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Spontaneous emission
CIIOHTAaHHE BHHpOMiH}OBaHHSI
[2]
P Spontaneous emission is the process by which a quantum system such as
an atom, molecule, or nucleus in anexcited state undergoes a

nanocrystal transition to a state with a lower energy (e.g., the ground state)
and emits quanta of energy. Light or luminescence from an atom is a

fundamental process that plays an

[} CIOHTAaHHOTO BUITPOMIHIOBAHHS MPOIIEC, TIPU SKOMY KBAHTOBA CUCTEMA,
HAIPUKIIAJ], aTOM, MOJICKyJIa, abo sijipa B anexcited pep:kaBu 3a3Hae
HAaHOKPUCTAIIYHOIO TIEPEXi/ B CTaH 3 MEHIIIOIO €HEPTi€t0 (HAPUKIIA/l, CTaHy) 1
BUITYCKa€ KBaHTHU eHeprii. CBITI0 a0o JFOMIHECIEHIIIT 3 aToMa €
byHIaMEHTAILHUM MPOIIECOM, IKUH Tpae

[3]

P essential role in many phenomena in nature and forms the basis of many
applications, such as fluorescent tubes, older television screens (cathode ray
tubes), plasma display panels,lasers, and light emitting diodes. Lasers start
by spontaneous emission, and then normal continuous operation works by

] iCTOTHY poJIb Y OaraThoX SIBUINAX y MPHUPO/Ii i € OCHOBOIO OaraThoX JIOJATKIB,
TaKuX SIK JIIOMIHECIICHTH1 JIaMIIH, JIITHIX TEJIEBI31IMHUX €KpaHiB (€JIEKTPOHHO-
MIPOMEHEB1 TPYOKH), TUIa3MOBUX MMAHEIIEH, JIa3epiB 1 CBITIOBUITPOMIHIOBAILHUX
niomaiB. Jlazepu movyaTu ClIOHTAHHOTO BUIIPOMIHIOBaHHS, a MOTIM HOPMaJIbHHM
Oe3repepBHOI pOOOTH MpaIoe
[4]
P If a light source (‘the atom') is in the excited state with energy E_2, it may
spontaneously decay to a lower lying level (e.g., the ground state) with
energy E_1, releasing the difference in energy between the two states as a

photon. The photon will have angular frequency  and energy (=
, Where Is the Planck constantand Is the frequency):
>

) Skuio mxepeno cBitia («aToM») 3HaXOAUTHCA B 30y/IKEHOMY CTaH1 3 EHEPri€lo
E 2, e MoXxe CIOHTaHHO PO3MaJatoThCs Ha OLIbII HU3BKOMY PIBHI, IO JIEKUTh
(mampukitan, ctaH) 3 eHeprieto E 1, BUMyCTUBIIM PI3HUIIIO B €HEPTIi MK JBOMA
KpaiHam, K poToH. POTOH MaTHUMe KyTOBY 4acTOTY Ta €Heprito (=, e
3HaxoauThes constantand Ilnanka gacTtora):

[]
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» where is the reduced Planck constant. The phase of the photon in
spontaneous emission is random as is the direction in which the photon
propagates. This is not true for stimulated emission. An energy level
diagram illustrating the process of spontaneous emission is shown

below:
] ne nHaBeneHa nocriiina [lnanka. ®asza ¢poTOHA B CIOHTAHHOTO BUITPOMIHIOBAHHS

€ BHITAJIKOBUM, SIK 1€ HAMpPsIM, B IKOMY (DOTOH MOMUPIOEThCs. e He BiTHOCHUThCS
710 BUMYIIIEHOTO BUIPOMiHIOBaHHS. PiBeHb €HEprii cxema, 10 LTFOCTPYE MpoIiec

CIIOHTaHHOTI'O BI/IHpOMiHIOBaHHﬂ MOKa3aHUi HIKYE:

