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Abstract

The squeezing properties in the superposition of coherent States and squeezed state are investigated by means of
the measurement phase operator introduced by Barnett and S M and Pagg D T.
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1. Introduction

Recently, the discussion on phase of quantum optical field has given rise to a great many interest. It is known
that in the quantum optical, the amplitude of field is directly proportional to square root of optic-quantum
number operator and its phase is described by Susskind-Glogower phase operator exXp(£i@) , however
Susskind-Glogower phase operator are possessed of unitary trait, hence hermit operator isn’t constructed by it.
Though two hermit operator below

1 : .
cosp = E[GXp(l(p) +exp(—igp)] )

. 1 . .
sing = E[GXP(I(D) —exp(—ig)] )

are set , they have classical property because <0052 (02‘+<sin2 (0> #1. On purpose to overcome the difficulty,
unitary exponential phase operator and measurement phase operator in optical field have defined by Pegg and
Branett, and then the phase essence of optical field is studied in progresstPEGG D T, BARNETT S M.
1989)(BARNETT S M, PEGG D T. 1986). In some laboratories, the measurement phase operator usually
corresponds to the measurement of phase, therefore the measurement phase operator has raised extensive
concerns. Some classical properties are researched in detail for squeezing states, quasi-optical coherent states,
squeezing optical number states, odd and even coherent states, Schrodinger cat states and so on.

In the quantum optics, coherent state and squeezed state are two very important states in the quantum
optics(LYNCH R. 1987)(WALL D F. 1983). Coherent state is introduced by Schrodinger at first as most classical
state in pure quantum state, which is eigenstate of annihilation operator @ , whose two variances of orthogonal
amplitude of vibration are equal and they satisfy with minimal uncertainty relation. Squeezed state is squeezing
transition vacuum state, whose one orthogonal amplitude variance is less than coherent state, however the other
is more than coherent state. Squeezed state has very important application in interference measurement in high
degree of accuracy, photo-communication as well as detection of gravitation wave and microwave
signal(LOUDON R, KNIGHT P L. 1987)(WALL D F. 1987). According to superposition principle, a great many
of new quantum states are constructed through superposition of arbitrary state and many favorable works have
done. But these superposition states are usually composed of the same sort state, such as superposition of
odd-even coherent state or squeezed odd-even coherent state. Some of their non-classical properties on
measurement operator have discussed in detail. Recently the new superposition state composed of coherent state
and squeezed state is studied and its quantum effect is obtained. In the paper, the squeezed properties of the
superposition state on measurement operator are researched by mean of method in the paper(LOUDON R,
KNIGHT P L. 1987).

2. The superposition of squeezed coherent states

Superposed coherent states is defined

|8.6>=NI[|B>+e"[-B>]. 3)
where |ﬂ >and |—,B > are the coherent states, N ={2[1+ c0s5exp(—2|ﬂ|2)}’l/2 is normal parameter.

When 0 =0,7 there are below two equations

|8,0>=NI[|B>+|-p>]. |B.7>=N[|f>-|-f>] @)
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They are even coherent and odd coherent states respectively.
l ..
After squeezing operator S(&)= exp[E (E*a> —&a™)] acts on coherent | [ >, it becomes squeezed

coherent states ‘ p> ¢ » and there is

2 . 2
- - V in2 IB |ﬂ| v ﬂ
B>,=SE|f>=D (un))"* ()" H, (=) exp(- "5 —+——) ©)
‘ g | HZ:(; 2u N2uv 2 2u

where [ = | ﬂ| e’ E=re”, u=coshr, v=¢"sinhr, | ,B| and ¢ denotes the intensity and phase of
coherent | [ >, r issqueezing factor, @ issqueezing angle, H ,(z) ishermite polynomial.

By the same method, squeezing operator S(&) act on (3), and then obtain squeezed coherent ‘ B.6>,

8,65, =NI|p>, +e"[-5>,] ©)

When & = 0 and 77, (6) become squeezed even odd coherent states
8.0>, = N[>, +|-8>,] )
B>, =N[|p>, ~|-5>,] ®)

The operator l; is defined below

b=ua+va b =u'a" +v'a, )

where @ and @ are Bose annihilation and creating operator, operator b and b* have the same as

commutation relation @ and a',ie. [a,a"]= [Z;,B+] =1, and
b|p.6>, =p|B.o>,. (10)

Above expression illustrates that ‘ .0 >, is eigenstates of b . For next requirement, sign is introduced

