TWO LEVEL ATOM COUPLED TO SQUEEZED VACUUM
INSIDE A COHERENTLY DRIVEN CAVITY

By

Kemaw Aragaw Tilahun

A Thesis Submitted to

the Department of Applied Physics
School of Applied Natural Science

Presented In Partial Fulfilment of the Requirement for the Degree of

Master’s of science in Physics

Office of Graduate Studies

Adama Science and Technology University

Adama, Ethiopia
August 2017



TWO LEVEL ATOM COUPLED TO SQUEEZED VACUUM
INSIDE A COHERENTLY DRIVEN CAVITY

By
Kemaw Aragaw Tilahun
Advisor

Tewodros Yirgashewa(PhD)

A Thesis Submitted to
the Department of Applied Physics
School of Applied Natural Science

Presented In Partial Fulfilment of the Requirement for the Degree of

Master’s of science in Physics

Office of Graduate Studies

Adama Science and Technology University

Adama, Ethiopia
August 2017



ADAMA SCIENCE AND TECHNOLOGY UNIVERSITY

GRADUATE STUDENTS PROGRAM
DEPARTMENT OF APPLIED PHYSICS

Examination Committee Approval Sheet
This is to certify that the thesis prepared by Kemaw Aragaw :- Two-
Level Atom Coupled to Squeezed Vacuum Inside a Coherently Driven
Cavity and submitted for partial fulfilment of the requirement for the
degree of master in physics complies with the regulation of university

meets the accepted standard with respect to originality and ability.

Approved by the Examination Committee

External Examiner Signature Date

Dr. Misrak Getahun

Internal Examiner Signature Date
Dr.
Advisor Signature Date

Dr. Tewodros Yirgashewa

Chairman Signature Date

Dr.




DECLARATION

I hereby declare that this Msc Thesis is my original work and has not been presented
for a degree in any other universities, and that all sources of material used for the

thesis have been duly acknowledged.

Name: Kemaw Aragaw

Signature:

This Msc Thesis has been submitted to for examination with my approval as univer-

sity advisor.

Name: Dr. Tewodros Yirgashewa

Signature:

Date of Submission:




Acknowledgment

Above all, things I would like thank almighty God,the compassionate the most merciful and
source of knowledge and Wisdom who bestowed upon me the health, the power of commu-
nication and the audacity to accomplish this thesis.

Next I would like to express deepest gratitude thanks to my advisor Dr. Tewodros Yirgashewa
for his insightful guidance, patient teaching, valuable constructive criticisms and endless
support throughout Master’s study. He has provided my countless opportunities to grow,
mature, and improve my self, both acadamically and personally.

I wish to express my gratefulness to Ministry of Education for its sponsorship to follow the

maser’s Degree program in Adama Science and technology University.

I would like also to convey my classmates,and friends sisay sime, Fekadie Aynalem and Enda-

woke worku for their understanding,academic support moral support and companionship.

I am grateful to my family members.Inparticularly my father, Aragaw Tilahun and mother,
Yeshewatsehay Endeshaw for their care, support including financial.
Finally, every one who had indirectly assisted and encouraged me during my research work

is highly acknowledged.



Abstract

The squeezing and statistical properties of the light produced by a two level atom coupled to
squeezed vacuum inside a coherently driven cavity is studied applying c-number Langevin
equations. Employing the solutions of these equations, we have determined the atomic in-
version, the quadrature variance of the cavity radiation, the photon statistic of the cavity mode
and the second order correlation function. If so turned out that the quadrature variance of the
cavity mode exhibit squeezing and the squeezing occurs in the plus quadrature of the cavity
mode. Further more, the degree of squeezing and mean photon number of the cavity mode in-
creases with the presence of the squeezed vacuum and as the amplitude of the driving mode
increases. But the degree of squeezing decrease when « increase. And also the atomic inversion
increase as the atomic decay constant increase. Moreover, we have found that the cavity mode

radiation exhibits photon antibounching and poissonian photon statistics.
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Introduction

1.1 Background

Quantum physics had developed in the first half of the twentieth century, by understand-
ing how photons and matter interacted and inter-related[1]. In 1953, the maser which emits
coherent microwaves and later in 1960 the laser which emits coherent light were discovered.
Light played a special role in our attempt to understand nature both classically and quantum
mechanically. Classically, light consists of waves with a well-defined amplitude and phase
such as not case when we treat the field quantum mechanically[2]. Recent development of
technology greatly improved our ability to control individual quantum system. This brings
quantum technology beyond academic research to control the level of concrete individual
program.

Quantum optics is a field of study that deals with the interaction of radiation with matter.
It also deals mainly with the quantum properties of the light generated by the various optical
systems such as lasers and with the effect of dynamics of atoms. The quantum properties of
light largely determined by the state of the light mode and the well quantum states are coher-
ent, chaotic, number and squeezed|[1,3]. The interaction of radiation with atom is one of the
central problem in quantum optics. This kind of interaction is involved in various physical
process of interest such as resonance fluorescence and laser dynamics.

Squeezing is one of the non-classically feature of light that has attached a great deal of
interest. It has a potential application in low noise optical communication and weak signal
detection. If the band width of the squeezed vacuum is the large enough, it can be treated
as reservoir. However, the squeezed vacuum contrary to the ordinary vacuum, caries some

phase information and the behavior[4,5 and 6].
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An atom with only two energy eigen values is described by a two dimensional state space
spanned by a two energy eigen state |¢) and |¢). The two state constitute a complete orthonor-
mal system. The corresponding energy eigen values are F> and E;.The excited state in the two
level atom systems has a finite time due to spontaneous emission back to the ground state.
When an electron is an excited energy state, it must eventually decay to lower level, giving off
a photo of radiation[7]. This event is called spontaneous emission and the photon is emitted
in a random direction and random phase. The average time taken for the electron to decay is
called the time constant for spontaneous emission.

Spontaneous emission of an exited two-level atom results as an effect of its interaction
with a continuum of vacuum modes that play a role of reservoir to the atom. The sponta-
neous emission of rate is usually supposed to be an inherent property of the atom, but in
rates depend on the mode structure of the atomic environment[5,6]. An atom is driven on
resonance by strong monochromatic laser beam, the structure of atomic level changes dra-
matically.

