π

k⊥
δ(k⊥ − κ) . (4)

Òàêèì îáðàçîì, ôóíêöèÿ Ψκmkz(r⊥, φr, z, t) åñòü ñóïåð-

ïîçèöèÿ ïëîñêèõ âîëí ñ îïðåäåë¼ííûì ïðîäîëüíûì èì-

ïóëüñîì kz, ìîäóëåì ïîïåðå÷íîãî èìïóëüñà κ, ýíåðãèåé
ω = (κ2+k2z )/(2me) è ñ ðàçëè÷íûìè íàïðàâëåíèÿìè âåê-
òîðà k⊥, çàäàâàåìûìè àçèìóòàëüíûì óãëîì φk.

Áîëåå ñëîæíûå âîëíîâûå ôóíêöèÿ çàêðó÷åííîãî
ôîòîíà (âåêòîðíûé ïîòåíöèàë) è ýëåêòðîíà (ðå-
ëÿòèâèñòñêèé áèñïèíîð) ìîãóò áûòü ïîëó÷åíû êàê
åñòåñòâåííîå îáîáùåíèå âîëíîâîé ôóíêöèè äëÿ
ñêàëÿðíîé ÷àñòèöû.
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The vector potential Aµ
κmkzλ of the twisted photon is presented

as g(x, y) = |Aµ
κmkzλ(0, x, y,0)|

2, which is a function of x
and y. The parameters are µ = 2 (y component), m = 5,
κ = 1, kz =

√
24 and Λ = 1. From paper [6].
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3. Ôîòîâîçáóæäåíèå àòîìîâ,
ôîòîýôôåêò è ðàäèàöèîííàÿ

ðåêîìáèíàöèÿ ñ ó÷àñòèåì çàêðó÷åííûõ
ôîòîíîâ è ýëåêòðîíîâ

Òîëüêî ôîòîâîçáóæäåíèå àòîìîâ: Â ðàáîòàõ

A. Pic�on et al. Optical Express 18 (2010) 3660

A. Afanasev, C. Carlson, A. Mukheriee. Phys. Rev. A 88 (2013) 033841

and arXiv:1401.1227

è íàøèõ ðàáîòàõ [1,2,3] ðàññìîòðåíî

ôîòîâîçáóæäåíèå àòîìîâ çàêðó÷åííûìè ôîòîíà-
ìè.
Àâòîðû îòìåòèëè íåñêîëüêî óíèêàëüíûõ îñîáåí-
íîñòåé, ñâÿçàííûõ ñ íàëè÷èåì ó íàëåòàþùåãî ôî-
òîíà îðáèòàëüíîãî ìîìåíòà èìïóëüñà.
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Surzhykov-Fritzsche-VS (Jena)
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Â íàøåé ðàáîòå [1] ïðåäñòàâëåíû ðàñ÷¼òû âîçáóæäåíèÿ

âîäîðîäîïîäîáíûõ àòîìîâ çàêðó÷åííûì ñâåòîì. Ìû ðàñ-

ñìîòðåëè äâà ñöåíàðèÿ, â êîòîðûõ áåññåëåâàÿ âîëíà
ñòàëêèâàåòñÿ èëè

1) ñ õîðîøî ëîêàëèçîâàííûì àòîìîì èëè

2) ñî ñëó÷àéíî ðàñïðåäåë¼ííûìè àòîìàìè.
Äåòàëüíûå ðàñ÷¼òû ïðîâåäåíû èìåííî äëÿ âòîðîãî, ýêñ-

ïåðèìåíòàëüíî áîëåå ëåãêî ðåàëèçóåìîãî ñëó÷àÿ ìàê-
ðîñêîïè÷åñêè áîëüøîé ìèøåíè.

Ðàñ÷¼òû äëÿ ïåðåõîäîâ 1s→ 2p è 2p→ 3d ÿñíî ïîêàçû-

âàþò, ÷òî íàñåë¼ííîñòü ïîäóðîâíåé âîçáóæä¼ííûõ
àòîìîâ ïîñëå ïîãëîùåíèÿ çàêðó÷åííûõ ôîòîíîâ
çíà÷èòåëüíî îòëè÷àåòñÿ îò ñëó÷àÿ âîçáóæäåíèÿ
îáû÷íûìè ôîòîíàìè.
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Ðàññìîòðèì, íàïðèìåð, ñëó÷àé, êîãäà ïðîèñõîäèò ïî-

ñëåñâå÷åíèå (ôëîóðåñöåíñèÿ) âîçáóæä¼ííîãî àòîìà â

íàïðàâëåíèè, ïåðïåíäèêóëÿðíîì ê îñè ñîóäàðåíèÿ. Ëè-

íåéíàÿ ïîëÿðèçàöèÿ òàêîãî ôîòîíà õàðàêòåðèçóåòñÿ

ïàðàìåòðîì Ñòîêñà

P1 = (I|| − I⊥)/(I|| + I⊥),
ãäå I|| or I⊥ � èíòåíñèâíîñòü ñâåòà, ëèíåéíî ïîëÿðèçî-

âàííîãî ïàðàëëåëüíî èëè ïåðïåíäèêóëÿðíî ïëîñêîñòè

ðåàêöèè.