[6]
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P If the number of light sources in the excited state at time isgivenby  the
rate at which decays is:

dN (t
ot
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Where IS the rate of spontaneous emission. In the rate-equation

SIKII0 YrcsIo JKEpeT CBiTia B 30y/KEHOMY CTaHI B MOMEHT 4Yacy 3aJaeThCs
IIBUJIKICTD, 3 SIKOIO PO3MAa/IiB:

Jle MBUAKICTH CIOHTAHHOTO BUIIPOMIHIOBAHHS. Y BapTICTh-PIBHAHHS
[8]
> IS a proportionality constant for this particular transition in this

particular light source. The constant is referred to as the Einstein A
coefficient, and has units The above equation can be solved to give:

N(t) = N(0)e " = N(0) " re"

» Where Is the initial number of light sources in the excited state,
[} € xoedilieHT MPOMOPIIAHOCTI JIs1 OTO KOHKPETHOTO NIEPEXOAY B JAHOMY
mxepeni ceitia. [TocTiiHuM, Ha3uBaeThbes KoedimienTom EffHmTeliHa A, 1 Mae
OJIMHULII BUILIE PIBHAHHS MOX€ OyTH BUPIIIEHO, 00 JaTH:

[] € xoediLieHT NPONOPLIAHOCTI AJIs1 HHOTO KOHKPETHOTO NEPEXOAY B JAHOMY
mxepeni cBitia. [locTiiinum, Ha3uBaeTbes koedimieHToMm EitHinTeliHa A, 1 Mae
OJIMHUIII BUIIIE€ PIBHSHHS MOXK€ OyTH BUPIIIECHO, 1100 J1aTu:

[ /e moyaTKOBE YMCIO JKEPEIT CBITIA B 30y/1)KEHOMY CTaHi,

[9]

P is the time and Is the radiative decay rate of the transition. The
number of excited states thus decays exponentially with time, similar
to radioactive decay. After one lifetime, the number of excited states decays

to 36.8% of its original value ( -time). The radiative decay rate IS
inversely proportional to the lifetime

[} yac 1 MBUAKICT paaiamiiiHoro posnaay nepexony. KiabkicTb mopymeHux
CTaHIB, TAKUM YUHOM, EKCITOHEHII1AJIbHO 3aTyXa€ 3 4acOM, MOJ110HO
pagioakKTUBHOTO po3nany. [1icis 0JHOTO KUTTS, YKUCIO 30yIKEHUX CTaHIB
po3namaeThes Ha 36,8% Bij CBOro movatkoBoro 3HadeHHs (-time). IIIBuakicTh
pamiaIitHoOTo po3naxy 0O0EpHEHO MPOMOPITIHHA Yacy KUTTS
[10]
P Spontaneous transitions were not explainable within the framework of

the old quantum theory, in which the atomic levels were quantized, but the
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electromagnetic field was not. Given that the eigenstates of an atom are
properly diagonalized, the overlap of the wavefunctions between the excited
state and the ground state of the atom is zero. Thus, in the absence of a
quantized electromagnetic field, the excited state atom can not decay to the
ground state. In order to explain spontaneous transitions, quantum
mechanics must be extended to a quantum field theory, wherein the
electromagnetic field is quantized at every point in space. The quantum field
theory of electrons and electromagnetic fields is known as quantum
1 CioHTaHH1 epexoau He MOSICHUIIN B paMKaX CTapoi KBaHTOBOI TEOpii, B IKUX
aTOMHI PiBHI KBaHTY€TCS, aJie €JIEKTpOMarHiTHe noje He 0yno. BpaxoByroumn, mio
BJ'IaCHi CTaHy aToOMa IMPaBUJIbHO A0 I[iaFOHaJ'IBHOFO, IMCPCKPUTTA XBUIIBOBUX
byHKIi# MK 30y1KEHOMY CTaHi 1 MEepIIMi CTaHl aToMa JIOPIBHIOE HYIO. Takum
YUHOM, 32 BIJICYTHOCTI KBAHTOBAHHOT'O €JIEKTPOMArHITHOrO MOJIs, 30y IKEHUI
aTOM JCprKaBa HC MOKC pO3IIadaTHUCA B OCHOBHMH CTaH. I[JI}I TOTO, H106 IIOACHUTHU
CIIOHTaHH1 IIepexoau, KBaHTOBa MEXaH1Ka IOBUHHA 6YTI/I PO3UIUPCHA a0 KBAHTOBO1
TeOopii MoJIsi, B IKOMY €JIEKTPOMAarHiTHE MoJie KBAaHTYETCS B KOKHIHM TOYIl
npoctopy. KBaHTOBa T€Opis OJIA €EKTPOHIB 1 €JIEKTPOMArHITHUX MOJIIB BiIOMHUMN
K KBAHTOBO

