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Abstract

In this work, Interaction of a Tavis-Cummings system with single photon packet is studied by quan-
tum master and filter equations with considering homodyne detector. We present result of simula-
tion for two two-level atoms and analyze effects of adding an external single-photon magnetic field.
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Introduction

Quantum technologies in the current world have a
wide range of applications in different areas. The interac-
tion between a field and two-level atom was investigated
in different papers [1-5]. In this interaction, the field can
be classic or non-classic. A non-classic state of light that
is vital in quantum systems and quantum communica-
tion protocols is single photon that is used in quantum
filtering of open quantum systems [4,5].

Quantum control systems are studied by two classi-
cal and quantum approaches that in classic approach,
system was measured by a system and then can use a
classical system as controller for control it [6,7]. Besides,
Quantum filtering plays an important role in quantum
measurement. Belavkin shows that quantum systems are
measurement in 1979 [8]. Also, he did different studies
about control and quantum filtering [2,9].

A generalization of the JC (Jaynes-Cummings) model, is
called the Tavis Cummings (TC) model (also known as the
Dicke model), was introduced in 1968. This model describes
interaction between a quantized field and a collection
of N atoms with approximation RWA (rotating wave
approximations) [10,11]. The Tavis Cummings model was
considered to describe strongly couple N atoms to a cavity
mode. Tavis Cummings system can interact with a field

specially single photon that is used in quantum dots, cavity
quantum electrodynamics (QED) and semiconductors and
circuit QED [5,12].

In this paper, In section 2, we show interaction single
photon packet with two non-interacting two-level atoms
and study transition probability of atoms. In section 3,
The output field is measured by homodyne detection and
is estimated by quantum filtering. In section 4, we pres-
ent summary of the obtained results.

Tavis-Cummings System Model

We consider two of non-interacting two-level atoms
in a cavity. We studied the behavior of two atoms that in-
teract with single-photon wave packet. Density matrix of
a two-level quantum system is:

p= %(1+xax+yay+y) (1)

that o, 0, and o, are Pauli matrices. We get oper-
ations for Tavis-Cummings system by tensor products of
Pauli matrices as we have

0100 0 - 0 0 1 0 0 O
1 000 i 0 0 O 0 -1 0 0
o = ,Oo, = ,0, =
* 0001 7" (0 0 0 — S 10 1
0010 00 i 0 0 0 0 -1

Interaction atoms and single photon is assumed of
the Jaynes-Cummings type. So, Hamiltonian of the sys-
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tem is as [10,13]

H,.=H,+H, = hw()(aTa +o,)+ hg[(o_il) +0P)a’+ (O_il) + O_»EZ))‘I] (2)

0 1
and o = ,0'+=0
00 1

annihilation and creation operators and g is coupling
strength in Jaynes-Cummings model.

0
Oj and a' and a are

We consider a non-classical state of light in the sense
that it cannot be described in terms of a classical elec-
tric field that is single photon packet. Single photon is
important in realization of quantum systems and quan-
tum communication protocols. The creation operator
for a photon with wave packet & (t) in time domain is
defined as

) = [£()aB' (1) ®

And we define wave packet as Gaussian stat where is
the frequency bandwidth of the pulse and t stands for the
peak arrival time [5,14].

1
2 \7

4 Q 2
Eoun (1) = (gj eXp[—Z(t—tc) (4)
Quantum Filter for the Tavis-Cummings Sys-
tem

Quantum filtering is used to process of extracting
information in quantum systems. Dynamic of system
is described by Unitary equation. Figure 1 describes in-
teraction an input field, in a single photon State, with a
Tavis-Cummings system, output field is continuously
measured by homodyne detection then the output light
is estimated by stochastic master equation (Quantum fil-
tering). We can use output signal for control quantum
systems [15].

dp(1) = —%[H, pl+Lpd 5)
That £ is defined as
= 2[4 Ap+pA4 A -24p4)] (6)

In quantum filtering we should continuously measure
a quantum system to obtain output field. In this way, the
evolution of a quantum system can be described as [16]

dp = —i[H,pldt—k[x,[x.p]]dt+2k (X p+ pX =2(X) p)dW (7)

Where this is stochastic master equation (SME) and

Tavis-Cummings system Homodyne
detector

single
photon packet

Figure 1: Behavior of interaction two of non-interacting
two-level atoms with single photon.

in this equation k is a parameter related to the measure-
ment strength, dw is a Wiener process that have vari-
ance dt and zero mean that have

dw =dy (t)-2vktr (X p)dt (8)

Now we consider to calculate the transition rate of
population as a function of time. We solve the master
equations and also stochastic equations to find expecta-
tion value of different possible transitions [14]. For ex-
ample time evolution of transition rate for two atoms in
state p, becomes:

P,(¢) =Tr[ p" (1) p, ] 9)
that p'' (t) for master equation is calculated based
on this equation [14]

2

dp(0) = £p" () +[ S0 ]¢ (0)+[ 2. (1) S ]& () +(Sp" (1) P" (1)) £ (1)
dp" (1) =L p" (1)+[Sp* (¢).L']¢ (1)
dp” (1) = Lp" (t)+[ L.p" (1)S]€ (1)
ap () = P ()

That Lindbladian equation is £,Xx= -i[x,#]+D,x and

Liouvillian equation is £ p=-i[H,p]+D,p and master
equation is calculated based on this equation [15]

(10)

ap" (1) = 1£0" (0[5 (0.1 JE0)+[£.° ()€ ()4 5" (5" ™ () 3
HLP ()4 1 ()L + " (1)S'E (1) 89" (1) ()= K " (1)) (1)

dp" (£) =4L P (1) +[ Sp% (1), L' & (t)dt+{Lp" (1) + p () L' +5p™ (1) (1) - K,p" (1)} dw(t)
dp™ (0) <AL p" (1) +[Lp"™ (1) & (0)de+{Lp" (1) p™ (1) + 9 (1) & (1)~ K. p" (1)} ()

dp™ (1) = £ " (1)di+{Lp" (1) + P (1) L' =K,p™ (1) abw(r)

(11)

Overall, we considered two two-level atoms and used
equations (10) and (11) that they were derived from the
paper [14]. We have two two-level atoms that interact
with a single-photon.

We get probability of finding atom in excited state
and in ground state based on

P, (1) =Tr[ p" (1) p. ] (12)
]P’C ) =Tr[ p" (t) p. | (13)
That R( ) is calculated by Master equation that
p'"(t) was get based on equation (10) and P (¢) is cal-
culated Stochastic Master equation o' () was get based
on equation (11). This equations were calculated based
on quantum stochastic differential equations [17]. We

consider ) = 1.46 in a Gaussian pulse that dotted line is
the Gaussian wave packet.

In this section, we simulate transition probability two
two-level atoms by considering Homodyne detector then
compare them with a two-level atom in same conditions.

In Figure 2a, both of two of atoms are in ground state as
0

and probability of finding atom in excited state
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Figure 2: Behavior of two atom of two-level in interact with single photon with initial state that both of atoms are in ground
state. Black line is photon packet, red line is ME (Master equation), purple lines are SME. Figure 2a shows probability of
finding atoms in excited state for two two-level atoms and Figure 2b shows this probability for a two-level atom.
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Figure 3: Behavior of two atom of two-level in interact with single photon with initial state that both of atoms are in exited
state. Black line is photon packet, red line is ME (Master equation), purple lines are SME.
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Figure 4: Behavior of two atom of two-level in interact with single photon with initial state that one of two of atoms be in ground
state and other atom be in excited state black line is photon packet, red line is ME (Master equation), purple lines are SME.
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is as B,(r) = 7r[ p"(1)|ee><ee]] that p.=lee><ed = = |
0000
In t = 0, both of atoms are in ground state, probability of
finding atoms in excited state is zero but with arrival the
single photon packet, at least one of the atoms is excited
and probability of finding atom in excited state become
0.5. But, in Figure 2b, we show a two-level atom that it
got in initial state ¢(t) = (?) and probability of finding
atom in excited state with arrival the single photon pack-
et is one.

Figure 3a shows probability arrival atom to excited
1

state when o(t) = is gotten. In this state, in t = 0,

0

probability of finding atoms in excited state is one be-
cause both of atoms are in excited state. Over time due
to spontaneous emission, atoms get to the ground state.
With the arrival single photon, the state atom changes
and is excited and probability of finding one of atoms
in excited state is 0.5 and then with passing single pho-
ton, atom come back to ground state. Figure 3b presents
probability of arrival one of atoms in ground state.

Figure 4a shows if in initial state, one of two of atoms
be in ground state and other atom be in excited state that

1 0

| Int=0, one

1 0

of atoms is in excited state and other is in ground state so
probability of finding atom in excited state is 0.5 and due
to spontaneous emission, atoms get to the ground state and
with arrival photon, one of atoms is excited probability of
arrival atom to excited state become 0.5. Figure 4b shows if
initial state be like previous state, probability of finding one
of atoms in ground state is 0.5.

0
(p(t) = |eg>| = 0 and o(t) = |gg >| =

Conclusion

In this paper, Two-atom of two level in interaction
with single photon field was investigated. filter equa-
tions are used to calculated state of system conditioned
on Homodyne detection. We have shown that probabil-
ity of excited one of atoms in Tavis-Cummings system
and simulate result it with master and stochastic master
equation and in a part compare a two-level system with
two two-level atoms.
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