In this Msc thesis we study the squeezing and statistical properties of the light produced

by a two level atom coupled to squeezed vacuum inside a coherently driven cavity.
1.2 Objectives
1.2.1 General Objective

The general objective of this thesis is to study the atomic dynamics of the two-level atom

coupled to squeezed vacuum inside a coherently driven cavity.
1.2.2 Specific Objectives

The specific objectives of this study are:

To construct the Hamiltonian of the system.

To dirive the master equation of the system.

To find the c-number Langevin equations of the system.

To calculate the quadrature variances of the system.

To calculate mean and variance of photon number of the system.



Review of Literature

The statistical and squeezing properties of light by two-level laser has been investigated by
several authors|1, 2, 3, 4, 5 and 6]. B.Betros [2] has studied squeezing and statistical prop-
erties of light produced by two-level atom coupled to a squeezed vacuum reservoir. He was
found that the light produced by the system under consideration is in a squeezed state for
the case if the atom are initially prepared in the lower level and the squeezed occurred in the
plus quadrature. His result shows that squeezed vacuum reservoir increase the mean photon
number.

T.Mulatu[4] has studied the squeezing and statistical properties of the light produced by
the two-level laser in which the cavity mode atom are coupled to squeezed vacuum reser-
voir. He had calculated the quadrature variance of the cavity mode and atomic variables. His
result shows that the cavity mode and atomic variable exhibit squeezing. And the squeezed
vacuum increase the degree of squeezing and mean photon number of the cavity mode. But
the degree of squeezing decrease when the cavity mode and cavity atom decay constant.

The dynamics of two level atom interacting with the single mode radiation have been in-
vestigated by several authors[7-15]. E kassahun has analyzed the dynamics of two level atom
coupled to squeezed vacuum reservoir. He has carried out his analysis after driving the mas-
ter equation for a two level atom directly coupled to a squeezed vacuum reservoir. The result
indicates that the atom oscillates back and forth b/n the upper and lower(5].

A.Messikh has realized the response of a two-level atoms when injected to the cavity will
interacted the system|[11]. He has analyzed that a light source that exhibits unique properties
such as directionality, monochromaticity and coherence which distinguish the laser from the
other source of light and has found a wide variety of applications in the modern technol-

ogy[12].



The generation and detection of squeezed light increasing attention is being given to the
study of interaction of squeezed light with a two-level atom[7-13]. Gardiner[13] studied a
single two-level atom embedded in a broadband squeezed vacuum and showed that the two
quadratures of polarizations decays at two distinct decay rates.

Parkins and Gardiner considered a single two-level atom in a cavity when the squeezed
light is incident upon one of the out put mirrors. In recent year a great deal of attention has
been focused on the study of the interaction of the one atom or of a small collection of atoms
with a single mode of resonant cavity[13]. The boundary conditions associated with the cav-
ity may leads to substantial modification of the radiate process relative to this encountered
in free space emission and absorption. The presence of cavity mode enhances the coupling
between the atoms and electromagnetic field. In particular, if the coupling of the collective
atomic polarization to the intra-cavity field is sufficiently strong compared with the relevant
dissipative process, an oscillatory regime is encountered in which the field radiated by the
atom excites the cavity mode, which subsequently re-excites the atomic polarization and so
on.

M.Eleccion and H.Svelto Analyzed that a laser must be produced emissions that is lost
trough absorption. They seek here to analyze the quantum properties of a light emitted by
two-level laser atoms available in a cavity injected to the lower level at a constant rate v, thus
taking in to account the interaction of the two-level atoms with a cavity mode and the damp-
ing of the cavity mode by a squeezed vacuum reservoir. They obtain the quadrature variance
and the photon statistics for the light emitted by the atoms. This analyze is carried by putting
the noise operators associated with the squeezed vacuum reservoir and with out considering
the interaction of the two level atoms with the squeezed vacuum reservoir.[14].

Jin and Xiao[15] have considered N two-level atom placed inside a parametric oscillator in
a good cavity limit. They have found that under strong interaction limit, the presence of the
two-level atom inside a parametric oscillator increases the amount of intra cavity squeezed
from its maximum value of 50% to maximum value of 75% percent.

E Kassahun [16] has drived a generalized Fokker- Planck equation without using the sys-
tem size expansion for a single two-level atom placed inside a coherently driven cavity and
the atom is coupled to a broad band squeezed vacuum . His results include atomic and cavity
detuning and also atomic and cavity decays. Using this Fokker-Planck equation he has stud-
ied atomic inversion, fluorescent spectrum and second order intensity correlation function

of the transmitted light and fluorescent light in the bad cavity limit.



Methodology

In this chapter we consider a two-level atom coupled to a squeezed vacuum inside a coher-
ently driven cavity. We first constract the Hamiltonian of the system under consideration,
using this Hamiltonian we drive the master equation. And with the aid of this master equa-
tions, we employ c-number Langevin equations and calculation relations of the noise forces

are obtained. we then determine the solutions of the resulting c-number Langevin equations.
3.1 Master Equation

In this section we wish to drive the master equation representing a two level atom coupled
to squeezed vacuum inside a coherently driven cavity. We drive the equation of evolution
for density operator representing the interaction of the atom with a coherently driven cavity,
the atom with the reservoir,the cavity with the reservoir and the driven with the cavity in
the system separately. Finally, using the resulting master equation of the system under the
consideration.

The interaction of two-level atom with a squeezed vacuum as well as the reservoir and the

squeezed vacuum with reservoir is described by the Hamiltonian
ﬁ:ﬁAc+ﬁAR+ﬁCR+ﬁDc, (3.1)

where

Hac =ig(64a—ate_), (3.2)

represents the interaction of a two-level atom with the cavity.

Hag = iXoyaim —al o), (3.3)
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represents the interaction of a two-level atom with reservoir.

T atagn), (3.4)

n

Heg = in(aa
represents the interaction of the cavity with reservoir.
Hpe = —ie(al —a), (3.5)

represents the interaction of driven mode with the cavity mode.

These are the Hamiltonian with the pump mode treated classically, where g, A, k,  being the
appropriate coupling constant and ¢, considered to be real and constant is proportional to
the amplitude the driving mode, a(a') is the annihilation(creation) operator for the cavity
mode,dm(d;fn) is the annihilation(creation)operator for the reservoir and 64 (6_) is the ris-

ing(lowering) atomic operator satisfying the following commutation relation.