Íà ðèñ. ïðåäñòàâëåí ýòîò ïàðàìåòð äëÿ ôîòîíîâ ëè-

íèè α-Ëàéìàí, èñïóùåííûõ ïîñëå 1s→ 2p âîçáóæäåíèÿ

íåéòðàëüíîãî àòîìà âîäîðîäà çàêðó÷åííûì ñâåòîì, â

çàâèñèìîñòè îò óãëà θk = arctg(κ/kz).
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Â ïàðàêñèàëüíîì ðåæèìå, êîãäà θk . 5◦, è ñèòóàöèÿ

áëèçêà ê ñòàíäàðòíîé, ýòîò ïàðàìåòð îòðèöàòåëåí. Ñ

ðîñòîì óãëà θk ïàðàìåòð P1(θk) èçìåíÿåòñÿ êà÷åñòâåí-

íî, ñòàíîâÿñü ïîëîæèòåëüíûì ïðè θk > 58◦.

Òàêîå èçìåíåíèå ïàðàìåòðà P1 â çàâèñèìîñòè îò

θk ìîæåò áûòü îòíîñèòåëüíî ëåãêî íàáëþäàòüñÿ

ýêñïåðèìåíòàëüíî è îáåñïå÷èò ïîëó÷åíèå öåííîé

èíôîðìàöèè î âçàèìîäåéñòâèè çàêðó÷åííûõ ôîòî-

íîâ ñ àòîìàìè.
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Â íàøåé ðàáîòå [3] ïðåäñòàâëåíû àíàëîãè÷íûå ðàñ÷¼-

òû âîçáóæäåíèÿ âîäîðîäîïîäîáíûõ àòîìîâ çàêðó÷åí-

íûì ñâåòîì íà ëîêàëèçîâàííîé ìèøåíè, ðåàëèçóå-
ìîé â àòîìíûõ è èîííûõ ëîâóøêàõ. Ìû ïîêàçàëè,

÷òî âåðîÿòíîñòè âîçáóæäåíèÿ è ïîëÿðèçàöèÿ ôëóîðåñ-

öåíòíûõ ôîòîíîâ çàìåòíî èçìåíÿþòñÿ â çàâèñèìîcòè

îò ïðèöåëüíîãî ïàðàìåòðà ìåæäó îñüþ áåññåëåâà
ïó÷êà è öåíòðîì ìèøåíè.

Â íàñòîÿùåå âðåìÿ òàêèå îïûòû ïðîâîäÿòñÿ, íàïðè-

ìåð, â Ìàéíöå â ãðóïïå Christian Schmiegelow:

C.T. Schmiegelow, J. Schulz, Kaufmann, T. Ruster,
U.G. Poschinger, F. Schmidt-Kaler.
Excitation of an Atomic Transition with a Vortex Laser
Beam,
2015 ArXiv: 1511.07206
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VS-Schmiegelow (Mainz)
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Ion trap (Mainz)
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Â ýòîì ýêñïåðèìåíòå åäèíñòâåííûé èîí 40Ca+, çàõâà-

÷åííûé â èîííóþ ëîâóøêó, áûë ëîêàëèçîâàí â öåíòðå

ëàçåðíîé áåñåëåâîé âîëíû. Óäàëîñü íàáëþäàòü êâàä-

ðóïîëüíûé ïåðåõîä, çàïðåù¼ííûé äëÿ ïëîñêîâîëíîâîãî

ëàçåðíîãî ïó÷êà:

�... we observe strongly modi�ed selection rules, accounting

for both the photon spin and the vorticity of the �eld.

In particular, we show that an atom can absorb two

quanta of an- gular momentum from a single photon

even when rotational symmetry is conserved�
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4. Êîìïòîíîâñêîå ðàññåÿíèå
çàêðó÷åííûõ ôîòîíîâ [6,7,8]

Ñòàíäàðòíûé ñëó÷àé

Ðàññìîòðèì òàê íàçûâàåìîå îáðàòíîå êîìïòîíîâñêîå

ðàññåÿíèå ïëîñêîâîëíîâûõ ëàçåðíûõ ôîòîíîâ íà óëü-

òàðåëÿòèâèñòñêèõ ýëåêòðîíàõ.

