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Abstract: We studied squeezing in the sum and difference of the field amplitude in parametric down
conversion process under the short-time approximation based on a fully quantum mechanical approach. It is
shown that for uncorrelated modes the normal squeezing in the sum and difference-frequency field depends on
the sum and difference squeezing of input field modes respectively, which can generate normal squeezing in the
sum and difference-frequency field mode. We shown that if the high-frequency mode is in a coherent state and
the low-frequency mode is squeezed, the field state will be difference squeezed if the amplitude of the high-
frequency mode is large enough; otherwise the state may or may not be difference squeezed. If both modes are
squeezed, then the state may or may not be difference squeezed. Detection of sum and difference squeezing in
this process is also studied. All the possibilities for obtaining sum and difference squeezing in two modes and its
dependence on squeezing of individual field modes are investigated.
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I.  Introduction

Over the past decades, the squeezing [1-6] in quantized electro-magnetic fields has received a great
deal of attention because of its wide applications in many branches of science and technology especially for low
noise property [7—9] with an applications in high quality telecommunication [10], quantum cryptography [11,
12], and so forth. The basic concept of squeezed light is concerned with reduction of quantum fluctuations in
one of the quadrature, at the expense of increased fluctuations in the other quadrature. Squeezing has been
focused on theoretical investigations and experimental observations in a variety of nonlinear optical processes,
such as harmonic generation [13, 14], multiwave mixing processes [15-18], Raman [19-21], hyper-Raman [22]
Hong and Mandel [23, 24], Hillery [25-27], and Zhan [28] for improving the performance of many optical
devices and optical communication networks. Squeezing and photon statistical effect of the field amplitude in
optical parametric and in Raman and hyper Raman scattering processes has also been reported by Perina [29].
Higher-order sub-poissonian photon statistics of light have also been studied by Kim and Yoon [30]. Recently,
Prakash and Mishra [31, 32] have reported the higher-order sub-poissonian photon statistics and their use in
detection higher-order squeezing. Furthermore, another type of higher-order squeezing, called sum and
difference squeezing were proposed by Hillery [33] for the two modes which are in fact the simplest versions of
multimode higher-order squeezing. These concepts have recently been generalized to include three modes for
sum and difference squeezing [34-36] as well as an arbitrary number of modes for sum and difference squeezing
[37-39]. More recently, Prakash [40] et al. has reported regarding detection of sum and difference squeezing and
Zhan [41] and Truong et al. [42] has introduced the concept of entanglement using sum and difference
squeezing.

The objective of this paper is to study for the first time the concept of sum and difference squeezing in
Parametric down conversion process under the short-time approximation based on a fully quantum mechanical
approach. The paper is organized as follows. Section Il gives the definition of sum and difference squeezing in
two-mode field. Sum squeezing of the field amplitude in the pump mode is investigated in section Ill. In this
section it is shown that for uncorrelated modes the normal squeezing in the sum-frequency field depends on the
sum squeezing of input field modes, which can generate normal squeezing in the sum-frequency field mode.
Detection of sum squeezing of two-mode field in this process is also studied in section Ill. In Section IV,
squeezing in the difference of the field amplitude in the signal and idler modes are investigated. All the
possibilities for obtaining difference squeezing in two modes and its dependence on squeezing of individual
field modes are investigated. The different conditions for obtaining difference squeezing state and their
detection in this process are also studied in section I11. Finally, we conclude the paper in Section V.
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I1.  Definition Of Two-Mode Sum And Difference Squeezing
1. Two-mode sum squeezing
In order to define two-mode sum and difference squeezing in Parametric down conversion process, let

us consider first for two-mode of the electromagnetic field of frequency @, and @, with creation

(annihilation) operators b(b) and c¢f(c) and introduce two operators which correspond to real and imaginary
parts respectively, of the sum of the field amplitude as

1
W, = 5 (BC + B'Ch 1)
1
and  W,= E(BC - BC) )
These operators satisfy the commutation relation
I
[Wy, W,] = E (Ns+Nc+1) ©))
and the uncertainty relation
1
AWlAWZZZ<NB+NC+1> 4)

where Ng = B'B and N = C'C are the photon number operator for the Stokes and idler mode respectively.
A state is said to be sum squeezed in the W, direction if

