The Open Access
Publisher

@HSPC

.

@@ INTERNATIONAL JOURNAL OF

vy(y 2t PHYSICS RESEARCH AND APPLICATIONS

i

Review Article

Quantum analysis of sub harmonic
generation with two-mode coherent

light
Alemayehu Getahun'™ and Habtamu Dagnew?

'Adama Science and Technology University, Oromia, Ethiopia
2Enjibara University, Enjibara, Amhara, Ethiopia

Abstract

In this work the statistical and squeezing properties of light-driven by sub-harmonic
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generation with two-mode coherent light are studied. With interaction Hamiltonian of both two-

mode coherent and sub harmonic generation, we have driven master equation of system under
consideration. From the master equation, the solution of the C-number Langevin equation is
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eration; Quadretuare squeezing, photon statistics

derived. It helps us to solve quadrature variance, quadrature squeezing, mean, and variance of

photon number for light produced by sub-harmonic generation with the two-mode coherent light
state. And the result shows that; the squeezing occurs in plus quadrature with the maximum
squeezing of 87%. The photon statistics of the system under consideration is subpoissonian in

which both mean & variance are increasing as kappa increase.

Introduction

In quantum theory, light is made up of particles called
photons. And the quantum properties of light are determined
by the quantum state of light using creation and annihilation
operators. Some of them are coherent state, chaotic state,
squeezed state, and number state. From the all-quantum
states of light, coherent states are the most important and
frequently arise in quantum optics. Which is defined in terms of
displacement operator, and it is an Eigen state of annihilation
operator. Which can satisfy properties like completeness, the
variance of photon number is equal to mean photon number,
and it is not orthogonal [1-6]. The sub-harmonic generator is
and well characterized optical devices in quantum optics. In
which, a pump photon interacts with a nonlinear crystal inside
a cavity and is down-converted into two highly correlated
photons. If these photons have the same frequency, the device
is called a single-mode sub-harmonic generator; otherwise, it
is called a two-mode sub-harmonic generator [2,6-9].

The squeezing and statistical properties of light produced
by sub-harmonic generation with the different quantum states
of light have been investigates by several authors [10-14]. For
sub-harmonic generation with first-order Hamiltonian, the
mean photon number for signal-signal and signal idler modes
are the same, and the maximum global quadrature squeezing
of signal-signal or signal idler mode is 50% below vacuum-
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state level. In the interaction of sub-harmonic generation is
with parametric amplification, the nonclassical properties
and multi-mode process are investigates in a sprit of Mandel-
Rice photon count formula.

In this work the statistical and squeezing properties of light
produced by sub-harmonic generation with the two-mode
coherent state. With the solution of the C-number Langevin
equation in normal ordering, the quadretuare variance,
quadrature squeezing, and photon statistics of the system is
analyzed.

Master equation

Under this section, we want to determine the interaction
Hamiltonian of two-mode sub-harmonic generation coupled
to a two-mode coherent state. The interaction Hamiltonian of
the two-mode coherent state is given by;

% <a*t)= =¢ —g <a’(t) > —21a(t)p (t) > +2s < a(t) > +

<a®)f,(t)>+< f,(t)> +§(2§ﬁé* —a‘ap— pa‘a) (1)
+§(26,56+ —b'bp—pbb)(f,(H) & fV,=—<a>
a—aa —»axb*— g+ andb—> g

Andthe interaction Hamiltonian of two-mode sub-harmonic
generation is given as;

(2)