Ýòîò ïðîöåññ ÿâëÿåòñÿ õîðîøî èçâåñòíûì, àïðîáè-
ðîâàííûì ìåòîäîì ïîëó÷åíèÿ ôîòîíîâ âûñîêîé ýíåð-

ãèè. Îí óñïåøíî èñïîëüçóåòñÿ â äåñÿòêàõ ëàáîðàòîðèÿõ

äëÿ ðàçëè÷íûõ ïðèëîæåíèé è èññëåäîâàíèé â ôóíäà-

ìåíòàëüíîé ôèçèêå.
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Íàïðèìåð, â ÈßÔ íà óñòàíîâêå ÐÎÊÊ-2Ì ñ ýíåðãè-

åé ýëåêòðîíîâ 5 ÃýÂ ïîëó÷àëè ôîòîíû ñ ýíåðãèåé äî

0.5 ÃýÂ äëÿ îïûòîì ñ ôîòî-ÿäåðíûìè ïðîöåññàìè è

äëÿ ýêñïåðèìåíòîâ ïî íåëèíåéíîé ÊÝÄ, âêëþ÷àÿ îïû-

òû ïî ðàñùåïëåíèþ ôîòîíà è ïî äåëüáðþêîâñêîìó

ðàññåÿíèþ.

Ðàññìîòðèì ëîáîâîå ñîóäàðåíèå íà÷àëüíûõ ïó÷êîâ. Êî-

íå÷íûé ôîòîí äâèæåòñÿ ïî÷òè â òîì æå íàïðàâëå-

íèè, ÷òî è íà÷àëüíûé ýëåêòðîí ñ òèïè÷íûì óãëîì

ðàññåÿíèÿ ∼ 1/γe ≪ 1.
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Êîìïòîíîâñêîå ðàññåÿíèå ñ çàêðó÷åííûìè ôîòîíàìè

â íà÷àëüíîì è êîíå÷íîì ñîñòîÿíèÿõ

Ýòà çàäà÷à ïîäðîáíî ðàññìîòðåíà â íàøèõ ðàáî-

òàõ [6,7,8]

44



VS-Jentschura (Heidelberg)
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Èãîðü Èâàíîâ (Ëèñàáîí)
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κ

κ
′

Íà÷àëüíîå (red) è êîíå÷íîå (blue) ñîñòîÿíèÿ çàêðó÷åí-

íûõ ôîòîíîâ äëÿ îáðàòíîãî êîìïòîíîâñêîãî ðàññåÿ-

íèÿ.

Óãîë ìåæäó z è z′ îáîçíà÷àåòñÿ íèæå êàê ⟨θγ⟩
Äåòàëüíîå ðàññìîòðåíèå ïîêàçûâàåò, ÷òî ðàñïðåäåëå-

íèå ïî êîíå÷íûì ïðîåêöèÿìm′ êîíöåíòðèðóåòñÿ âáëè-
çè íà÷àëüíîãî çíà÷åíèÿ m:

|m′ −m| . 4⟨θγ⟩
ω

σ
.

Ïðàâàÿ ÷àñòü ýòîãî íåðàâåíñòâà ìàëà äëÿ äîñòàòî÷íî

ìàëûõ óãëîâ ðàññåÿíèÿ ⟨θγ⟩.
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Òàêèì îáðàçîì, çàêðó÷åííîñòü

êîíå÷íîãî ôîòîíà m′

îêàçûâàåòñÿ áëèçêà

ê çàêðó÷åííîñòè íà÷àëüíîãî ôîòîíà m
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5. Ðàññåÿíèå ðåëÿòèâèñòñêèõ
çàêðó÷åííûõ ýëåêòðîíîâ íà àòîìàõ

Â ðàáîòå [9] ìû ðàññìîòðåëè ðàññåÿíèå ðåëÿòèâèñò-
ñêîãî çàêðó÷åííîãî ýëåêòðîíà íà ïîòåíöèàëåÞêà-
âû è ïîëó÷èëè àíàëèòè÷åñêîå âûðàæåíèå äëÿ ñå-
÷åíèÿ, óñðåäí¼ííîãî ïî ïðèöåëüíûì ïàðàìåòðàì.

À òàê êàê ïîòåíöèàë äëÿ ðåàëüíîãî àòîìà â õîðîøåì

ïðèáëèæåíèè îïèñûâàåòñÿ ñóïåðïîçèöèåé ïîòåíöèàëîâ

Þêàâû, òî íàì óäàëîñü ÷èñëåííî ðàññ÷èòàòü ñîîòâåò-

ñòâóþùåå ñå÷åíèå. Ãðàôèê óãëîâîãî ðàñïðåäåëåíèÿ êî-

íå÷íûõ ýëåêòðîíîâ ïðåäñòàâëåí íà ðèñ. äëÿ ïàðàìåò-
ðîâ ïåðâîãî ýòàïà îáñóæäàåìîãî ýêñïåðèìåíòà â
Je�erson Lab.
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6. Èçëó÷åíèå Âàâèëîâà-×åðåíêîâà
çàêðó÷åííûìè ýëåêòðîíàìè

Èçëó÷åíèå Âàâèëîâà-×åðåíêîâà áûëî îòêðûòî â 1934

ãîäó è âñêîðå ïîëó÷èëî îáúÿñíåíèå â ðàáîòå Òàììà è

Ôðàíêà â 1937 ã.