[a,a"] = [am,al ] =1, (3.6)
[64,6_] =62, (3.7)
[6+,0.] = F6+, (3.8)

where o, is atomic inversion.
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3.1.1 The master equation for the interaction of the two-level atom with reservoir

We consider a system (a two-level atom) denoted by ’A’ interacting with reservoir denoted by
the 'R’ The combined density operator is denoted by x(¢). The equation of evolution for x(¢)
is given by

dx(t)

STl —i[Hag, X(1)]. (3.9)

The reduced operator for the system 4(t) is obtained by taking a trace over of the reservoir

variables. i.e

p(t) = Trax(t). (3.10)

In view of Eq.(3.10), we see that

2 = iTrg[Hag, x(1)]. (3.11)

On the other hand, d’%d(t(t) an be expressed as

dx(t) = lim

() = X(t — h)
g = M (3.12)

On the base of this equation, can be written as

X(t) = x(t—h)+ hd);ff), (3.13)

with h — 0. Substitute Eq. (3.13) into Eq. (3.11), we have

diz(:) = —iTrR[Hag, X(t = b)) + ihTre[Hag, X(1)]] (3.14)

In order to obtain mathematically manageable equation for evaluation of the reduced den-
sity operator, we need to replace x(¢) by same approximately valid expression by assuming
that the density operator 'R’ for the reservoir is remain the same in time. Taking into this

assumption, the total density operator can be written as
X(t) = p(t)R. (3.15)

in view of this Eq. (3.14) takes the form

dfg) = —il(Har)r, p(t)) = 2hTrr(Harp(t) Har) + ih(H3g) rp(t) — ihp(t)(Hip)p.  (3.16)

With the aid of Eq. (3.3) the expectation value of the vacuum reservoir is

(Hap) = 0. (3.17)
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One can easily show that

[(Hag), p(t — h)] = 0. (3.18)

Furthermore, applying Eq. (3.3) and the cyclic operator, we can get

WTr(Harp(O)Har) = 3 (N +1)51p(0)6- + SNo-p(t)6s + S M(64. ()54 +6-p(t)5-) (3.19)

9
and
WHER) = 3 (N + )66+ No_4), (3.20)
where
v = 2h)\?, 3.21)
(! ain) = N, (3.22)
M = —(-a2)) = —(—a}2) = 0. (3.23)

Using Egs. (3.18), (3.19), (3.20) and (3.21) into (3.16) we can obtain
dp _

= SN+ 1)(26_pos — 645 p— o)
+ gN(2&+ﬁ&_ G Gyp—pE_by) (3.24)
+YM(64p64 + 6_po_)

where N = sinh?r and M = sinhrcoshr Eq.(3.24) represents the reduced density operator for

the two-level atom with the ordinary reservoir.
3.1.2 The master equation for the interaction of the cavity with reservoir

We consider the system (squeezed vacuum)denoted by 'S’ interacting with reservoir which
is denoted by R. Denoting total density operator for squeezed vacuum coupled to a vacuum

reservoir by x(¢), the time evolution of this density operator is given by

RO _ ithen), 1), (3.25)

where Hc(t), the Hamiltonian for the interaction of the squeezed vacuum with the reservoir.

Taking into account the relation is

p(t) = Trr(x(t)), (3.26)
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we see that the reduced operator density evolves in time is to be

dp(t)

o = —iTrR[Hor(t), X(1). (3.27)

In which T'rg,indicates that the trace is taken over the reservoir variables only. On the other

hand, a formal solution of Eq.(3.27) can be put in the form

t
€0 = %(0) ~ i [ [Hon()R(¢)d. .28
0
Applying the born approximation
X(t') = p(t)R, (3.29)
X(0) = p(0)R. (3.30)
We can write Eq.(3.28) as
t
X() = [)(O)R—z'/ [Hor(t), p(t')R]dt . (3.31)
0
Now substituting Eq. (3.24) into Eq. (3.20), there follows
dp(t) .4 , ! N /
g = " (Her(®)r, A0)] —/0 Trr[Her(t'), p(t)R)dt'. (3.32)

We consider the reservoir to be composed of a large sub modes. The interaction of a squeezed

vacuum with a reservoir can be described by the Hamiltonian
Hep = ihSA(albpe ™ (@omwnlt _ ghy e—iwomwe)ty, (3.33)

where ), coupling constant for squeezed and the reservoir sub vacuums. a;, is the annihila-

tion operator for the reservoir sub vacuum. we then see that
(Hop(t)) g = ihS Mo (@l (by,) e @own)t — by )emH(womwnlty, (3.34)

Taking into account the property of vacuum reservoir operators,

~ ~

(bk)r = (bx) = 0. (3.35)

We easily see that
(Hor(t)r = 0. (3.36)

In view of Eq.(3.36) and Heop(t') = Hor(t ) Her(t)p(t ) RHop(t) = Hor(t)p(t ) RHoR(H) Eq.
(3.32) reduced to

d/ji(tt) = 2/ Trr(Hor(t)p(t')RHor(t))dt! _/ (Hor(t)Hor(t))rp(t)dt’
0 0 (3.37)

_ /0 t A (Hor(t) Hor(t) rdt.



3.1 Master Equation 10
With the aid of Eq.(3.33), we can write
—(Hor(t)Hor(t'))r = Lid'a + Laal + La% + Ihaf? (3.38)
and
Trr(Hor()p(tHor(t)) = Lapa' + La'pa + Izalpal + Liapa, (3.39)
where
I == N (byby)e!@omen)t=ileo )t (3.40)
ke, k!
Iy = =) N (byby e omwmttilomwp)t! (3.41)
I,k
Iy =) N (b ye~ (womewnltilwo )t (3.42)
k,k’
Iy = Z )\k)\k/<Bk6k>ei(w0_wk)t+i(w0_w’“')t/. (3.43)
kk!
We note that for vacuum reservoir we have,
(bpby) = N = 0, (3.44)
<Bk8k> = (N4 1) = Skk’, (3.45)
(biby) = (byby,) =0, (3.46)
with
N =sinh?r = 0, (3.47)
M = sinhrcoshr = 0. (3.48)
On account of Eq. (3.45) we see that
Iy == Agellomenlt, (3.49)

k

Assuming the frequencies of the reservoir sub modes to be closed spaced the summation over

k can be converted into an integration over «’. One can then write

I = _/ g(w))\Q(w)eii(w_w())(t_tl)dw/,
0

(3.50)
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where g(w) is the density state of the vacuum reservoir . We expect w to vary little around wy.

