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Abstract: Phase properties are important in understanding quanttangiement. Several studies have been carried out on tes cas
for one and two photon transitions. The effect of multi-mmotransition on phase properties in Jaynes-Cummings noodgled with
Kerr-medium is studied to further understand phase prigseirt larger system. This paper develops a model as wellmpa@s the
results for different photon transition numbers from ondite photon transition using Pegg-Barnett formalism basedsurement.
From the developed model, it has been found that the phatgec$tdne quantum system increases during both collapseesmdl of
photon transition when the Kerr effect increases. This figdhows the behavior of phase properties at higher phaasitions which
can benefit further studies in quantum entanglement.
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1 Introduction Pegg-Barnett Hermitian phase operator formalism is the

mathematical representation of the concept of quantum

Javnes-Cumminas model explains  the interactionObservable using normallzed positive operator to measure
y 9 b . -the phase shiftJ]. Since previous studies have been

two levels such as excitation level and ground |eve|_conducted on one and two-photon transitions, th!s work
moves forward to study on multi-photon transition of

Jaynes-Cummings is a commonly used model for itsJ C . del. Models f wo. three f
simplicity and ability to give rise to commensurable Rabi aynes-Lummings model. VIodels Tor one, two, three four
and five-photon transitions will be analyzed and

frequencies3d]. Rabi frequencies are used to represent the ; ;

strength of coupling between light and atomic transitionCKomparEéjqI o ﬁsee Lhe ﬂlﬁerences_ along W'thh the

which is proportional to Jaynes-Cummings model. err-k;’ne lum € ec}r;/]v en there Is anflrrl]c_:rease n pl o(;on
There have'been studies on the phasg properties usin[ uem iﬁ'[rtc:gﬂigg)r?. sec?ti% rrg]]an;zagzgtti)oé 'Soﬁapdeerv'gl(; :inegs

been conducted o accommodate more factors i the stdgfYNeS-CuMmImings model for. mult-photon transiton, a

of phase properties of one and two photons such as witr%/.ecu.On on the results which include phase probablllty

Kerr medium L] and with Stark shift, and Kerr medium ?Asetggﬁtcl?unsig?]der the effect of Kerr-medium and finally

[3]. Kerr medium is the change of refractive index of a '

material using electric field which is one of the factors

affecting the change of phase properties in 2 Model Development

Jaynes-Cummings model. Besides, Jaynes-Cummings

model also provides quantum features which are usefulinn  this paper, Hamiltonian with rotating-wave

further understanding of quantum behavior such asapproximation for Jaynes-Cummings model with

squeezing, quantum entanglement, and coherent. Kerr-like medium is considered]. This model describes
This paper will focus on the multi-photon transition of the interaction between the two level atom and the field

Jaynes-Cummings model under the influence ofwith the effect of Kerr-medium as below,

Kerr-medium. The phase properties will be measured S . o

using Pegg-Barnett Hermitian phase operator formalism. H = waa+ 7Sz+9(5+am+ S.a™+xaza® (1)
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whereay is the atomic transition frequency andcavity 3 Phase Properties
field frequency which will have the exact resonance

A=w-kaw=0.5,S; andS are the atomic pseudo pegq-Barnett Hermitian phase operator formalism is used
spin operatog is atom field couphn? constant andis 5 evaluate the phase properties in Jaynes-Cummings
the Kerr-medium. Besides thatd and a is the  model. This formalism will be introducing a finite
annihilation and creation operators amdrepresent the 1)-dimensional spacey spanned by the number
number of photon transition.The Hamiltonian model states|0), [1),]2), ..., |s) [1] . Expectation value iny will

5

consists of two parts as follows, be calculated and the value sfvill tend to infinity. (15)
showed the complete orthonormal basigsef 1) states
H=Ho+H, [Ho,H1} =0 () suchthat
where B = 3 eplingn)(n)  (15)
) = —— Y exp(inby)(|n
Ho = wp(ala) + S, 3) vs+l nZO
Hi=AS +9(S.a"+ S altm)) + xa'2a®  (4)  where,
2mm
After the factorization ofexp(—iHgt) from the evolution Om = 6o+ si1 m=0.1,s (16)
operator, the quantum state of the system will be as
follows, The value ofy is arbitrary for a particular basis set
|W(t)) = exp(—iH1)|¥(0)) (5)  of (s+1) which is a mutual orthogonal phase states. The

Hermitian phase operator is shown itv) below.
where,|¥(0)) as the initial quantum state.