8.6>,, =Nl|p>,-¢"|-B>,] (1)
the equations are derived (771 is integral number) from (6), (10) and (11)
prgs >, = B>, BB, =B B>, (12)
< B.0|B.S5>,=1, (13)
< B.5|B,6>,,=-2iN*sinSexp(=2|A]). (14)

~ 1—cos5exp(—2|,8|2) ~

<pB.8|B.6> = (15)
t ) > N 2
¢ " 1+cossexp(-2|A)
3. Orthogonal measurement phase operator
Pegg and Barnnet have defined orthogonal measurement phase operator below
cos, ¢p=AX,, sin, ¢=1X, (16)
1 A A4 1 A A4 . . .
where X, = E(a +a"), X, = ?(a —a"). According to the non-classical requirement of
I
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<cos;, glsin}, p>=1 A =(7m+1/ 2)71/ ®, where 71 is average photon number in considered states in the

paper, n=<a'a>=<N >.

By means of the relation of measurement phase operator and optical number operator, the important equations
are got

[cos,, @,sin,, gp]=%ﬂz, (17)
[cos,, ¢, N]=isin,, ¢, (18)
[sin,, @, N]=—icos,, ¢. (19)

4. Squeezing of measurement phase operator

In quantum-optical field, when two operators Y, and Y, don’t satisfy reciprocal relation, its accuracy of

measurement is restricted by measurement indeterminacy principle below

<(AY)® ><(AY,)’ >>%|[YI,Y2]|. (20)
If the inequality is right
1
<(AY)’ ><5|[Y1,Y2]|, (i=1,2) 1)

then there is squeezing effect in optical field component Y,. With the view of description degree of squeezing,

S, is defined
S, =<(AY)" > —%|[YI,Y2]|, (i=1,2) (22)

When S; <0, it indicates that there is squeezing in the Y.

From the expression (15), (16), the squeezing degrees of measurement phase operator are

Lie A s A e i 2 A s
S =<(Acos), @)’ >——|A[ ==<a’+a” >-"—<a+a" > +—<a'a>
4 4 4 (23)
2
:T[2<&*&>+<&2+&*z>—<&+&*>2]
. Lip A g an A . o A s
S;% =<(Asiny, @)’ >—— | =—=-<a*+a? >+=-<a-a" > +—<a'a>
4 4 4 o
2
:T[2<&+&>+<&_&+>2_<&2+&+2>]
1 .
SV =< (Acos,, )’ > —§|< sin,, ¢ >|
A . A Al A A
:T<a2+a*z>—T<a+a*>2—%‘<a—a*>‘+7<a*a>+7 (25)

2 A
:T[2<&+&>+1+<&2+&+Z >—<a+at >2]—|7r|‘<&—&+ >‘
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SN =< (Asin,, @)’ > —%|< cos,, ¢ >|

A2 A A A A AT A
= <d*+a®>+"=—<a-a">* ——‘<a+a+ >‘+—<a+a>+— (26)
4 4 4 2 4

5 A 4
/12 At A A2 A2 I At 2 |ﬂ”| A A+
=T[2<a a>+l-<a +a”>+<a—-a > ]_7‘<a+a >‘

A

In order to calculate above four values, @ and 4" are denotedby b and b"

& =u*l;—vl;+’ a’ :u1;+ —V*[; 27)
a+a" =W —v)b+u-v)b*
( ) | ( )A | ) 28)
= (cosh 7 —e ™ sinh )b + (cosh 7 — " sinh )b "
G- =W +v)b—(u+v) b*
. . . . (29
=(cosh 7 + e sinh )b — (cosh r + ¢ sinh 7)b*
a‘a= (|u|2 + |v|2)l;+l; —u' Vb —uvh™? + |v|2
NN R I ST L2 | i 2 (30)
=cosh2rb’b —Ee_’ sinh 2rb” — Eel sinh 2rb™ +sinh” r
4> =u”bh> +v*b** = 2u'vb b —u'v 31)
a? =ub? +v?h* = 2uv'b' b —uv' (32)
G +a7 =W +vHb + W+ =2 v+uwv )b b — (v +uv')
= (cosh? r+ e 2’ sinh® )b + (cosh? r + €*? sinh? )b (33)