H=ii(abp-a‘h")
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)
Using Egs. (1) and (2) we can put the interaction Or we can write this equation in short hand form as
Hamiltonian for two-mode sub-harmonic generation coupled d . k
to two-mode coherent state in the form of; at s a(t)>=4v, + AV, +E(V3 +Vi) (8)
H=ig@ -a+b*—b)+ii(@p-ah*) 3) In which
_ A+2a  htAa _AaA3 _hAas_ Aa+a 1 Aaliaha
The diagrammatical description of the system is put as Vi=Tr(@ pa+b"pa-apa—bpa-pa'a+ pa +pba) (©)
(Figure 1). V, =(abpa+a‘'b’pa— paba+ pa‘'b'a) (10)
Here we seek to find the equation of evolution of reduced vV, (25;35*5 —a‘apa—pa‘a’ (11)
density operator for cavity mode light produced by sub-
harmonic generation with two-mode coherent light. Then the And
master equation for subharmonic generation with two-mode ~_~ ~ ~
d & V, = (2bpb*a—b*bpa - pb'ba) (12)

coherent state coupled to vacuum reservoir can putt as [8].

~ Applying the cyclic properties of trace operator with

92 __i[R,p]+X(2apa’ ~a'ap-pa‘a ion relation and ing i I order f
= ,p |+—(2apa* —a‘ap - pa a) commutation relation and rearranging in normal order form

dtk 2 we can re set Eq. (9) as,
+5(20p0" ~b"0p—pb'D) M v =Trpaa’ + pab’ - pa’ - pab - pa‘a-pb'a) (13)
where k and p is cavity damping constant and density or
operator respectively. Using Eq. (3) into Eq. (4), we easily get o - -
dp e =Tr(p [a,a"]+p[a,b"]-p[a,b]) (14)
—:—g(a+p—b+p—ap—bp—pa*—pb*+pa+pb)
This can be simplified as

+A(@bp—a‘h'p—pab + pa'ht) + g(zaﬁf —a‘ap-pa‘a)

5 _
K - o (5) V,=Tr(p)=
+5(2bpb" ~b'bp—pb’b)
Where
Eq. (5) is called as the master equation for two-mode sub-
harmonic generation with two-mode coherent light. [a,a"]=1]) (16)
C-number langevin [a,b*]=[a,b]=0] (17)
Under this section, we seek to find c-number Langevin We easily get
equation with the help of master equation. The time evolution ~,
operator in the Schrédinger picture can be put as V,=-<b"> (18)
94 aq)> :Tr(d—pé(t)j ©  Va=—<a> (19)
dt dt
V,.0 (20)

Substituting Eq. (5) into Eq. (6) we find
With help of Egs. (15), (18), (19) and Eq. (20) we can put

d a at25 , htAas  aaa :
@ < a(t) > =¢Tr(@" pa+b*pa—apa) Eg. (8) in the form of

~ah _ Aata _ Ahta |, ~Rat | ARAs ~ k
—pab - pa‘a-pb'a+pa’ +pba 9 cay> —e-1<b®>-K<ams> 21

! - F 0 o > (21)
A(@bpa—a‘'b*pa— pabapa+b*a) (7)

K oo i Replacing the operator by ¢ number as
+E(2apa a-a‘apa—-pa‘a’) a—>aa —a*b*—> B+ andb - B and adding notice force
k ~ - P (f,(t) & f,(£)) in which
E(prb+é—b+bpé—pb+ a) b

<f(0)>=<f,(8))>=0 (22)
Driving Coherent .
Tistmodes Then the above equation takes the form
Pump Mode Signal a Two-Mode Vacuum d * k
—<at)> =e-A<f V) >—<at)>+1,(t
- ] NLC Idler b ) Reservoir dt ( ) ﬁ ( ) 2 ( ) a( ) (23)
Driving Coherent Following the same procedure we have
Light mode b d
Figure 1: A non-degenerate sub-harmonic generator with the cavity mode driven a < a* (t) > =g-<a’ (t) >—=< ﬂ(t) >+ fa* (t) (24)