In view of this, we can replace g(w) and A\?(w) by g(wp)and A\?(wp) and extend the lower limit

of integration to oo, so that

L = g(wo))\z(w)/ eFilwo= )=t gy,
Carrying out the integration upon setting w’ = wy — w,we get

I = —kad(t —t),

where

K= 27rg(w0))\2(w0),

is the vacuum decay constant. Following the similar procedure we easily verify that

I, =—kN§(t—t)=0,

I3 = I4 = —HM(S(t - t/) = 0,

where N = M = 0, for vacuum reservoir.

Up on substituting the Eq. (3.53), (3.54), (3.55) into Eq. (3.38)and (3.39) we have

—(Heor(t)Her(t)) = —kata

and
Trr(Hor(t)p(f ) RHoR(t) = —kapal.
It then follows that
| entt) frentt) Raeit = Salaie),
0
| o) Her(t Hen(t) Ro(e )t = G poita
0
/ Tri(Hop(t)p(t)RHoR(t))dl = —g&ﬁ(t)&T
0

Combination of Eq. (3.37), (3.58), (3.59) and (3.60) leads to

dp K, .. atan anta
pri 5(2apaT —atap — pata).

(3.51)

(3.52)

(3.53)

(3.54)

(3.55)

(3.56)

(3.57)

(3.58)

(3.59)

(3.60)

(3.61)

Eq. (3.61)represents the equation of reduced density operator for the cavity with the vacuum

reservoir.
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3.1.3 The master equation for the interaction of the driving light with the cavity

The in the action of the driving coherent light interaction with the cavity mode can be de-
scribed by the Hamiltonian

Hpe = —ie(al —a), (3.62)

where ¢, is considered to be real and constant, which is proportion to the amplitude of driven
mode. And a is the annihilation operator of the atom. The time evolution of the density
operator of Eq. (3.62) is

dp(t)

= eafp—ap — pa’ + pa). (3.63)

3.1.4 The master equation for the interaction of the two-level atom with cavity

The interaction of the two level atom with squeezed vacuum can be described at resonant by
the hamiltonian

Hac =ig(64a—ate_), (3.64)

where g is the coupling constant b/n the atom and the cavity.

The equation of evolution of this density operator corresponding to the hamiltonian Eq.
(3.64)

(3.65)

Il
=
Q»
+
Q>
>
|
Q>
R
Q»
|
>
|
S
Q
+
Q
+
>
Q>
pary
Q>

A A A A

+ IN(264p6_ —6_64p— po_64) + %(N +1)(26_p64 —646_p— por6_)  (3.66)

This equation represents the master equation of a two-level atom coupled to squeezed vac-
uum in side a coherently driven cavity mode and the cavity made coupled to ordinary vac-

uum.
3.2 C-number Langevein Equation

In this section we seek to obtain the c-number Langevin equation for the cavity mode em-

ploying the master equation in Eq. (4.66). In view of the relation

SCAW) = Tr( 5 ple) ), (367
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one can write
d(a)
dt

AoAn Anan An A An A A AT oA A An Ant A AA2)

= gTr(6Lapa — a'6_pa — poypa — po_aa + po_o4a) + eTr(al pa — apa — pa'a + pa
+ %NTT(Q&W[T,& —0_64pa— po_o1a) + %(N + 1)Tr(26_p6+a — 64+6_pa — pé46_a)

+AMTr (64 po 4+ 6_pé_a) + gTr(Q&ﬁdT a—alapa — pataa).

(3.68)
Applying the cyclic property of the trace trace operator, we get
d(ay  w .
o — 2@ —glo-) +e (3.69)
Following the same procedure, it can easily be verified that
d A2
izi ) _ —r(a%) — 2g(aG_) + 2¢(a), (3.70)
d(ata
<Zta> = r(a'a) — g((61a) + (6-a")) +e((a) + (a')). (3.71)
On account of Eq. (3.66), we see that
d{o-) _ Aaanata ananas s Ana Atasaaa At An
pran gTr(pyapo_ —a'6_po_ — popo_ — po_ + po_6406_) + €l'r(a'po_ — apo_ — pa'o_ + pac_)

A~ ~ ~ A A ~ ~

+ %NTT(Z&.,.,O&_&_ GGy po — o GG+ %(N S V)T (26_p66_ — G46_po_ — poso_5_)

+ YMtr(61po 6 +6_po_6_) + gTr(mpaT&, —alapo_ — patas_).
(3.72)

With the aid of cyclic property of the trace operation, the commutation relations of the boson

and atomic operators, we find

d<§t> = _%(1 +2N)(6-) +YM(64) — g(6:a). (3.73)

Following the same procedure, it can be easily obtained that

dAee ~ A ~ AT A A A A A AT A A A

flt = —Y(14+2N)(Gee) + g((1a) + ( T0_>) + 6(<O’eeaT> — (Geel) — al6ee + (0¢c) + 7N, (3.74)
doyr _ _ ; N lats S N T o

T Y(142N)(6ee) +9({(1a)+(a'6-))+€((Gee@) — (Geet) — (4" Gee) +(A0¢ee) )+ N, (3.75)

where 6. = 6,6_andéyr =6_64

4
dt

(0-8) = —5(k +7(1+ 2N) (0" &) + /M {04) — g{5-4?)
(3.76)

—e({(o_aal) — (o a%) — (alo_a) + (ao"_a))),
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D (0d) = — 2+ (1 + 2N)(ra) + M () — gl.ala) — glone)
dt 2 3.77)

— e((ohaal) — (074 — (aloya) + (a0a))).
We note that Eq. (3.69-3.71) and (3.73-3.77) are put in the normal order. The c-number equa-
tions corresponding to the above equations are obtained by converting a — «, 0 — m,

010_ — Neyo_op — Ny

o) = o)~ glm) + e, .78
i(oz2> = —r(a?) — 2g(am) + 2¢(a) (3.79)
dt g ’ '
4 (a*a) = wla"a) — g((m*a) — (ma*)) + el(a) + (a*), (3.80)
& tm) = 2 (14 2N {m) + A0 () — g(Ne — Np)a) 3.8
DN = —A(1+2N)(N) + g((m"a) + (0" m) + N, (3.82)
SANJ) = (14 2N){NY) — g((m*a) + (a"m) + 7N, (3.83)
9 tma) = (s + (1+ 2N))(ma) +yM(m'a) — g(Ne ~ Np)a?),  3.80)
& mta) = —3 (5 + (1L 2N))m’a) + 7M{ma) — g((N. — Ny)a*a) — g(Ne). (385
On the basis of Eq. (3.69), we can write
o= —"a(t) — gmlt) + fult) +=, (3.80

where f,(t) is a noise force whose correlation properties remain to be determined. we ob-

serve that Eq.(3.68) and the expectation value of Eq.(3.86) will have the same form if