1
(aW;)? < 7 (Ng+Nc+1 5)

2. Two-mode difference squeezing
For two modes of frequency @, and @, with creation (annihilation) operators a'(a) and c'(c)
respectively, squeezing operators U; and U, may be defined as

1
U, = > (ACT+ A'C) (6)

1 ,
and U,= ?(ACT -A'C) O
|
The variables U; and U, obey the commutation relation
i
[U, U] = E (Nc-Np) (8)

and the uncertainty relation

1
> -
AUlAU2_4<NC NA> 9
where N = ATA is the photon number operator for the pump mode.
A state is said to be difference squeezed in the U, direction if
?<line )
(AUl) <4 NC NA (10)

Similarly, for two modes of frequency @, and @, with creation (annihilation) operators a'(a) and b'(b)
respectively, squeezing operators V; and V, may be written as

1 _
V= 5 (AB' + A'B) (11)

1 P
and  V,= i(AB*-A‘B) (12)

2i
These operators obey the commutation relation

[Vi, Vo] = % (Ng - Np) (13)
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and the uncertainty relation

1
Z<NB_NA>‘ (14)
A state is said to be difference squeezed in the V; direction if

(avy)? <%‘<NB N,

AVl AV2 2

(15)

I11.  Squeezing In The Sum Of The Field Amplitude In The Pump Mode
Parametric down conversion (PDC) process, shown in fig.1, is a three-wave interaction process where a

pump of photon of frequency a)psplits into two, signal and idler, photons with lower frequencies @, , @;
respectively and the corresponding Hamiltonian can be written as

H = wa’a + ab’b + wsc’c + g (ab'c’ + a'be) (16)
Virtual level
signal =T T e T
pump ®p
idler - -

Nonlinear y° crystal

Figl: Schematic diagram showing the interaction of pump, signal and idler frequencies
and energy level diagram for PDC process

where a’(a), b(b) and c'(c) are the creation (annihilation) operators of the A, B and C modes respectively and g
is the coupling constant in the interaction Hamiltonian, which is assumed to be real, describes the coupling
between the two modes of the order of 10-10* per second and is proportional to the nonlinear susceptibility of
the medium as well as the complex amplitude of the pump field [43, 44]. However, to take care of complex g,
we have used [gf® in the place of g? as we are not considering the phase terms. In the case of phase matching, g
can also be treated as real [45].
Using the interaction Hamiltonian of the equation (16) in the coupled Heisenberg equation of motion

A(b) =%+ | [ H, A(t) ] (h=1) 17)

where the dot denotes time derivative.
Equation (17) leads to coupled Heisenberg equations of motion

A =-igBC, B =-igAC Tand C= —igABT (18)
where A, B and C are slowly varying operators because the interaction between modes, the operators A(t) and
A'(t) induces a slower dependence on time as compared to fast variation, which are defined by A = a exp(it),
B = b exp(im,t) and C = ¢ exp(iwst), with the relation w;= w, + ws.

Note that the system evolution during a short period of time is practically relevant because the actual
interaction is in fact very short. Hence the interaction time is taken to be short, of the order of 10™° sec and a
nanosecond or picosecond pulse laser can be used as the pump field. For real physical situation in the short-time
scale gt << 1 (gt~10°) and the number of photons are very large (Joj/>>>1), it is possible to obtain much simpler
approximate analytical formulas describing the variances. Expanding A(t) in Taylor’s expansion and keep terms
up to second order in gt, we get

1
A(t) = A- igtBC-E |g/t? (NsA+NGA+A) (19)
: 1 1 2,2 1 t
and A'(t) = AT+ |gtBTcT-§ lg/t* (Ng A™+N¢ AT+ AT (20)
i ; 1 2,2
Similarly, B(t) =B —igtAC" - 5 g/t (N-NA)B (21)
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_ U S, .
and Bf(t) = B + igtA'C - > |g/t* (Nc-N)B'

(22)
1
also  C(t)=C—igtAB' - 5 g/t (Ng-NA)C (23)
1
and Cci(t)=C" +igtAB - 5 g/t? (Ng-NA)C' (24)

