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ABSTRACT 

Higher order squeezing in spontaneous and stimulatedfive-wave mixing optical process has been studied.It is 

found that squeezing increases non linearly with photon number of the fundamental as well as harmonic mode. 

It is also shown that selective phase values of the field amplitude give rise to squeezing up to fourth order under 

short time approximation. 
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1. INTRODUCTION 

Squeezed state of electromagnetic field is a non-classical state [1, 2]. Squeezed states are observed theoretically 

as well as experimentally implemented in various nonlinear optical processes such as harmonic generation [3-5], 

multi-wave mixing processes [6-8], and optical parametric oscillation [9-11]. 

Nowadays, the interest to generate higher order amplitude squeezing is mainly due to the rapid development of 

techniques for making higher-order correlation measurements inquantum information and communication [12, 

13] where the field fluctuations in one of the quadrature are reduced below the vacuum noise level, and can be 

used in overcoming the shot-noise precision restrictions in optical measurements and enhancing the capacity of 

communication channels [14, 15]. Applications of squeezed states are reported in implementation of continuous 

cryptography [16], teleportation of coherent states [17] and dense coding [18] etc.  

In the present work, we have reported the generation of higher order squeezed state in both spontaneous and 

stimulated mode using five-wave mixing.  

 

2. HIGHER ORDER SQUEEZING 

Higher order squeezing is defined in various ways. Hong and Mandel [19, 20] and Hillery [1] have introduced 

the notion of higher order squeezing of quantized electromagnetic field as generalization of normal 

squeezing.Fourth orderamplitudesqueezing is defined in terms of operators 1Z and 2Z  as   

      4 †4 4 †4

1 2

1
   and  Z

2 2

i
Z A A A A

(1)
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Where 1Z  and 2Z are the real and imaginary parts of the fourth order field amplitude, respectively. 

A and
†A are slowly varying operators defined by  i tA ae  and

† † i tA a e  . 

The operators 1Z  and 2Z  obey the commutation relation  

           
3 2

1 2 1 1 1
, / 4 (16 24 56 24)

A A A
Z Z i N t N t N t

           (2) 

This leads to the uncertainty relation
 

           3 2

1 2 1 1 1
1 / 4 16 24 56 24

A A A
Z Z N t N t N t

    (3)
 

where AN is the usual number operator. 

Fourth order amplitudesqueezing is said to exist in 1Z variable 

         2 3 2

1 1 1 1
( ) 1 / 4 16 24 56 24  

A A A
Z N t N t N t

              (4) 

Or the squeezing f  is
 

          2 3 2

1 1 1 1
 =  ( ) 1 / 4 16 24 56 24 0

A A A
f Z N t N t N t

(5) 

 

3. FIVE-WAVEMIXINGPROCESS 

A multiwave mixing process can be viewed in the optics as a process involving multi photon interaction. In this 

process, the interaction is looked upon as a process which involves the absorption oftwo pump photons, each 

having frequency ω1 and emission of twoprobe photons of frequency ω2,and signal photons of frequency ω3 

where 

2ω1 = 2ω2+ω3 

The Hamiltonian for this process is given as follows (ћ=1 

       † † † 2 †2 † †2 2

1 2 3
H a a b b c c g a b c a b c

   (6)
 

in which g is a coupling constant. A = aexp (iω1t), B  = bexp (iω2t) and C  = c exp (iω3t) arethe slowly varying 

operators at frequencies ω1, ω2 and ω3, a(a
†
), b(b

†
) and c(c

†
) are the usual annihilation (creation) operators, 

respectively. The Heisenberg equation of motion for fundamental mode A  is given 


    

,
dA A

i H A
dt t

                                                                     (7) 

By using the short-time approximation technique, we expand ( )A t  by using Taylor’s series expansion and 

retaining the terms up to g
2
t
2
 as 
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          
 

† 2 2 2 2 † 2 2 † 2 † 2 † 2 † 2
2 2 4 4 2 2A igtA B C g t AN N A A N A A N N A A N A A N A AB C B B C B CA t

8)

 

Where
†

AN A A , 
†

BN B B and
†

CN C C .
 