(fa(t)) =0. (3.87)

Moreover, applying the relation 4 (a?) = 2(a92) along with Eq.(3.86) we have

%(a2> = —r(a?) = 2g{am) + 2¢(a) + (a(t) fa(t)) + (fa(t)a(t)). (3.88)
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Comparison of this with Eq. (3.79) indicates that

() fa(t)) + {fa(t)a(t)) = 0. (3.89)

The formula solution of Eq. (3.86)can be written as

k(t—t)

a(t) = a(0)e™ % + / dte™ T (—gm(t) + e+ falt)), (3.90)

It then follows that
(Fa()a(t)) + (a(t) fa()) = 2[(al0) fa(t)) + (falt)a(O)]e™ T — [ e F=1)/2qy
0 (3.91)
[(ma(t)) + 2e{a(t)) + (at) fa(t)) + (fa(t)a(®))].
Multiply Eq. (3.90) by f.(t),we get

_ Kt t _ K(t—t")
(fa(t)a(t)) = (fa(t)a(0))e 2 +/O dt'e” 2 (—g(fa(t)m(t) +e(fa(t) +{fa(t) fa(t)).) (3.92)
Since a noise force at a certain time should not affect the atomic and light mode variables at

an earlier time, one can write

(fa®)a(t)) = (fa(t))(a(t)) =0 (3.93)
and
(fa@®m(t')) = (fa(t))(m(t)) = 0. (3.94)
In view of these results along with Eq. (3.87),Eq. (3.92) reduced to
¢ w(t—t')
Uala(®) = [ ate 2 a0 fult): (3.95)
We also note that
t P
(a(t) falt)) = / dt'e™ T (fal') fa(t))- (3.96)
Taking into Eq.(3.89) along with Eq.(3.95) and (3.96), we get
Lo st , Lo st
[ ate S o) + [t 5 ) fal) =0 (3.97
0 0
and assuming that
<fa(t)foz(t/)> = <fa(t/)fa(t)>‘ (3.98)
We have
t w(t—t')
2/ dt'e™ "2 (fa(t) fa(t)) = 0. (3.99)
0
We finally get

(fa) falt)) = 0. (3.100)
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Furthermore, employing the relation

d, . _da*(t) L do(t)
Sl (Da() = (< =a(t) + (@ (=), (3.101)

along Eq.(3.86) and its complex conjugate, we have

2 (o (Balt)) = kla* (Balt)) — g((m*(Da(b) — (m(a*(®)
dt (3.102)

+e((@) + (@™ (1))) + (" (t) fa(t) + (fa(t)a(t)).
Comparison of Eq. (3.80) and (3.102) , shows that

(@ () fa(t)) + (fa(t)(t)) = O. (3.103)

Applied Eq. (3.86) allowing with its adjoint and the fact that the noise force at a certain time

does not affect the cavity mode variables at earlier, we find

/ S (P O F0) + (@5 =0, (3.104)
Assuming that (f*(¢) f(t")) = (f*(¢t)f(¢')), we see that
/Ot TP F() = 0. (3.105)
In view of the property of Dirac delta function
/Ot fHs(t —tHat = %fa, (3.106)
Eq.(3.105) can be written as
/0 t e~ 2N () F(E))dE = 0 (3.107)
It then follows that
(f* @) =0. (3.108)

Follows a similar procedure , we can also establish the following properties

(fm(@®)) = 0, (fn(t) fa(t)) = (fim(t) fa(t)) =0, (3.109)
(Fm (@) fo @) = (o (&) fin(t)) = yNS(t — 1), (3.110)
(fm () fin (1)) = (fr () f () = 0, 3.111)

where f,, is the noise force of the cavity atom. The results described by Egs.(3.87),(3.100),(3.108),(3.109),(3.11
(3.111) represent the correlation properties of the noise forces f,(¢) and f,,(¢)associated with

normal ordering.
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3.2.1 Solution of c-number Langevein equation

Here we seek to obtain the solution of the differential equation

%a(t) = —g (t) — gm(t) + fa(t) + &, (3.112)
%m(t) = 24 2N)m(t) + 3Mm (1) — g(2Ne — olt) + (1) (3.113)

We note that Eq.(3.113) is not linear differential equation. In order to make solvable and

linear, we set that —gN.« is Zero. Then we see that

dﬂ;ft) = _%(1+2N)m(t)+7Mm*(t)+fm+ga(t). (3.114)

Introducing new variables defined by

ayt(t) =a*(t) £ aft), (3.115)

my = m*(t) £ m(t), (3.116)

and using Eq.(3.112) and (3.114) along with their complex conjugate, we can write

d
Zax(t) = —gai(t) — gma(t) + far(t) +e, (3.117)

d

Zma(t) = —%(1 £ ON F2M)ma(t) — gas(t) + foms(t). (3.118)

Or these equation can be written in matrix as

d 1
EYi(t) = —§ZiYi + Fi(t), (3.119)
where

t
Yi(+) = o (t) , (3.120)

m(t)

K 2g
Z4(t) = , (3.121)

( 29 —vet¥ )

Fi(t) = ( Jax(t) Fete ) . (3.122)
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Introducing a unitary matrix defined by

Uilp U2

U= , (3.123)
U2l U2
. Uu11 u12 . . . .
with U; = ;and Us = being the eigenvectors of matrix, Z; we write
u21 u22
d " -1
%Yi(t) = —§UU ZLUUYe(t) 4+ Fy(t). (3.124)

Multiplying both sides on the left by U~! we see that

d 1
%(U—lyi(t) = —iRi(U_lYi(t) + U LEL(t), (3.125)
where
A 0
Re=U'z.Uu=|"" . (3.126)
0 Aot

Inwhich \;1 and)\,. are the eigenvalues of matrix Z.. We note that Eq.(3.125)can have a well
defined solution if and only if both A\;4 and X, are greater than zero. Hence the solution of

Eq.(3.125)can be written as

(t—t")

t
Yi(t) = Ue P20y, (0) + / Ue B2 U LEL(t)dt. (3.127)
0

We next proceed to find eigenvalues and eigenvectors of the matrix Z... Using Eq.(3.121), the
eigenvalue equation

