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Motivatie

- Problema pragului laser — obtinerea unui criteriu potrivit pentru a distinge
cand sistemul se afla in starea laser s1 calculul valorii de prag exacte;

O problema clasica [1], [2], dar Inca dezbatuta [3]:

- [1] V. DeGiorgio and M. O. Scully, Analogy between the Laser Threshold
Region and a Second-Order Phase Transition, Phys. Rev. A 2, 1170 (1970);

- [2] P. R. Rice and H. J. Carmichael, Photon statistics of a cavity-QED laser:
A comment on the laser — phase-transition analogy, Phys. Rev. A 50, 4318
(1994);

- [5] C. Z. Ning, What is Laser Threshold?, Quantum Electronics, IEEE 19,
1503604 (2013);

- Starea laser de neechilibru ca analog al unei tranzitii de faza;
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Imaginea Fizica

. Un sistem de N atomi identici in interactie rezonanti cu un
mod al cavitatii;
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Cadrul Matematic

Modelul de Interactie Jaynes-Cummings

Descrie sistemul atomic cu 2 nivele in interactie cu un mod
cuantificat al cavitatii optice:

H=Hy+ H;c = &0,0_+¢&0_0, + w.ata + gato_ + g*ao,
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Cadrul Matematic

Modelul de Interactie Jaynes-Cummings

Descrie sistemul atomic cu 2 nivele in interactie cu un mod
cuantificat al cavitatii optice:

| |

Hamiltonianul campului Hamiltonianul de

Hamiltonianul atomic liber interactie
gt z :;;g: g — constanta de cuplaj

(l)a:gl_gz
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Cadrul Matematic

Ecuatia von Neumann — Lindblad

Ecuatia von Neumann-Lindblad pentru operatorul de densitate p(t),
scrisa in sistemul de referinta rotational al Iui H, are forma:
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Ecuatia von Neumann — lad
E’D = —lP[Hjc, p]
+ > [201p0_ —0_0,p — po_oy]
+ g 20_po, —o0,0_p — po,o_]
+ g 2apa’ —aTap — pa'a]

s
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Ecuatia von Neumann — lad
a |
5P = —ilHc.p]

|

[20,p0_ —0_04p — po_o,]

[20_poy —0y0_p — po,o_]

%‘ﬁ“ﬂ — patal
N\

= |[®
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Ecuatia Master

Ecuatia Master— dedusa din ecuatia von Neumann-Lindblad in
anumite aproximatii, pentru elementele diagonale ale operatorului de
densitate p(t):

p(n; Nl) — (Tl, Nllpln) Nl)

— probabilitatea de a avea o stare cu n fotoni in cavitate si N; atomi
pe nivelul excitat.
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Ecuatia Master

0
ap(ni Nl)

=R(n+1)(N, + )p(n+1,N; —1) — RnN,p(n,N,)
+ Rn(N; + Dp(n—1,N;+1)—R(n+ 1)N;p(n,N;)
+yI(Ny + Dp(n, Ny +1) — Nyp(n, Ny)]

+ P[(N; + 1)p(n, Ny — 1) — N,p(n, N,)]

+xl(n+ 1Dpn+1,N;) —np(n,N;)]

N = N; + N, —numarul total de atomi = constant
4g° .
R = — rata emisiel spontane
K+y+P
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Ecuatia Master

0

Ep(ni Nl)

— =R(n+1)(N,+ Dp(n+1,N, —1) — RnN,p(n.N,) —
+ Rn(N; + Dp(n—1,N;+1)—R(n+ 1)N;p(n,N;)
+y[(Ny + Dp(n, Ny + 1) — Nyp(n, N;)]

+ P[(N, + 1)p(n,N; — 1) — N,p(n, N;)]
+k[(n+ 1)p(n+1,N;) —np(n, Ny)]

> Absorbtie
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Ecuatia Master

0
Ep(ni Nl)
——=R(n+1)(N, + Dp(n+1,N; — 1) — RnN,p(n.Ny) —
— + Rn(N;+ Dp(n—1,N;+1)—R(n+ 1)N;p(n,N,)
+y[(N; + 1)p(n,N; +1) — Nyp(n, Ny)]
+ P[(N, + 1)p(n,N; — 1) — N,p(n, N;)]
+xl(n+ 1Dpn+1,N;) —np(n,N;)]

> Absorbtie

> Emisie stimulata si spontana
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Ecuatia Master

0
Ep(n’ Nl)
——=R(n+1)(N, + Dp(n+1,N; — 1) — RnN,p(n.Ny) —
— + Rn(N; + Dp(n—1,N; +1) —R(n+ DN;p(n,N;) ——
—Fy[(N; + Dp(n,N; + 1) — Nyp(n, N;)] _——

+ P[(N; + 1)p(n, Ny — 1) — N,p(n, Ny)]

+xl(n+ 1Dpn+1,N;) —np(n,N;)]

> Absorbtie

> Emisie stimulata si spontana

N Procese neradiative induse de
rezervor
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Ecuatia Master

0

ap(n; N;)