by coherent light and coupled to two-mode vacuum reservoir.
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)
326 4s° 4g? Where
(any =22 (22 —2L+2L)+4( d —2L+2L)2
\ }/i 2}/+ 27/+ }/— }/+ + }/— iizﬂ’*(t)iﬂ/ (37)
+1924g +64f +8N + 1T (25)
I8 Ve and
%<a'(t)a(t)> :7k<a‘(t)?(t)>f/1(<a(t)/;’(t)>+<a*(t)/}*(t)>) A=a+p (38)
d . . o Finally, we can express the differentiation form of terms
ik (ta(t)> =-k<a'®)2t)> —i(< a(t)p(t)>+<a (t)B(t) >) in Eq. (36) as
. <a'(t)>+< (1) J
+é . . (26)
[+ <@ (OR()>+ < (alt)> d%t(t) = —%mi (V)+2(z+2)+ £, ()% f,(1)+ £, (1) % T, (1) (39)
and
d . . The solution for the above equation takes the form
5 a(t)B(t)>=k<a(t)B(t)> —/1(< o (t)a(t)>-1< B (1)B(1) >)
- 7, (t=t)
+i(< p(t)>+<a(t)>)-1 27) 3 Tt
A (t)=4.(0)e 2 +Ioe
The solution of Eq. (24) can be takes the form of [2(6 +g)+f, (t) +f, (t) + 1)+ 1, (tﬂ dt (40)
. ey M e
aat) = a(0)e? +(_[Oe)e ’ (fa(t)+ — 26" (£))df (28) Carrying out integration wrt dt'and taking out both side

After applying some mathematical procedure we can set under expectation value then we have

A 4 -7t
a(t) =E.()e(0)+E ()5 (0)+F.()+F (1) (29)  <A()>=<A(0)>e +7(gig)(1_e : j (+1)
Similarly we have With similar procedure we find
_ , . . 7t
AU =E ()A(0)+E (e (0)+F (1) +F (1) (30) <A2()>=<A2(0)>e 7 +/1£(5 +e)<A(0)>(e 2 —e7
Where 6 ot N 4 (42)
1 7t ot +—(ste)|1-2e 2 +e! ——y(l—e‘“)
Ei(t)zg g2 +e? (31) V. V.
And Using Eq. (42) and (43) into Eq. (37) the quadretuare
m(H') N variance for system under consideration takes the form
. (t) 1 (J‘te) 3 [sis+fa(t]ifb (1)1 dt' 47
D) (32) AC, (1)) =27 :
2\b (ac.(v)) =23 (43)
Quadrature variance From Eq. (43) and above figure, one can determine that

the two- mode sub-harmonic generation with to two-mode
coherent light is in a squeezed state and the Squeezing occurs
in the plus quadretuare. And quadrature variance decrease
a, =4+@+a) (33) asy increase but, mean variance increase as kappa increase
(Figure 2).

The squeezing properties of two-mode cavity light can be
given by plus and minus quadrature as

The two-mode light is said to be in a squeezed state if
A&, <2 and Aa >+2 with Aa,Aa >2. Then the variance can
be calculated as,

(AC, (1)) =<a.’(t) > -a.(t)>* (34) 18

With the help of Eq. (34) and arranging the Eq. (35) in

normal order fashion, we gate o "
oF sl
(AC, (1)) =2t <a,?(t)>+<a, > & al
. (35)
i2<éi*(t)ai(t)$(< a (t)>+<a.lt) >2) 2
12}
Changing the operators into a C-number variable, we can 11l

set the above equation as,

(AC+(t))2:2i( <A ] (36)

—< A (1)>?

Figure 2: A plot of plus quadrature Variance versus vy for different values of kappa.
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Quadrature squeezing

Here we calculate quadretuare squeezing with help of
quadretuare variance which is given by

g @ -a(ty
@l(t),”

Where

@ (1), =2

With the help of Eq. (45) and Eq. (43) we can set quadrature
squeezing as

(44)

(45)

§-_%
k+2y (46)

Figure 3 shows that quardature squeezing is inversely
proportional with kappa and direct proportion to gamma. The
less amount of kappa means the more squeezing occurs in the
system.

Photon statistics

The statistical properties of cavity light produced by two-
mode sub-harmonic generation coupled to coherent light are
solved by applying a C-number Langevin equation. Here we
calculate the mean photon number and variance of photon
number.