In order to examine the squeezing of the field amplitude of the fundamental A mode and its dependence on sum
squeezing in the B and C modes as a function of time, we define two general quadrature components,

1
Xua®)= 2 [A® + A'()] (25)
1 T
and  Xoa(t) = PH [A®) - A'(D)] (26)
Using equations (19) and (20) in equations (25) and (26), we can obtain that to second order in gt
1
Xaa (1) = X1a + [g[t W, - E lg]” t* (Ng + N¢ +1) Xia (27)
1 2 412
and Xon (1) = Xoa - [9[t Wy — E [9]” " (Ng + N¢ +1) X;a (28)
For uncorrelated modes at t = 0, we get
[AX1a O = (AX1a)* + [9P € [(AW)° ~ (N + N¢ +1) (AX10)’] (29)
and  [AXaa (= (AXea) + 0P [(AW1) ~ (N + N¢ +1) (AXza)’] (30)
If the A mode is initially in a coherent state, then
2 2 1
(AX1p)" = (AX2n)" = Z (31)

and equations (29) and (30) reduce to

1 1
[AXun (O = 5 = 9P € (AW~ (Ng +N¢ +1)1 (32)
and  [AXoa (O - % = gt [(AW)? - % (Ng +N¢ +1)] (33)

These equations (32) and (33) give us the relation between sum squeezing and normal squeezing in sum-
frequency generation. We see that if the input state is sum squeezed in the W, or W; direction, then sum-
frequency generation will produce an output, which squeezed in the normal sense in the X;a or X, direction
respectively. In particular, sum squeezing in W, will lead to normal squeezing in X, and sum squeezing in W,
will produce normal squeezing in X This result suggests a method of detection for sum squeezing in PDC
process.

It is also of interest to examine sum squeezing of the fundamental mode A as a function of time, we
define the quadrature operators

1 i
Wi (0 = [BIOCEO) + B'()C'(1)] (34)
1 ' .
and W, (1) = - [BOC(Y) - B'(t)C" (1] (35)
Under short-time approximation we keep terms up to first-order in ‘gt’ in the Taylor’s expansion to get
B(t) = B(0) + tB(0) + ... (36)
and  C(t) = C(0) +tC(0) +.............. (37)
Using equations (36) and (37) in equations (21-24), gives
B(t) = B—igtAC' (38)
Bf(t)=B' +igtA'C (39)
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and C(t)=C—igtAB "
(40)

C'(t)=C’ +igtA'B (41)
Using equations (38-41) in equation (34), we find only for W1, quadrature as,

Wia(t) = % [(BC +B'C") —igt (Ng+ Nc + 1) (A - A")] (42)

Now, we assume an initial quantum state as a product of coherent states |a> for the fundamental mode A, |3>
for the signal mode B and |y> for the idler mode C, i.e.

|y > =|a>alB>sly>c (43)
Using equation (43) in equation (42), we obtain the expectation values as

1 * . .
(WWEL ) = 5 1% 4By + 2B+ B+ ol + 1~ 2igtCoc Byl + el + 26p y — o Bylp

-20"By-a'Byfy|” + By B + oy | + 20 BTy —a By B —aBy fy ~ 207y )]
(44)

Y
and

2 1 . . . .
(wWily) = 1%y + By + 2B " —2igt(e B B[ + aByh|” + By — o Bylpl” - 0By

B

* kK

2 *  x
+ofy —afy

T By -a’BY )]
(45)

- Byp o YR + oYy

Hence the field variance is
[AW,, (O = (W (1) — (W, (1)
1 . " o xx %
= UBf" " +1-2igt (0P y- By + 0B’y -a'p’y)] (46)

In order to determine sum squeezing, it is necessary to discuss the number of photons in the B and C
modes. We find that to first order in ‘gt’

Ng (t) =BT ()B(t) = N, —igt(AB 'C" — ATBC) (47)
and N.(t)=C'(t)C(t) = N —igt(AB'C" — A'BC) (48)
Using equation (43), we obtain

1 1 . - -

S (Ne O+ N (0+1) == IBf" +h|" +1-2igt B’y ~oBy)] (49)
Subtraction of equation (46) from equation (49) yields

1 .