—2sinh 2rcos @b h — 2sinh 27 cos &

5. The discussion of Squeezing effect of measurement phase operator

Through calculating, the expressions below are obtained

a‘a= (|u|2 + |v|2)l;+l; — Vb —uvh? + |v|2
= cosh2rb*b —%e’y sinh 275 —%e’y sinh 275" +sinh® r

n=<a'a>=,<p,d| (ch2rb*b —%e’ﬂsh%l;z —%e’psh%l;*z + shzr)‘ﬂﬁ >,
=|B[ char,, < B.5|B.5 >, —%eig,b’zsthg <B.5|B.5>,
_%e"gﬂ*zsthg <B.5|p.5 >, +shr, < P.5|.5 >,
= C|ﬂ|2 ch2r —%e’yﬂzsh% —%eigﬂ*zsh2r +sh’r
= C|ﬂ|2 ch2r —%|,[)’|2 sh2r(e 7% + 7)) + sh’r

=C|B[ ch2r—|p[ sh2rcos(9—24)+sh*r
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7 = C|p| cosh2r —| A sinh2r cos(6 - 2¢) + sh’r (34)
a+a" =@ —v)b+u—v) b*

= (chr —e ’shr)b + (chr —e”shr) b*
B0 >,
=,<pB,0 ‘ [(chr—e shr)b+ (chr — e shr) b*]
= (chr—e "shr) ,< B,6]b
= f(chr—e’shr), < B,6

Ao
<a+a >= ,<p,6

(a+a")

B0 >,

B.8 >, +(chr—e’shr) < B,8]b"|B.8 >,

B.6>,,+ B (chr—e“shr),, < B.6|,6 >,

= B(chr—e shr)(—2iN” sin 8 exp(-2 | y’) |2 )+ B (chr —e”shr)(2iN? sin & exp(—2 | p |2))

= 2iN? | Blchrsin S exp(-2| B We™ — &)+ 2iN?| 5| shrsin S exp(=2|B[ Ye P — &)
= —2iN?|B|chrsin & exp(~2| 8" )(e* —e ™)~ 2iN* | 5| shrsin S exp(~2|B[ )@ —e @)
= 4N?|B|chrsin gsin Sexp(=2| B[ ) + 4N?| | shrsin(@ - ¢)sin & exp(-2| )

= 4N?|f|sin S[chrsin g+ shrsin( - g)lexp(=2| A

<a+a >=4N? |ﬁ| sin d[cosh rsin ¢ + sinh  sin(@ — @) ] exp(—2 |ﬂ|2) (35)

a—at =W +v)b—(u+v b*

=(chr + e ’shr)b — (chr + ” shr)b*
(@-a"|p,o>,
[(chr + e shr)b— (chr +’shr) b*]

<a-a'>= ,<p,0
=,<B,0
= (chr+ e "shr) ;< ,8|b
= ,B(chr+e_igshr)g <p,0

p,0 >,

B.8 >, —(chr+e&"shr), < B,5|b"|B.6 >,

B.5 >, — B (chr+e®shr),, < B,5|B.5>,

= B(chr+ e shr)(~2iN? sin Sexp(~2| B[ )~ B" (chr + €”shr)(2iN* sin & exp(=2| 5] ))
=-2iN’ |,8| chrsin J exp(—2 |ﬁ|2 ) +e )= 2iN? |ﬁ| shrsin d exp(—2 |,B|2 e 40
= —4iN? | B|chr cos gsin & exp(=2|B|") — 4iN? | B|shr cos(8 — ) sin S exp(=2|]*)

= —4iN* | B|sin S[chr cos ¢+ shr cos(6 — $)]exp(—2 |ﬁ|2)

<a—a" >=—4iN?|p|sin S[cosh r cos ¢+ sinh r cos(6 — #)] exp(—2 |,6’|2) (36)

@ +a? =W +vHB + W+ =2 v +u )b Tb— (v +uv’)

= (ch’r+ e’ sh*r)b* + (ch*r + &’ sh*r)b* — 2sh2r cos 0b*b — sh2r cos 6

5,0 >,

[(chr + e 2 shr)b* + (ch*r + ¥ sh*r)b*? — 2sh2r cos Ob*b — sh2r cos 0]

B0 >,

<@’+a?>= < p,6|a’+a”
=,<pB.0
= (ch2r+e'2[5sh2r)g < p,0

B.6 >, —sh2rcosO < ,5]|3.5 >,

B0 >,

bA+2

B |B.5 >, +(ch’r+esh’r), < B.6

—2sh2rcos@, < 8,6 b*b

= B2 (ch*r + e sh’r) + B (ch’r + e sh’r) — sh2r cos 2C | ] +1)
= 2|4 ch®rcos2¢+2|B[ shrcos(20—24) - sh2r cos OQ2C| A" +1)
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<@’ +a”>=2 |ﬁ’|2 cosh’ rcos 2¢ +2 |,8|2 sinh® 7 cos(26 — 2¢) — sinh 2r cos §(2C |,8|2 +1) 37
Through calculating, the expressions below are obtained

cs 2 Li,e A A2 A42 A2 ALoAr 2 A2 At A
S =< (Acos,, @) >—Z|/1| =@ A>T card S o cda>

