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Abstract

The quantum effect of squeezing of electromagnetic field is investigated in
fundamental mode in seventh harmonic generation under the short time
approximation. Squeezing is investigated in higher orders of field amplitude in
fundamental mode. Squeezing is found to be dependent on coupling constant g
and phase of the field amplitude. The effect of photon number on squeezing
and signal to noise ratio in higher order of field amplitude in fundamental
mode has also been investigated.
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Introduction
Optical fields in states with purely quantum mechanical properties are the key
ingredient of quantum optics. Light fields presenting squeezing are well known
examples of non-classical states. As a direct consequence of the quantum nature of
electromagnetic radiations, it is well known that all light fields fluctuate. The
minimum uncertainty states having less fluctuation in one quadrature than coherent
state at the expense of increased fluctuations in the other quadrature are called
squeezed states of the electromagnetic field.

Initial studies regarding squeezing were done keeping in view the theoretical
aspects [1-3]. The first experimental demonstration of squeezed light succeeded in
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1985 [4]. These states have nonclassical noise statistics and their predicted generation
schemes include as harmonic generation [5], multi-wave mixing processes [6], optical
parametric oscillation [7-8], and nonlinear polarisation rotation [9].

Recent work has highlighted the potential applications of squeezed states such as
in the high precision quantum measurement and the processing of quantum
information. They have been used to improve the sensitivity of interferometers for the
detection of gravitational waves [10-11]. Another field of application is quantum
teleportation [12-13] and quantum computation [14]. Recently squeezed states of light
have been used for quantum information networks [15-16].

Definition of squeezing and higher order squeezing

Squeezed states of an electromagnetic field are the states with reduced noise below
the vacuum limit in one of the canonical conjugate quadrature. Amplitude-squared
squeezing is defined in terms of operators Y; and Y; as

nzaﬁ+mﬂ mdgzighﬁﬂ

where Y, and Y, are the real and imaginary parts of the square of field amplitude,
respectively. A and A" are slowly varying operators defined by

A=ae and Al =qle7"

The operators Y; and Y, obey the commutation relation

[V,Y, | =i@N +1)

1772

which leads to the uncertainty relation

AYAY, < (N+;]>

where N is the usual number operator.
Amplitude-squared squeezing is said to exist in Y; variable if

(AYi)2<<(N+%j> fori=1 or 2

Amplitude-cubed squeezing is defined in terms of operators
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Z, =%(A3 +AT3) and 7, :2%'(’43 —AT?’)

The operators Z; and Z, obey the commutation relation

172

[z Z]z%(9N2+9N+6)

which leads to the uncertainty relation

AZAZ, > LN +on +6)
4

Amplitude-cubed squeezing exists when

(AZ) < i<(9N2 1ON + 6)> for i=1 or 2

Squeezing of fundamental mode in seventh harmonic generation
Seventh harmonic generation model is shown in Figure 1. In this model, the
interaction is looked upon as a process which involves the absorption of seven
photons, each having a frequency w; going from state |1> to state |2> and emission of
one photon of frequency ®, where w; = 7m;.

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

H =o'+ op'b+g(a’s +al") (1)

in which g is a coupling constant for seventh harmonic generation.

A = a exp(ioit) and B = b exp(iwyt) are the slowly varying operators at
frequencies ®; and ®;, a(a’) and b(b") are the usual annihilation (creation) operators,
respectively. The Heisenberg equation of motion for fundamental mode A is given as
(b=1)

0A dA

Pl i[ H,A] )

Using Eq. (1) in Eq. (2), we obtain
A=—TigA"®B 3)

Similarly,
B = —igA” (4)

By assuming the short time (=10 s) interaction of waves with the medium and
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expanding A(t) by using Taylors series expansion and retaining the terms up to g*t as
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Figure 1: Seventh harmonic generation model.

A(t)=A-TigtA" B+ g gt [42(,4*5 A® 15" A% 110047 A" + 300472 4°
+36041 4 +120 4) B B~ AT Aq ©)

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 the harmonic
mode B i.e.

) =[}lo) ©

Using Eq.(5) and (6), the second order amplitude in fundamental mode is
expressed as

. 5 7 5
A (t) = 4 ~Tigt (214T 64464 )B -5 s (214T 645 1 6Al A7) o

and

. 5 7
A2 (1) = AT 4 7zgt(2A*A6 + 64 )BT —59%2 (QATSAG + 6A”A5) ©

For amplitude squared squeezing, the real quadrature component for the
fundamental mode is given as
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LT o 2
V()= 5[4 () 47 (1)) ©)
Using Egs.(6), (7) and (9), we get the expectation values as

<l//‘YfA (t)‘ 1//> = l[a‘l +a* +2‘a‘4 +4‘a‘2 +2 —7g2t2(2054 ‘a‘lz
4 4] [0 L 4] 6 wr| 12
+ 18 ‘a‘ + 60 a‘ + 60 ‘a‘ +2a ‘a (10)