Using Equations (8) number of photons in mode A  may be expressed 

     
 



   

†

1

† 2 2 †2 2 †2 2 †2 4 2

A
N t A t A t

A A g t A A B B B B

(9)

     
   



     

2

1 1 1
†2 2 † 2 2 †3 3 †2 2 †2 2 †4 2 4 2

A A A
N t N t N t

A A A A g t A A A A B B B B
    (10)

 

     
   



       

3

1 1 1
†3 3 †2 2 † 2 2 †4 4 †3 3 †2 2 †2 2 †3 6 5 4 4 2

A A A
N t N t N t

A A A A A A g t A A A A A A B B B B
(11) 

 

3.1 SPONTANEOUS FOURTH ORDER AMPLITUDE SQUEEZING 

Initially, we consider the quantum state of the field amplitude as a product of coherent state for the fundamental 

mode A  and the vacuum state for modes B  and C  

  0 0
A B C

   (12) 

Using Equations (8) and (12) the fourth-order amplitude of the fundamental mode is expressed as

 
     

 

  
 

     
 

4 †4

1

4 †4 2 2 † 5 4 †5 †4

1

2
1

8 12 8 12
2

A
Z t A t A t

A A g t A A A A A A

   (13) 

Using Equations (12) and (13), we get the expectation values as 

          

       



 



         


     

  

8 6 4 22 8 8 2 2 8 8

1

2 2 10 8 6 48 8

2

1
2 16 72 96 24 ( 56 56

4

16 16 32 368 2304 5568

4224 576)

A
Z t g t

(14)                              

and 
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           

 

        



  

2 8 2 28 8 2 2 8 8 8 8

1

8 10

1
2 2 (12 12 8 8

4

24 16 )

A
Z t g t

            (15)

 

 

Therefore 

        

 

           

   

2 6 4 2 8 62 2 8 8

1

4 2

1
16 72 96 24 (32 32 320 2304

4

5568 4224 576)

A
Z t g t

(16)

 

Using Equations (9), (10), (11) and (12) a straightforward but strenuous calculation yields   

       
    

     
 

      

2
3 2

1 1 1 1

8 6 4 22 2

1
16 24 56 24

4

8 [2 (cos 8 2) 36 131 132 18]

A A A A
Z t N t N t N t

g t

  (17)                                                                  

The right hand side of Equation (17) is negative, indicating that squeezing occurs in fourth order fieldamplitude 

in the fundamental mode in five wave mixing. 

 

 3.2 STIMULATED FOURTH ORDER AMPLITUDE SQUEEZING
 

Initially, we consider the quantum state of the field amplitude as a product of coherent state for the fundamental 

mode A  and harmonic mode for B and vacuum state for mode C  i.e. 

   0
A B C

  (18) 

Using Equations (8) and (18) the fourth-order amplitude of the fundamental mode is expressed as  

 

 
     

   

  
 

       
 

4 †4

1

4 †4 2 2 † 5 4 †5 †4 †2 2 †

1

2
1

4 6 4 6 4 2
2

A
F t A t A t

A A g t A A A A A A B B B B

      (19)   

   Using Equations (18) and (19), we get the expectation values as 

          

       

  

 



         


     


    

8 6 4 22 8 8 2 2 8 8

1

2 2 10 8 6 48 8

2 4 2

1
2 16 72 96 24 ( 28 28

4

8 8 16 184 1152 2784

2112 288)( 4 2)

A
F t g t

            (20)

 

and 
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           

   

        



    

2 8 2 28 8 2 2 8 8 8 8

1

8 10 4 2

1
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4
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A
F t g t

      (21)

 

Therefore 

        

   

           


     

2 6 4 2 8 62 2 8 8

1

4 2 4 2

1
16 72 96 24 (16 16 160 1152

4

2784 2112 288)( 4 2)

A
F t g t

(22)

 

Using Equations (9), (10), (11) and (18) a straightforward but strenuous calculation yields  

       

      

     
 

   
             

2
3 2

1 1 1 1

8 6 4 2 4 22 2

1
16 24 56 24

4

4 2 (cos 8 2) 36 131 132 18 4 2

A A A A
F t N t N t N t

g t
  (23) 

The right hand side of Equation (23) is negative, indicating that squeezing occurs in fourth order of field 

amplitude in the fundamental mode in five wave mixing. 

 

4. RESULT 

The presence of squeezing in spontaneous and stimulated five-wave mixing is shown in Equations 

(17) and (23) respectively. Figures 1 and 2 show that squeezingincrease nonlinearly with 
2

  and 

hence increase the non-classicality of the field amplitude. Further it is shown from Equations (17) and 

(23) that by varying the values of initial phase of the coherent state ( ), number of photons present in 

the radiation field prior to the interaction (
2

 ) and the interaction time (t)  the degree of higher order 

squeezing present in the system can be tuned.  