Z+ Ui = LU, (3.128)

we find the characteristic equation equation
M= Ai(k +9eT) 4 e —4g =0, (3.129)

and the roots of this quadratic equation are

1

A4 = B ( K+ ~veT + G > , (3.130)
1

Aot = B ( K+ ~veT — G > , (3.131)

where

G = /(k £ 7eF2)2 + 1692, (3.132)
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We note that Eq.(3.125) will have a well defined solution for x + 72" > G. Hence we can
consider x +veT?" = G as threshold with Eq.(3.121), we can find the equation corresponding
to A+

Bituip — 2gug; =0, (3.133)

in which
1
Byt = 3 ( veT 4+ G — kK ) : (3.134)

Taking into account the normalization condition

ufy +udy =1, (3.135)
we get
2
wy = ——t (3.136)
B, + 4g?
B
Upp = —— (3.137)
BY. +4g?

Similarly, the elements of eigenvector corresponding to A, are to be

P
g = 279, (3.138)

By +4g°

B

Uy = % (3.139)

Bi +4g°

where
1

Bow =5 ((7e™ — (x+Q) ). (3.140)

Putting Eq.(3.136), (3.137), (3.138) and (3.139) in to Eq.(3.123) we see that

2g 2g
2 2
U= \/B;:*f \/B;i‘lf , (3.141)

VBiit+4g? /B3 +4g?

Eq.(4.141) is 2 x 2 matrix.Then its inverse is

. 1 Boiy /By +49%  —gy/ Bl +4g°
g —Bi1y/Bi, +4g% 29,/B3, +4g%,

since Eq.(3.127) is a diagonal matrix. We observe that

_l)\lit
s S 0 . (3.143)
0 e_%’\Qit
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t—t/ 6_%>\li(t_t/) 0
Rt _ 1 : (3.144)
0 e~z r2x(t—1")
From which follows
pe-resy-1 — (Pl @) (3.145)
q2+(t) pax(t),
veRetstp-t — [ Pt =t aslt=t) (3.146)
qox(t —t') pax(t —t')
where
pra(t) = Béi o Bhast _ Boy 6_%>\1it7 (3.147)
B B
pa(t) = e I - e, (3.148)
2 2
que(t) = e Tl - e, (3.149)
2 2
Goi(t) = ge—%mt - 69496—%%2 (3.150)
B / B /
pl:l:(t o t/) — %6*%)\2:«:&71‘/) _ %efékli(tft )? (3151)
B / B /
in(t o t/) — %e—%)\li(t—t) _ %ie—%/\zi(t—t ), (3.152)
Gt —t) = 2796—%/\&(1*'—15’) _ 2796—%/\&(1’—5) (3.153)
1 G G ) .
' 29, lagi(—t) 29, a1
ot (t —t') = =4ge 272+ — —4ge 2 ME . (3.154)
G G
With the aid of Eq.(3.120),(3.128),(3.142),(3.143),(3.144)and(3.145), we finally obtain
at(t) = pre(t)as(0) + g+ (t)asx(0) + Vi (1), (3.155)
O'm:t(t) = po+ (t)mi(()) + go+ (t)ai(O) + Voir (t), (3.156)
where
t
Vie(t) = /0 ( pralt =) (far () +ete) + qra(t — ) frna () ) dt’, (3.157)
t
Vau(t) = /0 (poslt = ) funs (V) + ot — ) (far(t) +e &) )t (3.158)



Result and Discussion

4.1 Atomic Inversion

With the aid of Eq.(3.82) and (3.83) one can write

d
£<O'z> =v(1+2N)(0,) + 4g(a™m). 4.1)
At steady state, we have
B 4g({a*m)ss)

(02)ss = a2y (4.2)
where ss stands for steady state. Now employing Eq.(3.109),(3.110),(3.155) and (3.156), we
can write

1
(@' m) = S{asmy) = am-) + (a-my) — (aym). 4.3)

Applying the Eq.(3.155) and (3.156) along with the assumption of the cavity is initially vacuum
and the fact the noise force at certain time does not affect the cavity mode variables at earlier

time, we see that

(i) - 1a) ). @

N

(a*m) =

Using Eq.(3.157) and (3.158) we get

t
(@'m) = [t epr(t = O)aailt— ) o (t = Ohar(e - 019N
0 (4.5)

—p2y (t = t") g1y (t — t')yN].

With Eq.(3.151),(3.152),(3.153)and (3.154), we can get

t
BQ Bl _1 ! BQ Bl _ Y BQ Bl _ !
/dt/p1+(t—t/)q2+(t—t/) :/0 dt/27g2 T oma A +Ae4) (') _ 22 T oM (t=t) _ 82 T o2 (t t)’
(4.6)
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t B2 , B B , 32 ,
/ At gy (=) p (—t') = /0 At ) Q%Q—émwm)(t—w 4 Do goratn),
4.7)
/ ) LB ey oBaBis iy i) L Bi- )
dt ql—(t_t )pQ—(t_t) = 0 dt ?6 - 276 2 + ?6 .
(4.8)
Substitute Eqs.(4.6-4.8) into Eq.(4.5)and integrate,yields at steady state
N 29 2ye~ 4 — 2ke™ %" 4kG3 + k?
=3 N
wm = gt e e -6 Va6 (4.9)
29 ve T —k 45G3 + K2 '
N|— =3 - N
+e+N] G? [2(/-$ +ye72) e 2 (ye?r + 2k) + k2 + G%h ’
where
G1 = V((k+7e )2 + 16¢?) (4.10)
G2 = /((k +7€*)? + 164?) (4.11)

On the account Eq.(4.10) and (4.11) Eq.(4.9) yields,

2 2y (e~ — k 4k((k + 7€)% + 16g%)7 + K
() as = _29 i e _ze _(ze ) )+ AN (( 762 ) ] 49 ) )
(k+~ve27)2 + 1692 “ye 27 (ye=2" +2) + 2k 2k? 4 272etr
5+7N} 3 29N [ e —k B ((k+’ye*2”)2+16g2)% —|—k2]
1+2N°  (k+~ve27)2 + 1692 2(ve 2 + k) 2k2 + 2vy2e—4r )
(4.12)
On the account of this result, Eq.(4.2) becomes
<U > _ 492 E 2,},6—21"(,}/6—21" _ k‘) )
(14 2N) (K +ye=2)2 4 1692y e 2 (ye~ 2" + 2) + 2k2
Ak((k + 7€)% + 16¢%)2 + k2
N N 4.13
+ oK 2R JN + e +7N] (4.13)
- ye ¥ —k  ((k+7ye ) +16¢%)% + kQ]N]
2(ye=2" + k) 2k2 + 2vy2e4r ’

is the population (atomic) inversion.