——=R(n+1)(N, + Dp(n+1,N; — 1) — RnN,p(n.Ny) —

— + Rn(N; + Dp(n—1,N; +1) —R(n+ DN;p(n,N;) ——

—Fy[(N; + Dp(n,N, + 1) — Nyp(n, NJT ———

<+ P[(N, + Dp(n,N; — 1) — Nop(n, N ——>
+ k[(n+ Dp(n+1,N;) —np(n,N;)]

> Absorbtie

> Emisie stimulata si spontana

N Procese neradiative induse de
rezervor

> Pompaj incoerent
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Ecuatia Master

0
Ep(ni Nl)

—=Rn+1)(N, + Dp(n+1,N; —1) — RnNo,p(n.Ny) —
— + Rn(N; + Dp(n—1,N; +1) —R(n+ DN;p(n,N;) ——

E +y[(V; + Dp(n, Ny +1) — N,p(n, NI ——
<+ P[(N; + Dp(n,N; — 1) — N,p(n, N))] ——>

—Fk[n+ Dpn+1,N) —np(n, NP ——
> Absorbtie

> Emisie stimulata si spontana

Procese neradiative induse de
>
rezervor

> Pompaj incoerent

> Pierderile cavitati
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Valori medil

Numarul de fotoni din cavitate = (n)
(aTa) = Tr|atap]

Inversia de populatie = (N; — N,) = (0,)
(0,) = Trlo,p] = Tr[(oy0- —0_0)p]
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Ecuatii de rata

Deduse din ecuatia Master intr-o aproximatie de tip Mean field:

d
( ~-(n) = R((n) + D{Ny) — Rn)(N = (Ny)) — k()

0
e (N1) = —R({n) + 1)(N1) + R()(N — (Ny)) — y{(N1) + P(N — (Ny))

In starea stationara:

{ R((n) + 1){(N1) — R(n}(N — (N1)) —k(n) =0
—R((n) + 1)(Ny) + R{n)(N — (Ny)) —y{Ny) + P(N —(N;)) =0
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Tranziti de Faza in Lim
Termodinamica

Tranzitiile de faza sunt marcate de schimbari abrupte Tn una sau
mai multe marimi ce caracterizeaza sistemul, la o variatie mica a
unui parametru de control.
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Tranziti de Faza in Lim
Termodinamica

Tranzitiile de faza sunt marcate de schimbari abrupte Tn una sau
mai multe marimi ce caracterizeaza sistemul, la o variatie mica a
unui parametru de control.

Populatia medie a nivelului excitat
(N1)
1.0}

0.8}
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o V - o
Limita termodinamica: N = oo

V/N = const.

Constanta de cuplaj este proportionala cu V=72 [13]:



Mumarul mediu de fotoni pe atom
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N — oo, g—0, g*N = const
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Inversia de populatie medie
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Ocuparea medie a nivelului excitat
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Ocuparea medie a nivelului excitat
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Analiza ecuatiei Master

In limita termodinamica ecuatia Master devine:

N2p(Nn, Nx)—p(n, x)

n=§e&w>
_ 1

X = € [0,1]
0 0 ) 0 _ 0
Ep—K%[np]—Pa[(l—x)p]+Va[xp]+Ra[77x,0]

_ 0 _ 0
- R%[nxp] —R——In(1 —x)p]
0
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Analiza ecuat
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Analiza ecuatiei Ma

x1=0.909, n4=0 - punct sa
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Rezolvarea numerica a
normala

-Tnainte de pragul laser; -dupa self-quenching;
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Concluzn

Schimbare abrupta in comportamentul atat a numarului de
fotoni din cavitate cat si a inversiei de populatie — prag laser;

In limita termodinamica V = oo, N = o0, V/N = const.,
intervalul de tranzitie dintre stari tinde la un punct — 1n
analogie cu tranzitiile de faza de echilibru;

Criteriu pentru a distinge starea laser:

n
lim N > 0 — stare laser

N—o00

. (n) .
lim — = 0 — stare normala
N—>0o0 N

Aceleasi concluzii sunt obtinute s1 CU ecuatia Master;
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ragului

Anexa — Determinarea va

laser Rn<<f1—fz)—%> = 0
Din ecuatiile de rate avem: f— f, < Min ( £ £0 %)

Ocuparea medie a nivelului excitat

(N =No)
N
1_[]:. /:
0 5: — KIR
i 0112

= {Ny=Nz)}N, N=1
P (p5'1} — {Ny=N5¥N, N=100

("'1'""2'""9',""4""5

-0.5¢

-1.0f
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Anexa — Comparatie intre

e Stiinte Aplicate — Halati Catalin-Mihai — 2015

Master si ecuatiile de rata

(n)/N

0.001

(N41)IN

1.0

0.8

0.6

0.4

0.2

107

0.010

0.100

1

0.001

0.010

0.100

1

P (ps™")

P (ps™")

(YN
2.5

2.0

1.5

1.0

0.5

02 04 06 08 10 12 14
(N1)/N

P (ps™")

P (ps™")



Aplicate — Halati Catalin-Mihai — 2015

Anexa — Ecuatia Master —

° l .
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Anexa — Efectul retelei la'i

numerica
N’ =30,n" =100 > N =60,n, =200
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Anexa — Efectul retelei la'i

numerica
N' =30,n" =100 > N; =120,n} = 400




Anexa — Efectul retelei la'i

numerica
N' =30,n' =100 > N; =240,n, =800