 

Figure 1. Dependence of spontaneous fourth order amplitudesqueezing on
2

 . 
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Figure 2. Dependence of stimulated fourth order amplitude squeezing on
2

 and 
2

 

 

6. CONCLUSION

 The results show the presence of higher order squeezing in spontaneous and stimulated five-wave mixing 

process. From figures 1 and 2 we can conclude that the degree of squeezing directly depends upon the photon 

number of the fundamental mode as well as on the harmonic mode. A comparison between results of 

spontaneous and stimulated processes shows the occurrence of multiplication factor (   
4 2

4 2 ). Thus, 

it implies that squeezing in the fundamental mode in stimulated interaction is greater than corresponding 

squeezing in spontaneous interaction. 

 

REFERENCES 

1. M.Hillery,Amplitude-square squeezing of the electromagnetic field,Phys. Rev. A, 36, 1987, 3796-3802. 

2. A. Orlowski, Classical entropy of quantum states of light,Phys. Rev. A., 48, 1993, 723- 731. 

3. D.F WallsG.JMilburch , Quantum Optics, Springer Berlin Heidelberg., 2008; 143. 

4.Savita, S. Rani and N. Singh, Squeezing and sub-Poissonian effect in eighth harmonic generation,Journal of 

information systems and communication, 3(1), 2012, 80-82. 

5. Savita, S. Rani and N.Singh, Higher Order Amplitude Squeezing in Fourth and Fifth Harmonic Generation, 

Indian Journal of Physics,”86, 2012, 371-375.  

2
9   

 

 

 

 

2
4   

 

 

 

 



 

111 | P a g e  
 

6.D.K Giri and P. S Gupta, The squeezing of radiation in four-wave mixing processes,J. Opt. B: Quantum 

Semiclass. Opt.,6, 2004, 91-96. 

7.Y. Zhang, X. Zhang, H. Chen, P. Lie, M. Geo, Z. Jiang and Y. Zhang, Journal of Optical Societyof America B, 

31(11),2014, 2792-2801. 

8. Z. Qin, L. Cao and J. Jing,Experimental characterization of quantum correlated triple beams generated by 

cascaded four-wave mixing processes,Appl. Phys. Lett.106,2015,211104. 

9.Antonosyan D.A, G. Yu, Kryunchkyan,Multi-mode squeezing in micro structured nonlinear media, Physics of 

particles and Nuclei Letters,6(7), 2009, 581-584. 

10.J. Perina, O.Haderka,C.Sibilia ,M.Bertolotti and M. Scalora, Squeezed-light generation in a nonlinear planar 

waveguide with a periodic corrugation, Phys. Rev. A76(3),, 2007, 033813-033826. 

11A. Predojevic,Z. Zhai, J.M Caballeroand M.W Mitchell, Rubidium resonant squeezed light from a diode 

pumped optical parametric oscillator, Phys. Rev. A, 78(6), 2008, 063820- 063826. 

12.C. Simon et al., Quantum Repeaters with Photon Pair Sources and Multimode Memories,Phys. Rev. 

Lett.98,2007, 190503. 

13. L.M Duan,M.Lukin, J.L  Cirac and P.Zoller, Long-distance quantum communication with atomic ensembles 

and linear optics,Nature414,2001, 413–418. 

14.P.Grangier, R. Slusher, B. Yurke and A.LaPorta, Squeezed-light–enhanced polarization interferometer,Phys. 

Rev. Lett.59,1987, 2153. 

15. J.H Shapiro, Optical waveguide tap with infinitesimal insertion loss,Opt. Lett.5, 1980, 351–353. 

16.M. Christandl , R. Koenig and R. Renner , Postselection Technique for Quantum Channels withApplications 

to Quantum Cryptography, Phys.Rev. Lett., 102, 2009, 020504.  

17.Y. Hidehiro, S.L Braunstein, A. Furusawa,Experimental Demonstration of Quantum Teleportation of 

Broadband Squeezing,Phys. Rev. Lett.,9, 2007, 110503. 

18.J. Zhang, H. Tao, C. Xie and K. Peng, Application of amplitude-squeezed state light from injection-locked 

laser diode in quantum teleportation anddense coding, Phys. Lett. A, 290, 2001, 1-5. 

19.C.K Hongand L. Mandel, Higher order squeezing of a quantum Field, Phys. Rev. Lett., 54,1985, 323-325. 

20.C.K Hong and L. Mandel, Generation of higher order squeezing of a quantum electromagnetic field, Phys. 

Rev. A, 32, 1985,974-982. 