The plots atomic inversion vs coupling constant in Fig.(4.1) show that the population inver-

sion increase with the atomic decay constant.
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Fig. 4.1: Plots of the population inversion [Eq.(4.31)] versus g for e = 0.8,r = 0.5,x = 0.8 and different
values of v ,for v = 0.11(doted curve), v = 0.12 (dashed curve) and v = 0.13 (solid curve).

4.2 Quadrature fluctuation of the cavity mode

The quadrature for the cavity mode represented by a+ are defined.

ar=a'+a (4.14)

a_ =i(a’ —a) (4.15)

and Hermitian and satisfy the commutation relation [a,,a_] = 2i, The quadrature variances
defined by

Adi = (ai(t) - (a=x(t))*, (4.16)

Can be expressed in terms of c-number variables associated with the normal ordering as,
Aal =1+ {ox(t), 0= (1) (4.17)

where o2 is given by Eq. (3.115). Assuming that cavity mode to be initially in vacuum and

taking into account Eq. (3.155) along with Eq.(3.87) one easily shows that
(ax(t)) = 0. (4.18)
On account of this, Eq.(4.35) becomes,

Ad% =1+ (a4 (1)) (4.19)
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24

Furthermore, applying this result and Eq.(3.118) along with the assumption that the cavity is

initially vacuum and the fact the noise force at certain time does not affect the cavity mode

variables at earlier time.We see that,
(@2 (t)) = (Vi (t)Vix(t)).
Taking into account Eqgs.(3.157), (4.12) and (4.13) we have

03) =42 [ at' [ ot~ ) k) +atulo- 0N .
0

Applying Egs.(3.151) and (3.153) and carry out the integration, we find

2 ) = +2(— B%ﬂ: 1— —Xotty B%ﬂ: 1— —A1+t
<ai( )) - ( GQ)\Qj: ( € ) GzA]_j: ( e )
4Bl:|:ng: _1
G?(Ao+ + Ais) (1 — e 2Qexthnlty) (e 4 g)
2 2 2 2 :
(_ BQiBli (1 . e>\2:l:t) _ BQiBli (1 . e)\lit)
492G2)\2i 492G2)\1i
B3, By

1
+ 1 — e~ 3exFen)t) )4

Substituting Eq.(4.22) into Eq(4.19), we have

2 2
Ad3 (t) =1+2(— Biy (1- 6*>\2it) _ By (1- e—)\lit)
* B GzAgi GQ)‘H:

4B1+ Boy 1
Tls T T
(_%(1 _ )\2:|:t) . %(1 B 6/\1:‘:15),

4g2G? Mo 482G\

B3, Bt

—L(ax4Aes)t
—e 2 N
PG ox + Mz 2

so that at steady state, this equation can be written in the form

vt —k  4eTT —k+ G  4eTT 4 k-G et

A3 (t) =1+2 -
ai() + (fye$27'+k 76$2T‘+k7G ’Y€$2r+k+G

(ve™ —k)?  (yeTT —k)?  (yeT k)
veF2r + k veF +k+G et + k-G

+ 2(

Substituting Eq. (3.132) into Eq. (4.43), we have

EED)
YN

)5

(4.20)

(4.21)

(4.22)

(4.23)

(4.24)
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Fig. 4.2: Plots of the quadrature variances [Eq.(4.44)] versus g, for e = 0.5,r = 0.5, kK = 0.8,y = 0.8, for
Aay (solid line) and Aa_ (dash doted curve)

Ag2 (t) — 149 yeF2r—k veT2" —k++/ (k+yeF27)2+1642 I e T2 +k—y/ (k+veF27)2+16g2 ete )
+ ~eFT2T 4k 7e¥2"'+k7\/(k+7612’")2+16g2 76I2r+k+\/(k+,yeq:2r)2+1692 \/(k + fye:’:27’)2 + 1692
o GeFrom? (yeF2r—k)? _ (yeF2r—k)? TN
'ye:F2T+k; ’Y€¥2T+k/‘+\/(k+76$2r)2+16g2 ’76¥27‘+k‘7\/(k+’ye:F2r)2+1692 2 ’
(4.25)

This equation represents the quadrature variances of the light mode in the cavity for the two-
level atom coupled to squeezed vacuum inside a coherently driven cavity at steady state. The
plots in the figure show that the light mode produced by the system under consideration is

squeezed state and the squeezing occurs in the plus quadrature.
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Fig. 4.3: Plots of the quadrature variances Aa [Eq.(4.25)] versus g for x = 0.8, » = 0.5, ¢ = 0.5 and for
different values of v ,for v1 = 0.3(solid curve), v2 = 0.5 (doted curve) and v3 = 0.8 (dash doted

curve).

We observe from Fig.(4.3) that the degree of squeezing increases as the atomic decay constant

decrease.
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Fig. 4.4: Plots of the quadrature variances Aa [Eq.(4.25)] versus g for e = 0.5, v = 0.8, » = 0.8 and for
different values of &, for k1 = 0.53(solid curve), k2 = 0.55 (doted curve) and 3 = 0.58 (dashed

doted curve).