+18a™ ‘a‘m + 600" ‘a‘g +60a™ ‘a‘G +4 ‘a‘lﬁ +16 ‘a‘M )J

and

(ofpafol) =4[t o vl -7 of et

12 10 16 14 (D
+2a™ a‘ + 6™ ‘a‘ + 4‘0{‘ + 12‘0{‘ )J
Therefore,
[av, ()] = Halof” +2-702 024" |of* + 600 |of +60a" o]
4 wt| 11O et ] I3 et | 6 14 (12)
+12 ‘a‘ + 60 ‘a‘ +60c ‘a‘ + 4‘0{‘ )]
Using Egs.(5) and (6), number of photons in mode A may be expressed as
¥ 1) = 4" ()40
- ATA - ngt(AT g AGB*) 72 AT AT (13)
N12A (t) =Ny (t)Nm (t)
= AP2A2 L ATA — 742 (2AT8A8 4 7A”A7) (14)
Using Egs.(6) and (13), we get
<N1A (t)+%> :ﬂzx\af +2 - 28422 \aﬂ (15)
Subtracting Eq.(15) from Eq.(12), we get
[av, ()] —<N1 (1) +%> = 1558 Ua\m +5af” +5\a\10Jcos 10 (16)

The right hand side of Eq.(16) is negative and thus shows the existence of
squeezing in the second order of the fundamental mode for all values of 6 for which
cos40 >0.
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Using Egs.(5) and (6) the third-order amplitude of the fundamental mode is
expressed as

A (t)= A’ - Tigt(3ATC A’ +18AT A+ 30A™ ) B —%gztz (3a70A7

(17)
+18AT A8 +30AT4A7)

and
AP (1) = AP + Tigt (3,4T 246 41841 A° + 30,44)3T —g F(3ATAS

| | (18)
+18A84° +30AT7A4)

Using Eq.(17) the real quadrature component for third-order squeezing in
fundamental mode is expressed as

1r . 3
(1) =4[ ()2 (1)
- %[/ﬁ + AT _7igt (3AT 642 £18A1° A + 304 ) B+ Tigt (3AT 246 11841 A°
+304") B -g G (3ATOAY 4 18ATA 4 304V AT 340 18414 (19)

+30417 Aﬂ

Using Eqgs.(6) and (19), we get the expectation values as

({2 1)) =] o+ 4 +fd 19 073
+450f‘0410 +3moﬂaf +M‘046 +1080a6‘044 +3€IJ046‘042
+30%d +450°ld +3006|d +o06ld +10806°ld. (20)
vl 0 51" 1|

<1//‘Z1A (t)‘ 1//>2 = i[aﬁ +a"% +2 ‘a‘ﬁ — 7¢*t* (3" ‘a‘m +18a° ‘a‘m

and +30a° ‘a‘g + 3a % |a? + 18a"%|a|" + 300" |af°
+6]a|'® +36|al® + 600514)} -
Therefore,
(7,4 = [0l +15ldf" +6-7¢cr]d"+ 2]l + 00l .

+1080‘044 +360‘042 +60)(f +a”6)+18‘0416 +72‘0414 }]
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Using Egs.(13) and (14), we get
i<9N12A (£)+ 9N, (t) +6) = i[g la| +18]af +6-74%2(18o| "

+72]a] ) (23)

Subtracting Eq. (23) from Eq. (22), we obtain

(az,(1)] —i<9N12A (1) +9,, (1) +6)

24
= 7¢*2(135]a| " +135]a] +450[a] ~ +540[a| " +180]al’) cos 66 i

The right hand side of Eq.(24) is negative, indicating that squeezing occurs in
cubed amplitude for all values of 6 for which cos66 >0 in the fundamental mode of
seventh harmonic generation.

Signal-to-noise ratio
Signal to noise ratio is defined as ratio of the magnitude of the signal to the magnitude
of the noise. With the approximations 6=0 and Igt|” «I, the maximum signal to noise
ratio (in decibels) in field amplitude and higher orders, is given below.

Using Egs.(11) and (12), SNR in amplitude-squared squeezing is given as

. (2‘05‘6 +6 ‘ar)
SNR, =20 log,, ’ 5 (25)
(7]e| +30[a| +30)
Using Egs.(21) and (22), SNR in amplitude-cubed squeezing is expressed as.
. (‘a‘lo +6 ‘a‘g +10 ‘a‘ﬁ)
SNR, = 20" log,, (26)

(6]af +51]af +150a| +180)af +60)

Results
The results show the presence of squeezing in second and third order of field
amplitude in fundamental mode in seventh harmonic generation. We denote right
hand side of Eqgs.(16) and (24) by Sy and Sy respectively, which shows the presence
of squeezing in amplitude-squared and amplitude-cubed states of the field. Taking Igtl*
= 10" and 6=0 for maximum squeezing, the variations of Sy and Sy are shown in
Figures 2 and 3 respectively. Degree of squeezing is shown as a function of 1a’.

It is clear from Figures 2-3, that the squeezing increases non-linearly. with lal*.
This confirms that the squeezed states are associated with the photon number in
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fundamental mode. The variation of SNR in different orders of field amplitude for a
squeezed state with photon number has also been shown in Figure 4. The signal-to-
noise ratio is higher in lower order squeezed states as reported earlier for Raman

Process [17].
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Figure 2: Dependence of amplitude-squared squeezing on lal’.
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Figure 3: Dependence of amplitude-cubed squeezing on lal’.
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Figure 4: Signal to noise ratio for second and third order squeezing.

Conclusion

It is shown that the selective phase values of field amplitude of fundamental mode
during seventh harmonic generation lead to squeezing in second and third order of
field amplitude which can be used in the field of high-precision measurements,
quantum information and in reducing noise in the output of certain non-linear devices.
Further, Figures 2 and 3, show that the degree of squeezing increases with increase in
the order of field amplitude of the fundamental mode.
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