[AW,, ()] -Z<NB(t) + N (1) +1) = gtjaPy|sin(0, +0, +0,) (50)

where o = |a]exp(i6, ), B = |Blexp(i6,) and y =|y|exp(i6;) . (51)

From this equation (50) we found that the squeezing of W, will occur whenever Sin(6, +6, +6,) < 0.

Let us now examine the dependence of sum squeezing for two-mode states on the squeezing of
individual modes in which the modes are uncorrelated in Parametric down conversion process.
We define for two-mode sum squeezing as [33]

W, = %(e“"B*CT +e7*BC) (52)

1
A field state is squeezed if AWNP < E for some @.
Using equation (52), we obtain the following expectation values as

<WA2<|>> - %<92i‘p(B%CT)2 +B'C'BC +BCBCT + e (BC) 2>
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- %<e2i‘p (B'C")? +2B'BC'C+B'B+C'C+1+e?°(BC) 2>
(53)

<WA<9>2 B %ke% <B'C'>? +2<B'C' ><BC >+ <BC >2>] 54

Hence, the field variance is
2 2 2
[AW,, ] =<W,, >—<W,, >

:%{e2‘¢[< (B'C")? >-<B'C">’]+2<B'BC'C>+<BB>+<C'C>+1

-2<B'C' ><BC > +e?[<(BC)* >-<BC >*]}
(55)
Using equation (5) in equation (55), we find

[AW,, I ‘%(NB +Ng +1) =%{ez“"[< (B'C')? >-<B'C' >?]+2<B'BC'C>

-2<B'C" ><BC > +e?[<(BC)?* >-<BC >*]}
(56)
A state is squeezed if the term in brackets becomes negative. This term is smallest when
arg[< (BC)? > —<BC >’]-2¢p=mn (57)
If ¢ satisfies this condition, then

[AW, T’ —%(NB +Ng¢ +1>=%[< NsN¢ >—|<BC > —|< (BC)* > - <BC >2\] (58)

Therefore, a state is sum squeezed if and only if

[<(BC)*> - <BC>* > <(NgNc)> - [<BC>[’ (59)
If the modes are uncorrelated, then the expectation values factorize into those for the B and C modes and the
above equation (59) becomes

|<B?><C?> - <B>2<C>?| > <Ng><Nc> - |<B><C>[ (60)
Case-1: If the modes are uncorrelated and neither the B nor the C mode is squeezed, for which we have the
condition [33-35]

|<B% - <B>?| < <Ng>- |<B>] (61)
and |<C? -<C>) < <N¢>-|<C>[ (62)
Further, if none of the B and C modes are squeezed then none of the pairs can be sum squeezed [33-34], i.e.

|<B%><C?> - <B>?<C> < <Ng><N¢> - [<B><C>[ (63)

Comparing this with equation (60) we see that the B and C modes are not sum squeezed in PDC process.
Case-ll: If the B mode is squeezed and the C mode is in a coherent state of amplitude y, we then have
|<B%><C? - <B>* <C>?| = [y} |(<B?*> - <B>?)|

>y (<Ng>- [<B>[) (64)
where <N¢> = [y[? for coherent states and the inequality in equation (60) is fulfilled hence state is sum squeezed.
Case-IlI: If the C mode is squeezed and the B mode is in a coherent state of amplitude B, we then have

|<BZ><C? - <B>? <C>?| = || |(<C? - <C>?)|
> [B* (<Ng>- [<C>[) (65)

where <Ng> = |B|* and the inequality in equation (60) is satisfied hence the B and C modes are sum squeezed.
Case-1V: If B and C modes are squeezed, then we have

|<B%><C?> - <B>? <C>?| > <Ng><Nc> - [<B><C>[? (66)
This satisfies the condition (60) and hence the state is sum squeezed.