We observe from the plots in fig.(4.4) that the degree of squeezing increases as the cavity

mode decay constant decrease.
4.3 Second order correlation function

The second order correlation can be expressed interms of the atomic operator as,

(64 (D)5 (t+)o_(t +¢)5_ (1))

(2) (41 —
7 CROTEDIE 20
We recall that
A /
Golt+ )5 (t+ 1)) = L= +2t D+l 4.27)
Further, more the formal solution of Eq.(4.1) can be written as
! 4 * !
(Go(t+ 1)) = (6,(t))e™71F2NY M(l _ 2Nty (4.28)

From which follows

(<&z(t +2t/)> + 1) _ %(<5‘Z(7§)> + 1)6—’7(1+2N)t/ +

v(1+2N) + 4g{a*m)
2v(1+ 2N)

(1 — e "H2N)Y - (4.29)

In view of Eq.(4.26), we see that

1+ 2N) + 4g(a*m)
2v(1+ 2N)

(64 (t+t)o_(t+1)) = <&+(t)&,(t)>e—v(1+2N>t’+7( (1—e 72N (4.30)
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On applying of the quantum regression theorem, the steady state solution of Eq.(4.46)takes

the form
v 4g{a”)
(02)ss = S0 +2N) (4.31)
From which follows
(o.(t)) +1 _ 4g(a*m) + v(1 4+ 2N) 4.32)
2v(1+2N)
Thus, on the account of Eq. (4.27) we get
_ 4g{a™m) + (1 +2N)
(o4(t)o-(t)) = 27 (11 2N) ) (4.33)
The second order correlation function then be written as,
4g<a*ﬂ“z>+v(1;r2N)
@) () = — 2U+2N _ (12Nt 4.34
) = ey (1m0 ) (430
) (4 — 1 _ —(1+2N)¥
got)Y=1-e . (4.35)
Fort' =0,
g (0) =o0. (4.36)

time (t")

Fig. 4.5: Plots of the second order correlation function [Eq.(4.35)] versus ¢’ for » = 0.3 and different

values of ~, for v = 0.3(dashed curve), v = 0.4 (doted curve) and v = 0.5 (dash doted curve).

From Fig. 4.5, we observe that (2 (0) = 0 for ' = 0 and ¢® (#') > 0 for ¢ > 0. Thus we see that
fort’ > 0, g (') > ¢g®(0). The light thus exhibits the phenomena of photon anti bounching,

for a relative small value of ¢’ the second order correlation function is less than unity.
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4.4 Photon Statistics

In this section we seek to calculate the mean and variance of the photon number of the cav-
ity mode produced by the two-level atom coupled to squeezed vacuum inside a coherently

driven cavity coupled to ordinary vacuum reservoir.
441 Mean photon number

We here wish to calculate the mean photon number of the cavity mode. The mean photon
number defined by
7= (al,a), (4.37)

can be written in terms of c-number variable associated to the normal order as,
n={(a" a). (4.38)

Or employing Eq. (3.115), (3.155), we can rewrite as

1

7= <0 (1) — (@ (®))). (4.39)
In view of Eq. (4.22), we obtain
_ B2 _ B2 _ 4B1. B 1 €
= (SRR e - R e 4 R i ) ()
B2, B2 4B2 B2 B2, B2 1 YN
e e R R T DL e
B2 B2 B2 B2 4B2 B2 _1 YN
+ ( . 2)\271 (1 _ 6)\2_7&) o 2}\171 (1 _ e)‘l—t) + A23+>\L (1 —e 2(>\27+)\2,)t) ) ﬁ)

(4.40)
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Fig. 4.6: Plots of the the mean photon number [Eq.(4.42)] versus g for k = 0.8, v = 0.8, » = 0.5, and
different values of ¢ ,for €1 = 0.503(solid curve), €2 = 0.506 (doted curve) and €3 = 0.509 (dash

curve).

The plots in the figure show that the mean photon number increase as the driving mode
amplitude increase.

Hence at steady state, Eq. (4.40) takes the form,

= Bf, B3, 4 4B1xBoy (i)
G2

Y A1+ Ao +A14
2 2 2 2 2 2
4 ( _ By Bl 4By By, | By Biy ) LN (4.41)
A2t A+ Aoy +HAi+ ) 2G2
+< _ B3 B} B} BY | 4B} B} ) “YN‘
A2— A1— Ao—+Ai— 2G2

Substitute Egs. (3.130), (3.131), (3.132), (3.134) and (3.140) into (4.41), then we find

1 1
7= ( ye > —k _ 76’2"—k+((k+ve*2")2+1692)f i 76727-%—((k+ve*2")2+1692)f ) € )

—or T T 1
ye +k 73*2T+k—((k+')/e*2r)2+16g2)2 'ye*2r+k+((k+fye*2r)2+16g2)2 ((k + ’)/6_2T)2 + 1692)5

L ek (ve=2 k)’ - (ve=2—k)’ N

e~ 2T +k ye=2r kot ((k-+vye—2r)2+16¢2) 2 ye=2r 4 k—((k-+ye—2r)2+16g2)2 4
+ (’Y€+2T—k‘)2 . (’Y€+2T—k:)2 _ (’Y€+2T—/€)2 ’yN
yet2r+k ,Ye+2r+k+((k+,ye+2'r)2+1692)% ,ye+2r+k_((k+,ye+2r)2+1692)% 4

(4.42)
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Fig. 4.7: Plots of the the mean photon number [Eq.(4.42)] versus g fore = 0.5, k = 0.8, v = 0.5 and
different values of r ,for r = 0.901(solid curve), » = 0.903 (doted curve) and r3 = 0.905 (dashed

curve).

From the plots we observe, that the mean photon number increase as the the squeezing pa-

rameter increase.
442 The variance of the photon number

we next proceed calculate the variance of the the photon for the two level atom coupled to a

squeezed vacuum inside a coherently driven cavity. The variance of the photon defined by
AR = ((a'a)?) — ((afa))? (4.43)
Can be expressed interims of c-number variable associated with normal ordering as
AR? = (a*?a?) + 7 — 7? (4.44)
Recalling that
(a*%a?) = 7> (4.45)
Substituting Eq.(4.45) into Eq.(4.44), we obtain
AR? =7 (4.46)
One can easily see from this results that
(An)? =m, (4.47)

Hence the radiation in the cavity has poissonian statistics.



Conclusion

In this thesis we have studied the squeezing and statistical properties of a two level atom
coupled to squeezed vacuum inside a coherently driven cavity. Using the pertinent master
equation, we have obtained the c-number Langevien equation associated with the normal
ordering. Applying the solutions of the resulting c-number Langevien equations and corre-
lation properties of the noise force, we have calculated the atomic inversion, the quadrature
variance of the cavity mode, the mean and the variance of the photon number and the second
order correlation function. The result showed that the quadrature variance of the cavity mode
exhibit squeezing and the squeezing occurs in the plus quadrature of cavity mode. Further
more, mean photon number of the cavity mode increases with the presence of the squeezed
vacuum and the degree of squeezing increases as the amplitude of the driving mode increase.
But the degree of squeezing decrease when « increase. And also the atomic inversion increase
as the atomic decay constant increase. Moreover, we have found that the cavity mode radia-

tion exhibits photon antibounching and poissonian photon statistics.
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