In this case, the atom is initially in an excited state and — S
the cavity field is in a coherent state such that Po = ZO Em| 6m) (Om| (17)
m=
la) = ZOQnexp(inq;Hn) (6) 6 is the dependence on the choice &f (15 is the
= eigenstates for phase operator i17( where the
—n. /2 eigenvalues lie betwe& and 6y + 2mHence, the
Qn=€‘><p(7)ﬁ (7)  expectation value will be in a state described by the

density operator as shown below.

where,n = |a|? is the average photon number of the S

initial coherent field and¢ is the phase angle K =Tripokl = S 65(6.1pl6 18
a = |a|exp(ig) . The initial state of the system is i5)( %) s ngo m{6m|p |G (18)
With the combination of §) and @), the resulting state

will become as follows, (Bm|p|6m) is probability in phase statéy,).Based on18),
asstends to infinity with density phase statessaf 1/2,
|¥(0)) = &) @ |a) = Qnexp(ing)|e,n) (8)  the equation can be written as,
n
W) = 3 Qe it (k— 1)(n+ < o2t
| ( )> - n;Qne n¢€‘Xp{—|X [n +( - )(n+ i)]} <¢|9(> _ / ekp(e)de (19)
[Ca(t)]g,n+K) + Dn(t) |, n)] 9) %
Cn(t) = —isin2BnsinOnt (10) and continuum phase distribution can be introduced as
Dn(t) = cosQnt — icos23,cos2Qp, (11)  pelow.
(n+k)!
. g , . s+1
sin 2y = =5 (12) P(6) = lim =5 (6m|p|6m)
_on— 1 2 .
cos g, = A/2Hk/20 2K (13) —o- > pnmexp-in-me] (20
Qn n,n'=0

|
Q2 = [fracA2+kx/2(1—2n—Kk)>+ gzw

I The continuous phase variabl@, replacesf, and
(14)  p(n,n’) are the matrix elements of density operator in
number state basis. Using the phase stat®)init(can be
where k is the number of photon transition. The following written in the following form.
section illustrates the model for one, two, three, four and
five- photon transitions. [P(1)) = |H(1))]g) + |Ha(t))|e) (21)
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where, 4 Analysis

. i . 2 k
¥ (t)g) =~ Z”ZOQ”QW exp{.—|xt[n + (k- Dn+ )} Based on 25), the phase properties are analyzed for one,
Sin 2By SinQnt|n+ k) (22)  two, three, four and five photon transition scenarios. Here,
W(t)e) = TnoQnengexp{—ixt[n?+ (k—1)(n+%)]}  itis considered thaio®| = 10 andA/g = 0. The variable
Sin 2B, sinQnt|n+ k— 1) (23) will be x/g to see the changes on the p_hase properties
) ) ) _when there is an increase in Kerr effect. Figures 1, 2, 3, 4,
operator will be four and five photon transitions, respectively.

-~ _ Figure 1 shows that with the increase in Kerr effect,
p(t)_TrAW(t»W(t)'_|w(t)g><w9(t)|+|%(t)><w‘zg21|) the collapse and revival have been increased and the

Bgse on Eqg (24), the phase probability distribution is 2?5:3'21?;?583?5 pEOb:hbcll\;\t/); h?r?a?e(\a/\?hreeguﬁgq;goton
written as " R
transition has increase to two photon, the collapse and
1 revival have been increased with the increase in amplitude
P(6.1) = E_{(l+2ngnQanAmmt)cos[(m— M6+ Xt (yn)] of phase probability when the photon transition increases
. to two photons. It is shown that in Figure 2a that wave of
+2 % QnQmBmn(t) sin(m—n)6 -+ xt(ymn)]) the phase probability had increased compare to Figure 1a.
men (25)  Figure 2 also shown that the collapse and revival is also
increase with amplitude compare to Figure 1 when