Mean photon number

The mean photon number for two-mode light is given as;

n=n+n, (47)
Where

n=<a (t)a(t)> (48)
= <F (t)F.(t)>+ <F ()F (t)>+ (49)

<F ()F (t)>+<F (t)F (t)>

Figure 3: A plot quadrature squeezing versus y for different values of kappa.
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On account of Eq. (32) all expectation values can be
calculated as

-7t

* 4’ 2 —7.t -7t
<F, (t)F+(t)>:}/—f(1—2e > e *)—2Lf(1—e ) (50)
. Vet
<F(t)F (t)>= 2 (1-e7h (51)
and
<F (t)F (t)>=<F'(t)F.(t)>=0 (52)

Using Eq. (50), (51) and (52) into Eq. (49) we can set the
mean photon number for single-mode as

2 2
R A (53)
(k+2y) kK -4y
Similarly
_ 4g’ 247

(54)

+ .
(k+2}/)2 k2—4}/2

With help of Eq. (53) and (54) Eq. (47) takes the form
8¢’ 4y?

n= + .
(k N 2}/)2 kz _4}/2

(55)

From Eq. (53)-(55) we can determine that the mean
photon number for two-mode light is the sum individual
mean photon number of single-mode lights. And Figure 4
shows the dependence of mean photon number on kappa, as
kappa increase the mean photon number for system under
consideration decreases.

Variance of photon number

The variance of two-mode light takes the form

(An,)* =< y?y* >+ -1" (56)
The only unknown term is
<yrs=<a >+ < >+<a”fr > 2<aaf > (57)

+<a’fP>R<af?p>R<dd’f >R<d f B >H<aaf f>

25 -
21 —_— 125 i
c
B s .
£
1\/
05 -
0 1 1 Il 1 1 Il
0 05 1 15 2 25 3 35

Figure 4: A plot of mean photon number y for different values of kappa.

https://www.heighpubs.org/jpra m



Quantum analysis of sub harmonic generation with two-mode coherent light

where
4 _2
<a’a’ >=——+2n. (58)
4 _2
<p7p’ >:16f +2n,. (59)
i
o oo 48!
<a?p?>="% (60)
v
2 2 2 _
d<aap>=tE (7 1y 166 (61)
veore re 2y
2 2 2 _
2<aﬁ*zﬂ>=8i2(4iz—i+i)+l6f N, (62)
veove 2r 210
And
2 4 _2
4<a*aﬁ*ﬂ>:4(4i2—L+L)+64f +4n, (63)

Vi 2y 2y v

Using Egs. (58), (59), (60), (61), (62) and Eq. (63) into Eq.
(57) we have

2 2 2
</1*ziz>:32f (4%,L+L)+4(4LZ,L+L)Z
ve re 2v. 2y i 2 2y
4 2 _2
+1924g . 6452 n 80 (64)
Vs Vs
On account of Eq. (65), Eq. (57) takes the form
2 2 2
Y A AR A 0 T A AR
Love 2 2y e 2 21
4 2 _2
+192f 64‘29 +8m+m—m’ (65)
Vs Vs

Eq. (65) is called as the variance of photon number for
two- mode sub-harmonic generation coupled to two-mode
coherent light.

Conclusion

In this work, we considered the cavity mode produced by a
two-mode sub-harmonic generation with two-mode coherent
light. With the help of interaction Hamiltonian, we have
obtained a master equation, which helps as to find C-number
Langevin equation. With C-number Langevin equation we
have determined quadrature variance, quadrature squeezing
and the photon statistics of the system. The result shows the
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mean photon number and variance of photon are decrease as
kappa increases, but the variance and quadrature squeezing
are increase with kappa increase. The variance of photon
number is greater than mean photon number, the squeezing
occurs in plus quadrature, quadrature variance is decrease
as y increase but, quadrature squeezing is the opposite of
quadretuare variance and the maximum squeezing is 87% for
y=1andk=0.3.
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