2
:T[2<£ﬁ&>+<&2+&*2 >—<da+a >

2
.5 - 1-cosdexp(=2|4])

N={2[1+cosé'eXp(—2|ﬂ|2)}_l/2 e <B>0 4t cosS ( 2|,B|2) -
cos & exp(—

Put (19) into (17)
S = %[c| /3’|2 ch2r | ﬂ|2 sh2r cos(0 —2¢) + sh’r +1/2]"
2| ch*rcos 2¢+2| B[ sh*r cos(20 —2¢) — sh2r cos 2C | B[ +1)
—[4N?|B|sin &(chrsin ¢ + shr sin(6 — §)) exp(-2| ﬂ|2)]2
+2(C|B[ ch2r—|p[ sh2rcos(0—2¢) +sh’r)}
S = %[c| B[’ ch2r—| B’ sh2rcos(0—2)+ sh*r +1/2]"
2|B" ch’rcos2¢+2| B[ shr cos(20-24) — sh2r cos O(2C | B[ +1)
~[4N? | B|sin &(chrsin ¢+ shrsin(@ — p)) exp(~2| BT
+2(C| ﬂ|2 ch2r—| ﬂ|2 sh2rcos(0 —2¢) + sh’r)}
S¢S = %[c| Bl ch2r—|B| sh2rcos(0—2¢)+sh’r +1/2]"
2| /f|2 [ch’rcos2¢ + sh*r cos(20 — 2¢) — sh2r cos(0 — 2¢)]
+(25h*r —sh2r cos )+ 2C| B[ [ch2r — sh2r cos 6]
—[4N? exp(~4| 8] J4N? | B[ sin? S[chrsin g+ shrsin(@— )}
SE = %[c| Bl ch2r | B[ sh2r cos(8-2¢)+shr +1/2]"
2|B[ ch’rcos2¢+2| B[ shr cos(20-24)— sh2r cos O(2C | B[ +1)
~[4N? |B|sin &(chrsin g+ shrsin(0 - ¢)) exp(~2| ] )]’
+2(C| B[ ch2r—| | sh2rcos(8—2¢)+sh’r)}
S = %[c| B ch2r —| B[ sh2rcos(0—2¢)+sh’r+1/2]"
2| ﬂ|2 [ch’rcos 2+ shr cos(20 —2¢) — sh2r cos(6 — 2¢)]
+(2sh’r —sh2r cos ) +2C| | [ch2r — sh2r cos ]
—[4N? exp(~4|B)14N? | B[ sin? S[chrsin g+ shrsin(@—§)]}
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By means of numerical calculation technique, some of figures which indicate squeezing degree Sl.CS (i=1,2),
S¥and S* varying with f, 7, O, ¢and 6 are drawn. In these figures, Solid line denotes squeezing
degree SICS and S curve varying with B, r, 0, ¢gand O, dot line denotes SZC Sand S* curve varying
with B, 7, &, dand @. 1f S©(i=1,2) is negative, it indicates that there is a kind of squeezing

properties of CS . If S Nor S is negative, it indicates that there is a kind of squeezing properties of CN or

SN .

017 5=7/6
L S
T 3 3 4
0. 5=72
. 5=37/4
031
4

@ r=1
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51 6=37/4
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(e 6=0 Hh o=rx (g r=1
Figure 1. The curve of degree of squeeze SICS and SZC % varyingwith f, randdat g=60=0

In fig (1), there are squeeze in squeeze odd-even coherent from fig (a), (b), (e) and (f) under different » at

$=0=0.

0.1

gp; s=n/3
-021 s=x/2

: 03 5=3n/4

@ 5=0,7 ) r=05 (© 5=15

Figure 2. The curve of degree of squeeze SV varying with #, randdat ¢=0=0

In the fig 2, fig (a) indicates that there are not CN squeeze in the squeezed odd-event coherent under different »
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at =60 =0. Fig (b) and (c) indicate there are CN squeeze under differentd , and the length of squeeze
interval rise when 7 increase. There is not SN squeeze.

6. Conclusion

In the paper, the squeeze properties of measurement phase operator are investigated in Superposition of Coherent
State and Squeezed state.
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