Amn(t) = cogQnmt) cog2nt) + cog2(Bm — Bn)] coupling strength of Kerr medium is increase as shown in
Sin(Qmt) sin(Qnt) (26)  figure 2b, 2c which compare to figure 1b, 1§.[

Bmn(t) = cog2fBn) cog Qmt) sin(Qnt) — cog2Bm)
coq Qnt) sin(Qmt) (27)

Yo = [+ (k= 1) (M +-3)] ~ [1P+ (K~ )(n+ 5]

(28)
Q=5 xa-am-wpre T
coS Py = A/2—x($n— 2n—K) (30)
(n+Kk)!
sin2B, = Tnnl (31) 2

The following equations show for different photon
transitions. Different photon transition numbers are
considered as follows,

One photon transition

Yom = P — n? (32)

Two photon transition

Yom = (MP+m+1) — (PP +n+1) (33)

Three photon transition
Yo = (M 4 2m+3) — (n?+ 2n+ 3) (34)
Fig. 1: Phase probability distribution fdt = 1, |a?| = 10 and

A/g = 0. The parameter of Kerr affect will be g,/g= 0 b.
X/9=0.01c.=x/g=0.1.

Four photon transition

yim = (M? +4m+10) — ("°+4n+10)  (35)

Five photon transition .
€ photon fransitio Figure 3 shows the results for the case of three photon

Yim = (M2 + M4+ 10) — (n2+ 4n + 10) (36) transition. Here, the graph shows that initially the peak
spreads across the phase angle, but eventually the spread
reduces when the quantum system is entangled with the
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Fig. 2 Phase probability distribution fer= 2, |a?| = 10 and
A/g = 0. The parameter of Kerr affect will be g/g=0 b.
X/9=0.01c.=x/g=0.1.

5o

Fig. 3: Phase probability distribution fdr = 3, |a?| = 10 and
A/g = 0. The parameter of Kerr affect will be g,/g= 0 b.
X/9=0.01c.=x/g=0.1.

Fig. 4. Phase probability distribution fdt = 4, |a?| = 10 and
A/g = 0. The parameter of Kerr affect will be g/g=0 b.
X/9=0.01c.=x/g=0.1.

Kerr effect. Besides that, the phase properties also show a
wave like pattern from the the time when the Kerr effect
starts with a small value . When the Kerr effect increases
to a higher value, the wave disappears and is substituted
by the collapse revival which manifests a lot of small
peaks in Figure 3c.

Figure 4 and 5 show the results when the photon
transition increases to four and five, respectively. At¢éhes
higher photon transitions, the initial spread and the wave
like pattern disappear that are found in photon transitions
of one, two, and three. The four photon transition case in
Figure 4a shows that there are some large peaks at a
certain time when there is no Kerr effect. However, the
large peak disappears with the addition of a small Kerr
effect as shown in Figure 4b. The large peaks appear back
with further increase in Kerr effect, but to a lesser extent
in compared to the case when there is no Kerr effect as
shown in Figure 4c. Similar phenomenon is observed for
five photon transition where higher peaks of collapse
revivals appear. Although five photon transition shows
higher peak, the phase probability amplitude is lesser than
that found in other number of photon transition.

5 Conclusion

This paper develops a model for multi-k photon transition
and applies Pegg-Barnett Hermitian phase operator
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Fig. 5: Phase probability distribution fdt = 5, |a?| = 10 and
A/g = 0. The parameter of Kerr affect will be g,/g =0 b.
X/9=0.01c.=x/g=0.1.

formalism to measure the quantum phase properties.
Using phase probability distribution, it is found that pbas
probability distribution amplitude decreases, whereas th
photon transition increases with the Kerr effect. Besides,
there exists a wave shaped pattern for one and two photon
transition cases. However, such pattern disappears at
higher photon transitions resulting in a more frequent
fluctuation on the collapse and revival. Hence, the Kerr
effect is decreased when the photon transition increases.
This result can be useful in further studies for quantum
entanglement as this demonstrates the behavior of the
quantum state for the two level atom when there is an
increase in photon transition.
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