[11]
electrodynamics.

» In quantum electrodynamics (or QED), the electromagnetic field has
a ground state, the QED vacuum, which can mix with the excited stationary
states of the atom (for more information, see Ref. [2]). As a result of this
interaction, the "stationary state" of the atom is no longer a true eigenstate of
the combined system of the atom plus electromagnetic field. In particular,
the electron transition from the excited state to the electronic ground state
mixes with the transition of the electromagnetic field from the ground state
to an excited state, a field state with one photon in it. Spontaneous emission
in free space depends upon vacuum fluctuations to get started.
CJIEKTPOUHAMIKH.
1V kBanTOBIl enexktpoauHamiili (a6o KEJ), enekTpoMarHiTHe noJie Mae
OCHOBHUH CTaH, BaKyyM 1 TpeOa O0yJ10 TOBECTH, III0 MOXKETE 3MIIIATH 3
MOPYILICHUMH CTAI[IOHAPHUX CTaHIB aToMa (I OTPUMaHHSI 10JJaTKOBO1
iH(dopmarlii, 1uB. [2]). He B pe3ynbrari wiei B3aeMozii, "craiioHapHuil cTan
aTOM B)K€ HE BIPHO BJIaCHUI CTaH KOMOIHOBaHOI CUCTEMH aTOMa IUTHOC
€JIEKTPOMArHITHOTO T0JIA. 30KpemMa, epexij eIeKTpoHa i3 30y1KeHOro
CTaHy B OCHOBHUM €JIEKTPOHHUM CTaH 3MIIIYETHCS 3 IEPEX0JIOM
€JIEKTPOMArHITHOTO TOJI 3 OCHOBHOTO CTaHy B 30yJIKEHUI CTaH, y CTaH
1oJisl 3 0IHOTO oTOHA B HbOMY. CIIOHTaHHE BUNPOMIHIOBAHHS y BUIbHOMY
IPOCTOPI1 3aJEKUTH BiJ QIIyKTyallli Bakyymy, o0 rmoyaTu.

\ A 4

"
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» Although there is only one electronic transition from the excited state to
ground state, there are many ways in which the electromagnetic field may go
from the ground state to a one-photon state. That is, the electromagnetic
field has infinitely more degrees of freedom, corresponding to the different
directions in which the photon can be emitted. Equivalently, one might say
that the phase spaceoffered by the electromagnetic field is infinitely larger
than that offered by the atom. This infinite degrees of freedom for the
emission of the photon results in the apparent irreversible decay, i.e.,
spontaneous emission.