IV.  Squeezing In The Difference Of The Field Amplitude In The Signal And Idler Modes
We now investigate the dependence of the occurrence of normal squeezing in the field amplitude of the
signal mode B on difference squeezing in the A and C modes i.e. m,= w;-wz as a function of time, we define
quadrature components

Xug (1) = %[B(t)+B"(t)] (67)
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1
and X (1) = 5 [B(t)-B'(t)]

(68)
Using equations (21) and (22) in equations (67) and (68), we have
1
Xig (t) = X + ||t U, — 5 l9* t? (N — Na) Xig (69)
1
and Xag (1) = Xog - 9]t Uy — 5 lol”  (Nc — Na) Xop (70)
For uncorrelated modes at t = 0, we get
[AXie OF = (AXge) + gt [(AU2* — (Ng - N A ) (AX1e)’] (71)
and  [AXpe (0= (AXee)*+ 197 [(AU)® ~ (N - N ) (AXze)’] (72)
If the B mode is initially in a coherent state, then
1
(Axls)z = (AXZB)2 = Z (73)
and equations (71) and (72) reduce to
1 1
[AXse (OF = - =10 € [(AU* - (Ng-Na) T (74)
2 1 242 2 1
and - [AXes (O - 7 = Io € (AU~ 7 (Ne =N, (75)

Equations (74) and (75) show that X;g in the signal mode is squeezed if U, is squeezed and X,z is squeezed if
U, is squeezed. In other words, the B mode is squeezed in the Xy direction if the A and C modes are difference
squeezed in the U, direction and the B mode is squeezed in the X,z direction if the A and C modes are
difference squeezed in the U, direction. Hence, difference-frequency generation changes difference squeezing
into normal squeezing. In particular, difference squeezing in U; will be converted into squeezing in X,z and
difference squeezing in U, will lead to squeezing in Xg.

To examine difference squeezing of the fundamental mode A as a function of time, we define the
quadrature operators

1 )

Ui (D) = E[A(t)U (1) +A"(OCO)] (76)
and  Uxu(t)= %[A(t)CT (1) - A" (OCO] ()
Using equations (19), (20), (23) and (24) to the first order coupling, we obtain

AtCT(t)=AC’ —-igt(N. —N,)B (78)
and  AT(H)C(t)=A'C+igt(N. —N,)B' (79)

Using equations (78) and (79) in equation (76), we find only for U, quadrature as,
1 .
Uia() = 5 [(AC" + ATC) - igt (Nc— N,) (B - B")] (80)

Using equation (43) in equation (80), we obtain the expectation values as

1 \ . ) )
<\|1‘U12A|\|1> = Z[azyz +aoly? + 2|0L|2|y|2 +|0L|2 +|y|2 —2igt(a Py }/|2 —afy |0{|2
+oBylal” + o Byy” + oy ol — oYy + o Byl — o B )]
(81)
and
1 ) . ) )
(WlUualv) = 3lay? +a™y* + 27" ~2igt(apy o — oy [of
+ o Bylof” + o Byly” + By |o” —aB y " + o B ylo]” — By )]
(82)
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Hence the field variance is

1

AU OF = (U5 0)~(Usa 007 =5 [l + 1" )
Now, the number of photons of the A mode up to first order in ‘gt’

N, (t)=AT(t)A() = N, —igt(AB'C" — ATBC) (84)
Using equations (43), (48) and (84), we obtain

1 1 . T

SN =NAO)f == llof" + " - 2igt (p™y" +a'By)] (85)
Subtraction of equation (83) from equation (85) yields

1 .
[AULL OF - 5 [(Ne (9= N ()] = igt|opy| cos{d, — (0, +0,)} (@)

From above equation (86) we found that the squeezing of U will occur whenever cos{6, — (6, +6,)}<0.

Similarly, we now investigate the dependence of difference squeezing of the state on the squeezing of
individual modes. For this case we define the two-mode operator as

Uy, = %(ei‘PA"'C +eACT) (87)

Using equation (87), we obtain

1 i -2i T
(Us) =Z<e2‘P(ATC)2 +ACACT +ACTATC+e?"(ACT)?)