Êâàíòîâûé ðàñ÷¼ò èçëó÷åíèÿ Â-× áûë äàí Â.Ë. Ãèí-

çáóðãîì â 1940 ã.

Ñâîéñòâà èçëó÷åíèå Â-× õîðîøî èçâåñòåíû:
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1) ôîòîí èçëó÷àåòñÿ ïî ïîâåðõíîñòè êîíóñà ñ ïîëÿð-

íûì óãëîì θ0 ≈ arccos[c/(vn)];

2) èçëó÷åíèå èìååò ëèíåéíóþ ïîëÿðèçàöèþ â ïëîñêî-

ñòè ðàññåÿíèÿ;

3) åñëè ïîëÿðèçàöèÿ ôîòîíîâ íå äåòåêòèðóåòñÿ, òî èõ

ðàñïðåäåëåíèå îáëàäàåò àçèìóòàëüíîé ñèììåòðèåé.
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Â ðàáîòå [10] ìû äåòàëüíî ðàññìîòðåëè èçëó÷åíèå Â-×,

ïðîèçâîäèìîå çàêðó÷åííûì ýëåêòðîíîì ñ êîíè÷å-

ñêèì óãëîì θp.

Â ýòîì ñëó÷àå:

1) ôîòîíû èçëó÷àþòñÿ íå ïî ïîâåðõíîñòè êîíóñà, à

â èíòåðâàëå ïîëÿðíûõ óãëîâ îò |θ0 − θp| äî θ0 + θp

ñ ñèíãóëÿðíûìè ìàêñèìóìàìè èíòåíñèâíîñòè íà êðàÿõ

èíòåðâàëà;
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2) ýòè ôîòîíû ìîãóò èìåòü ëèíåéíóþ ïîëÿðèçàöèþ íå

òîëüêî â ïëîñêîñòè ðàññåÿíèÿ, íî è îðòîãîíàëü-

íóþ ýòîé ïëîñêîñòè;

3) êðîìå òîãî, â èçëó÷åíèè çàêðó÷åííûì ýëåêòðîíîì

âîçíèêàåò àçèìóòàëüíàÿ àñèììåòðèÿ äàæå äëÿ ñëó-

÷àÿ, êîãäà ïîëÿðèçàöèÿ ôîòîíîâ íå äåòåêòèðóåò-

ñÿ. Ýòà àñèììåòðèÿ çàâèñèò îò êâàíòîâûõ ÷èñåë çàêðó-

÷åííîãî ýëåêòðîíà.

Îáíàðóæåííûå ñâîéñòâà èçëó÷åíèÿ ìîãóò îêàçàòüñÿ ïî-

ëåçíûìè äëÿ äèàãíîñòèêè çàêðó÷åííûõ ýëåêòðîíîâ.
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Ñïåêòðàëüíî-óãëîâîå ðàñïðåäåëåíèå ôîòîíîâ äëÿ

θp = θ0/2. Íà÷àëüíîå ñîñòîÿíèå ýëåêòðîíà �

ñóïåðïîçèöèÿ äâóõ ñîñòîÿíèé ñ ∆m = m2 −m1 = ±3.
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7. ÇÀÊËÞ×ÅÍÈÅ

Ãëàâíàÿ öåëü ìîåãî äîêëàäà � ïðîäåìîíñòðèðîâàòü,

÷òî ÇÀÊÐÓ×ÅÍÍÛÅ ÔÎÒÎÍÛ È ÝËÅÊÒÐÎÍÛ

ìîãóò áûòü ðåàëüíî èñïîëüçîâàíû êàê

ÍÎÂÛÅ ÈÍÑÒÐÓÌÅÍÒÛ ÈÑÑËÅÄÎÂÀÍÈÉ

â ôèçèêå àòîìîâ, ÿäåð è ýëåìåíòàðíûõ ÷àñòèö
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Çàêðó÷åííûå ÷àñòèöû äàþò

íàì íîâóþ ñòåïåíü ñâîáîäû

ÎÐÁÈÒÀËÜÍÛÉ ÌÎÌÅÍÒ

ÈÌÏÓËÜÑÀ

è ïîòîìó ìîãóò äîñòàâèòü öåííóþ

äîïîëíèòåëüíóþ èíôîðìàöèþ
î ôóíäàìåíòàëüíûõ

âçàèìîäåéñòâèÿõ ôîòîíîâ è
ýëåêòðîíîâ ñ âåùåñòâîì
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Ñïàñèáî çà âíèìàíèå!
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