] Xoua € TUTbKH OAMH €IEKTPOHHUI mepexif 13 30yIKEHOTo CTaHy B OCHOBHHIA
CTaH, € 6arato croco0iB, B SKUX €IEKTPOMArHITHE MOJIE MOKE IITH BiJl CTaHY 10
ctany ogHodoToHHi. ToOTO, €IEKTPOMATHITHE MOJIE MAa€ HECKIHICHHO O1IbIIe
CTYNEHIB CBOOO/IH, 110 BIAMOBIIAIOTH PI3HUM HaIPsSIMKaM, B SIKUX (DOTOH MOXKe
BUIIPOMIHIOBATHUCS. PIBHO3HAYHO TOMY, 1110 MOKHa OyJo 6 cka3artu, 1o (aza
spaceoffered enexkTpoMarHiTHUM MOJIEM HECKIHYCHHO OLIbIIE, HIX TOM, 1110
HaJaeThes aToma. e HeCKIHYEHHUM YHCIIOM CTYIIEHIB CBOOOIN ISl eMicii
pe3yabTariB (POTOHIB Y BUAUMINA HE3BOPOTHOTO PO3MNaAy, TOOTO CIIOHTAaHHOTO
BI/IHpOMiHIOBaHH}I.

[13]

» In presence of the electromagnetic vacuum modes, the combined atom-
vacuum system is explained by the superposition of the wavefunctions of the
excited state atom with no photon and the ground state atom with a single
emitted photon

[U(t)) = alt)e _mm‘f[j +Zb&# _imkf‘g.;lks}

k.5
1Y npUCYTHOCTI eJeKTpOMarHiTHUX KOJMBaHb BaKyyMy, B IO€/IHaHHI aTOM-
BaKyyMHa CUCTEMa MOSICHIOEThCS HAKJIAIEHHSIM XBUIIbOBUX (QYHKLINA MOPYIIEHOT
aToMa cTaHi 1 6e3 oToHa 1 nepimii aToma JiepkaBa 3 €JMHUM BUITPOMIHIOBAHOTO
dboToHa:
[14]
» Where and are the excited state atom-vacuum wavefunction and
its probability amplitude and
P are the ground state atom with photon on mode {ks} wavefunction and its
probability amplitude, is the atomic transition frequency and
> is the frequency of the photon. To calculate the probability of
the atom at the ground state ( ) , one needs to solve the time evolution
of the wavefunction with an appropriate Hamiltonian (see external link 1 for
the detail calculations). To solve for the transition

[15]
P amplitude, one needs to average (integrate) over all the vacuum modes,
since one must consider probabilities that the emitted photon occupies all of
phase space equally. The "spontaneously" emitted photon has infinite
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different modes to propagate into, thus the probability of the atom re-
absorbing the photon and returning to the original state is negligible, making
the atomic decay practically irreversible. Such irreversible time evolution of
the atom-vacuum system is responsible for the
) aMmIutiTy1a, MOTPIOHO B cepelHbOMY (IHTErpyBaTH ) MO BCIX BaKYYMHUX MO/, TaK
K HeOOX1THO BPaXOBYBAaTH MMOBIPHOCTI TOTO, III0 BUIIPOMIHIOETHCS (POTOH
3aiimMae BChoro (ha3oBOTo MpoCTopy B piBHIM Mipi. "CIIOHTAHHO", 1110 BUITYCKAETHCS
($OTOH Ma€e HECKIHYEHHI Pi3HI PEXKUMH MOIMIUPIOIOTHCS B, TAKUM YHHOM,
BIPOT1/IHICTh TOTO, 10 aTOM Re mornuHae GOTOH 1 TOBEPHYTHUCS 10 BUX1THAM
CTaHOM € HE3HAUHUM, 1[0 pOOUTH aTOMHOTO PO3Maay MPaKTUYHO HE3BOPOTHIM.
Taka He0OOpPOTHA EBOIIIOLIISI YaC aTOM-BaKyyMHOI CUCTEMH HECe BiMOBIIaIbHICTD
3a
[16]

P apparent spontaneous decay of an excited atom. If one were to keep track of
all the vacuum modes, the combined atom-vacuum system would undergo
through the unitary time evolution, making the decay reversible
process. Cavity quantum electrodynamics is one such system where the
vacuum modes are modified resulting in the reversible decay process, see
also Quantum revival. The theory of the spontaneous emission under the
QED framework was first calculated by Weisskopf and Wigner.