=%<e2‘“’(ATC)2+2NANC+NA+Nc+e'2i"’(ACT)2> (88)
<UA¢>2 = %kezw <A'C>? +2<A'C><AC’ > +e? < AC' >2>] (89)
Hence,
[AU,, I =<Uj, >—<U, >°

1, a
=Z{ez‘*’[<(ATC)2 >-<A'C>*]+2<N,N.>+<N, >+<N_ >

-2<ATC><ACT >+e?[<(ACT)* > - < ACT >?]}
(90)
Using equation (10) in equation (90), we find

[AU,, 17 —%KNC ~N,)| :%{e”"’[< (ATC)2 > - <ATC>?]+2< N, N, >

+2<N.>-2<A'C><ACT > +e™[<(AC")* > - < ACT >?]}
(91)
A state is squeezed if the term in brackets becomes negative. This term is smallest when

arg[< (ACT)? > —<ACT >?]1-2¢=n (92)
If @ satisfies this condition, then

[AU,,I? —%\(NC ~N,)| =%[< NN >—|<AC >\2+< N >-|<(ACT)? > -<AC' >7[]

(93)
Therefore, a state is difference squeezed if and only if
|<(ACH)?> - <AC™?| > <NANg> - [<ACT>P + <N¢> (94)
For uncorrelated modes the equation (94) becomes
|<A%> <(CN% - <A><CT>Y > <Np><Ng> - [<A><C™>[ + <Ng> (95)
Case-I: If the modes are uncorrelated and both are unsqueezed, the condition for which is given by [33]
|<AZ> - <A>?| < <Np> - [<ASP (96)

Using equations (62) and (96), we then have
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|<A%> <(CN% - <A>%<C™>? < <Np><Ng> - |KA><C>[? -
(97)
This implies that the condition given in equation (95) is not satisfied, so that the state is not difference squeezed.
Case-1l: If the A mode squeezed and the C mode is in a coherent state of amplitude v, we then have

[<A™> <(CT)P> - <A>*<C'>?| =y [(<A®> - <A>?)| (98)
so that the state is difference squeezed if [33-35]

|<AZ> - <A>?| > <Np> - |<ASP +1 (99)
Comparing with the condition as given in (96) we find that the above state may or may not be difference
squeezed.
Case-llI: If the A mode is in a coherent state of amplitude o and the C mode is squeezed, we then have

|<A%> <(CN%> - <A>*<C'>? = |o? |(<C™> - <CT>?))| (100)
where <N,> = |a/* and the state is difference squeezed if

|<C™> - <C™>? > <Ng> - [<CT> + Ng > (101)

o

Comparing with the condition as given in (62) we find that the above state can be difference squeezed if

|af* >> <N¢> (102)

i.e. the amplitude of mode A is large enough.
Case-1V: If both A and C modes are squeezed then

|<AZ> <(CT)%> - <A>%<C™>? > <Np><Nc> - [<A><CT>[ (103)
The above situation for A and C modes is similar to that for sum squeezing of B and C modes. Hence the state
may or may not be difference squeezed.

In the same manner we define the amplitude quadrature components in the idler mode for the
difference squeezing condition wz = w; - w, as

1
Xuclt) = 5 [C() + c'(o] (104)
1 .
and  Xac(t) = PH [C(t) - C'()] (105)
Using equations (23) and (24) in equations (104) and (105) for uncorrelated modes at t = 0, we have
[AXie OF = (AXae) + 1ol [(AV2)*~ (Ng - Np) (AX10)’] (106)
and  [AXpc = (AXz0)’ +1gP € [(AV2)' — (Ng - N, ) (AXz0)’] (107)
If the C mode is initially in a coherent state i.e.,
1
(AX10)? = (AXpc)? = 2 (108)

Then equations (106) and (107) reduce to

1 1
[A%ic (OF - 5 =o€ [(AVa)* - (Ng-N)1 (109)
1 1
and - [AXee O - 3 = lo € [(AVe)' - (Ng-N4) 1T (110)

Equations (109) and (110) show that X¢ in the idler mode is squeezed if V, is squeezed and Xy is squeezed if
V1 is squeezed. In other words, the C mode is squeezed in the X, direction if the A and B modes are difference
squeezed in the V, direction and the C mode is squeezed in the X,c direction if the A and B modes are
difference squeezed in the V, direction. Hence, difference-frequency generation changes difference squeezing
into normal squeezing. In particular, difference squeezing in V; will be converted into squeezing in X,c and
difference squeezing in V, will lead to squeezing in Xc.