] oueBHIHO, IO CIIOHTAHHUHN PO3MaJ] MOPYIIEHOI aroMa. SIkOu MoxkHa OyJi0
BIJICTE€KYBATH BCIX BAKYYMHUX MO/, 00'€JHAHOTO aTOMa-BaKyyMHa cucTema Oynie
MPOXOJIUTH YEPE3 YHITAPHOI €BOJIOLIT Yacy, 0 poOUTh 0OOPOTHHIA MPOIIEC
po3nany. [TopoxHuHA KBaHTOBA €IEKTPOJAMHAMIKA € OJTHUM 3 TAKUX CHCTEM, 1€
BaKyyMHHUX MOJI 3MIHIOIOTBCSI B PE3YJIbTATI MPOLECY OOOPOTHOTO PO3MaTy, TAKOK
auB Quantum BizpokeHHs. Teopis CIOHTAHHOTO BUITPOMIHIOBAHHS B paMKax
ctpykrypu QED Bnepiie o6uncnus Baiicekond 1 Burnepa.

[17]

» In spectroscopy one can frequently find that atoms or molecules in the
excited states dissipate their energy in the absence of any external source of
photons. This is not spontaneous emission, but is actually nonradiative
relaxation of the atoms or molecules caused by the fluctuation of the
surrounding molecules present inside the bulk.

[1'Y cniekTpockomnii yacTo MOHa BUSIBUTH, III0 aTOMU 200 MOJIEKYJU B 30yIKEHHUX
CTaHaxX PO3CIIOIOTh CBOIO €HEPTil0 B BIICYTHICTh OY/1b-SIKOTO 30BHIIIHBOTO
mxepena (GoToHiB. Lle He cioHTaHHE BUIIPOMIHIOBaHHS, ajie HacIpaBIl
OE3BUITPOMIHIOBAJILHOT peIaKcallii aToMiB 200 MOJIEKYJI, BUKJIMKAHUX
KOJIMBaHHSIMHM OTOYYHOUYUX MOJICKYJI, TPUCYTHIX y 00Cs3I.

[18]
Rate of spontaneous emission
P The rate of spontaneous emission (i.e., the radiative rate) can be described
by Fermi's golden rule.The rate of emission depends on two factors: an
‘atomic part', which describes the internal structure of the light source and a
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‘field part’, which describes the density of electromagnetic modes of the
environment. The atomic part describes the strength of a transition between
two states in terms of transition moments. In a homogeneous medium, such
as free space, the rate of spontaneous emission in the dipole approximation
IS given by:

W 1r:;||.u,lg|E dowsn|{1|r|2)|?
Imeghcy® Jcg?

Kypcu cloHTaHHOTO BUITPOMIHIOBAHHS

[} IBUAKICTH CIIOHTAHHOTO BUMPOMIHIOBAHHS (TOOTO, MBUKICTH PaIiaIliiiHOTO)
MoO>ke OyTH ornucana 30J0Tui BUIKOCTI rule. The @epmi BUIpoMiHIOBaHHS
3aJIeXKUTh BIJ ABOX (hakTopiB: "Atomic yacTuHA", KA ONUCY€E BHYTPILIHIO
CTPYKTYpPY JDKEpesia CBITIa 1 OJIsl »HaCTUHM ', SIKUM OMUCYE HIIIBHICTD
€JIEKTPOMATHITHUX KOJIMBaHb HABKOJUIITHHOTO CepeIoBUIIa. ATOMHO YacTHHA
OIMKCYE CUITY TIEPEXOy MK IBOMA Jiep>KaBaMH B YMOBax MEPeXiTHUX MOMEHTIB. B
OJIHOP1THOMY CEpPEJIOBUII, TAKUH K BUIBHOMY IIPOCTOPI, IBUJIKICTH CHIOHTAHHOTO
BUIIPOMIHIOBaHHS B JUMOJbHOMY HAOJMKEHH1 BUZHAYAETHCS 3a (OPMYIIOI0:

Jﬂ.ﬂf }_

[19]

» where s the emission frequency, is the index of refraction, Is the
transition dipole moment, is the vacuum permittivity, s the reduced
Planck constant, is the vacuum speed of light, and Is the fine structure
constant. (This approximation breaks down in the case of inner shell
electrons in high-Z atoms.) Clearly, the rate of spontaneous emission in free
space increases with . In contrast with atoms, which have a discrete
emission spectrum, quantum dots can be tuned continuously by changing
their size. This property has been used to check the -
frequency dependence of the spontaneous emission rate as described by
Fermi's golden rule.

[J me yacToTa BUIPOMIHIOBaHHS, € iHEKC 3aJIOMJICHHS, TUMTOJILHUA MOMEHT
nepexoiy, € eJIeKTpUYHa MOCTiitHa, HaBeAeHa nocTiiiHa [1nanka, y BakyymHil
HIBUKOCTI CBITJIA, 1 MOCTIHHA TOHKO1 CTpYKTYpH. (Lle HaOmmKeHHs TopyIIyEThCS
y BUINIAJKY BHYTPIIIHIX €JIEKTPOHIB O0OJOHKU B aTOMaXxX 3 BUCOKUM aTOMHHUM. )
ScHo, 110 MIBUJIKICTh CHOHTAHHOTO BUMPOMIHIOBAHHS y BUIBHOMY IIPOCTOPI
3pocTtae c¢. Ha BiiMiHy BiJl aTOMIB, 5IKl MatOTh JUCKPETHUI CIEKTP
BUIIPOMIHIOBaHHS, KBAHTOBI TOYKM MOXKYTh OyTH HaJlalITOBaH1 MOCTIHHO,
3MIHIOYH iX po3Mmip. L{g BIacTUBICT BUKOPUCTOBYETHCS ISl IEPEBIPKH -
frequency 3aneXxHICTh IMIBUAKOCTI CHOHTAHHOT'O BHIIPOMIHIOBAHHS, SIK OITUCAHO
30510TOMY TpaBuity depmi.
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[20]
Radiative and nonradiative decay: the quantum efficiency
» In the rate-equation above, it is assumed that decay of the number of excited

states  only occurs under emission of light. In this case one speaks of full
radiative decay and this means that the quantum efficiency is 100%. Besides
radiative decay, which occurs under the emission of light, there is a second
decay mechanism; nonradiative decay. To determine the total decay rate
radiative and nonradiative rates should be summed:

rfﬂf rad + Fﬂrﬂd

I 6e3BUNpPOMiHIOBATILHUX PO3MNAy: KBAaHTOBA €(DEKTUBHICTD

[y BapTiCTh-pIBHSIHHS BHILE, Tepea0aYaeThes, 10 po3Maj ynucia 30y KeHuX
CTaH1B B110yBA€THCS TUIBKU MPU BUITYIIECHHI CBITIA. Y IbOMY BUIIAJKY TOBOPSTh
PO MOBHE paaialliiHOro po3Many, 1 1ie 03HaYae, 0 KBaHTOBA €()eKTUBHICTh
100%. Kpim Toro paaiauiiiHoro posnafy, sika BiA0yBaeTbCs i1
BUIIPOMIHIOBaHHSM CBITJIA, € IPYTUH MEXaH13M po3Mnay; 0€3BUITPOMIHIOBAIILHOT
po3nany. LI{o6 Bu3HaUMWTH 3aragbHUi IBUIAKICT padlaliiHOTO po3nany 1
O€3BUIPOMIHIOBAJIBHOI CTABKM MTOBUHHI OYTH M1JBEIECHI:

[21]
» Where Is the total decay rate, Is the radiative decay rate and
the nonradiative decay rate. The quantum efficiency (QE) is defined as the
fraction of emission processes in which emission of light is involved:

F = rrﬂd
rﬂ.rﬂd + rrﬂd

] Jle 3aranpHuii KoedillieHT 3aracaHHs, MBHIKOCTI pafialliiHOro po3namy i
HIBUIKOCTI O€3BUNpOMiHIOBaIbHOI po3nany. KBantosuit Buxig (KE) Bu3HauaeTscs
SK YaCTHUHA MPOLIECIB BUIIPOMIHIOBaHHS, B IKOMY BUIIPOMIHIOBAHHS CBITJA, 110
OepyTh y4acTh:

[22]
» In nonradiative relaxation, the energy is released asphonons, more
commonly known as heat. Nonradiative relaxation occurs when the energy
difference between the levels is very small, and these typically occur on a
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much faster time scale than radiative transitions. For many materials (for

instance, semiconductors), electrons move quickly from a high energy level

to a meta-stable level via small nonradiative transitions and then make the
[1'Y 6e3BUNpOMIHIOBAIBLHOI pelakcallii, eHeprisi BUBUIbHIETbCS asphonons, O11b1I
BIJIOMHH SIK TEIUI0. be3BUNpOMiHIOBAIBHOT pelaKcallii BIIOyBaA€THCS, KOJIH
PI3HULIS €HEPTii MK PIBHSMHM JIyKe MaJlo, 1 BOHH, SIK MPaBUIIO, BiI0OYBAatOThCS Ha
HabaraTo OUIBII MBUAKAMH MacIITadl yacy, HK pajialiifHuX nepexomais. s
OaraThOX MarepianiB (HallpUKIa/l, HAMBOPOBITHUKIB), €JIEKTPOHU HIBUIKO
nepeMilaTUCs BiJ BUCOKOTO PiBHs €HEPTii B MeTacTabiIbHOMY PiBHI 3a
JIOTIOMOTOI0 HEBEJIMKUX O€3BUIIPOMIHIOBAILHUX MEPEXO/IB, a TOTIM 3pOOUTH

[23]

» final move down to the bottom level via an optical or radiative transition.
This final transition is the transition over the bandgap in semiconductors.
Large nonradiative transitions do not occur frequently because the crystal
structure generally can not support large vibrations without destroying bonds
(which generally doesn't happen for relaxation). Meta-stable states form a
very important feature that is exploited in the construction of lasers.
Specifically, since electrons decay slowly from them, they can be piled up in
this state without too much loss and then stimulated emission can be used to
boost an optical signal.

[] ocTaTOYHMI KPOK BHU3 HA HUKHIN PIBEHB 3a JJOIOMOI'OK0 ONTUYHOrO abo
pamianiitHoro nepexosy. Lleit ocTanHiii nmepexij nepexig Ha 3a00pOHEHOT 30HU B
HaIBNPOBIAHUKaX. Benuki be3BunpoMiHIOBaIbHI IEPEXOAH HE BiAOYBalOThCS
4acTo, TOMY L0 KPUCTAIIYHA CTPYKTYpa B LIJIOMY HE MOKYTh IIATPUMYBaTH
BEJIUKI KOJIMBaHHS 0€3 pyilHyBaHHS 3B'SI3K1IB (5K, sIK TPaBUJIO HE OyBae st
BIJIMOYMHKY). MeTa-CTIHKHX CTaHIB YTBOPIOIOTH YK€ BAXKIIMBA OCOOJUBICTD, KA
eKCILTYyaTyIOTh Y OYIIBHUIITBI Ja3epiB. 30KpeMa, OCKUTLKH €JIEKTPOHIB PO3MaILy
MOBLJILHO 3 HUX, BOHU MOXKYTh OYTH CKJIaJICHI B IIbOMY CTaH1 6€3 0COOIMBUX
BTpAT, a MOTIM BUMYIIICHE BUITPOMIHIOBAHHS MOK€ OyTU BUKOPUCTAHE IS
M1BUIIEHHS ONTUYHOTO CUTHAITY.

[24]
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