Now, the difference squeezing of the fundamental mode A as a function of time, we define the
quadrature operators for A and B, as

Via (0 = JTAQB' (0+ A' (OB()] o

and V. (t) = %[A(t)B* (- AT(H)B(1)] (112)

Using equations (19-22) to the first order coupling in equation (111), we find for V15 quadrature as,
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Via(®) = % [(AB" + AB) — igt (Ns— Na) (C - C")] (113)
Using equation (43) in equation (113), we obtain the field variance as
1
[AViA (OF = (Vi (0) = (Vi (0" = Lo + o ] (114)
Hence using equations (15) and (114), we obtain
1 .
[AViA OF - [(No (0= N (0) = gt|apy| cos{, - (0, +6,)} (115)

From equation (115) we found the same result as given in equation (86) that the squeezing of V4 will occur
whenever cos{0, — (0, +6,)}<0.
Now, similarly the condition for the state to be difference squeezed in the present case is given by

|<(AB")?> - <AB™? > <NaNg>- [<AB'>] + <Ng> (116)
For uncorrelated modes the equation (116) becomes
|<A%> <(BN)?> - <A>*<B™>? > <Np><Ng> - [<A><B'>[ + <Ng> (117)

Case-I: If the modes are uncorrelated and both are unsqueezed.
Using equations (61) and (96), we then have

|<A%> <(BN)?> - <A>*<B™>? < <Np><Ng> - [<A><B'>[ (118)
This implies that the condition given in equation (117) is not satisfied, so that the state is not difference
squeezed.
Case-ll: If the A mode is squeezed and the B mode is in a coherent state of amplitude 8, we then have

|<A%> <(BN)?> - <A>%<B™>?| = |B} [(<A® - <ASD)| (119)
so that the state is difference squeezed if

|<AZ> - <A>?| > <Np> - [<ASP + 1 (120)
Comparing with the condition as given in (96) we find that the state may or may not be difference squeezed.
Case-llI: If the A mode is in a coherent state of amplitude o and the B mode is squeezed, we then have

|<B™>-<B™>? > <Ng>- |<B">]+ Ng > (121)

o

Comparing this with equation (61) we see that the state can be difference squeezed if

laf> > > <Ng> (122)

i.e. the amplitude of mode A is large enough.
Case-1V: If both A and B modes are squeezed, then the situation is similar to that for difference squeezing of the
modes A and C i.e. the state may or may not be difference squeezed.

V.  Conclusions
In this paper we have found that the squeezing of the sum frequency field depends on the sum
squeezing of the signal and idler modes in pump mode of PDC process.
In pump mode, we have established the relation between sum and normal squeezing in sum-frequency
generation. That is sum squeezing can be turned into normal squeezing via sum-frequency generation. This
result suggests a method of generation and also detection for sum squeezing in PDC process. We have also

observed that the sum squeezing will occur whenever the condition will follow as Sin(0, +6, +6,) <0 to case

of first order coupling. To generate sum squeezing, we have shown all kind of possibilities for an uncorrelated
two modes state. If both modes are not squeezed, then the state is not sum squeezed. If one mode is squeezed
and the second one is in a coherent state, then the state is sum squeezed. Finally, if both modes are squeezed,
then the state may or may not be sum squeezed.

In signal and idler modes, difference squeezing is turned into normal squeezing by difference-
frequency generation. The effect of first order coupling on squeezing in signal and idler modes have also studied
and found that the difference squeezing will occur whenever the condition will follow as

cos{B, — (6, +6,)}< 0. Various possibilities for obtaining difference squeezing in two modes and its

dependence on squeezing of individual field modes are investigated. If both modes are not squeezed, the
resulting state is not difference squeezed. If the high-frequency mode is in a coherent state and the low-
frequency mode is squeezed, the field state will be difference squeezed if the amplitude of the high-frequency
mode is large enough; otherwise the state may or may not be difference squeezed. If both modes are squeezed,
then the state may or may not be difference squeezed.
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These results suggest ways to generate a squeezed sum and difference-frequency fields in a

nonlinear optical process. As a result, this family of higher-order squeezing effects can be used as a resource to
improve high quality optical telecommunication [46].
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