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During the fabrication of quasi-phase-matched (QPM) devices, errors of periodic structure are usually inevitable.

The errors result in the deviation of the actual periodic domain length from the theoretical value. In this paper, we

numerically analyse the influence of errors on the quadrature squeezing performance of a degenerate optical parametric

amplifier consisting of QPM devices. It is shown that errors significantly degrade the squeezing degree of the quadrature

squeezed light. Due to the presence of the errors, the relative phase between the signal and the pump field for obtaining

the maximum squeezing depends on the propagation distance of light in the crystal and the pump power.
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1. Introduction

It is well known that squeezed light can be ob-
tained through second-harmonic generation (SHG)
and parametric down-conversion in y(?) media.[»:2l To
achieve efficient frequency conversions, optical crystals
have to be prepared to satisfy phase-matching condi-
tions. In traditional schemes, the birefringence of a
crystal is explored to accomplish the phase match-
ing. Recently, a new type of nonlinear crystal, called
a quasi-phase-matched (QPM) crystal, has attracted
extensive interest.®] In a QPM crystal, the sign of
the nonlinear coefficient of each domain length in the
medium is reversed periodically. The great advan-
tage of QPM techniques is that the largest element
of x(? tensor and a much longer effectively interact-
ing length can be utilized. Thus, a high efficiency
in frequency conversion can be achieved, and corre-
spondingly squeezed light with a high squeezing degree
can be effectively generated by using QPM devices.
The squeezing has been observed in QPM waveguides
through parametric amplification*?! and SHG.[®! Our
group in 2001 achieved the quadrature phase squeez-

ing light reflected from a triply resonant optical para-

metric oscillator.[”) The theoretical results®? show
that a high degree of squeezing can be obtained with
a perfectly phase-matched device.

In a practical QPM device, there are inevitable
deviations between the domain length and the de-
signed length due to the imperfect fabrication tech-
nology. Noirie et all'® and Maeda et al ' have
considered the effect of domain errors on amplitude
squeezing of SHG in a QPM device.

out that the domain errors can degrade the squeezing

They pointed

degree. In this paper we numerically analyse the influ-
ence of the errors in domain length on the quadrature
squeezing of the subharmonic light generated from a

degenerate optical parametric amplifier.

2.Theoretical model

During the calculation the intensive pump field is
considered as a constant classical light field. Ignoring
optical losses, the equations of coupled waves in the
nonlinear interaction are written as!®!
da(z)

dz

= geXp[i(Ak‘Z + ¢pump - ¢signa1 - ¢idler)}b+ (Z),
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db(z

1z ) = geXp[’L(AkZ + qspump - ¢signa1 - ¢id1er)]a+ (Z),

(1)

where a(z) and b(z) are the operators for signal and

idler fields, and ¢pump, Psignal and @iqier are the phases
of pump, signal and idler fields, respectively. Ak =
k

pump — Kidler — Ksignal is the wave vector mismatch.

. . (2))2 1/2
g = (—1)Int(2z/4) 2WsignalWidler|d Ipump] is the

Nsignal Nidler Mpump&€0C

nonlinear coupling coefficient. The superscript Int
indicates taking the integer part of 2z/4, A is the pe-
riod length of a QPM device, d(?) is the effective non-
linear coefficient, ¢ is the speed of light in vacuum,
Iyump 1s the pump power, €q is the dielectric constant
in vacuum, and 7gjgnal, Nidler a0d Npump are the refrac-
tive indices for signal, idler and pump fields, respec-
tively. For a degenerate frequency down-conversion
with identical signal and idler fields, Eqs.(1) are sim-
plified to

da(z)
dz

= gexp[z(Akz + ¢pump - 2¢signa1)]a+z~ (2)

According to the method proposed by Ben-

cheikh et al,[® we introduce two variables

p(2) —%{exp[ i(%z + g)]a(z)
| e,

a(2) :%i{exp { - z<%z + gﬂ a(2)
— exp :i<%z+ g):a+(z)}.

Combining Eqs.(2) and (3), the equations of motion

3)

of p(z) and ¢(z) are obtained:

dz—(;) =gp(z) + %kQ(z),
W gee) - e ()

Taking K = [(Ak/2)? — ¢*]'/? and assuming
(Ak/2)? > g? (which is usually satisfied in the practi-

cal system), we introduce the dimensionless variables
A=Ak/2K, G=g/K,
C =cos(Kz), S =sin(Kz).

Equations (4) are simplified to

ol 1D clesllio

Two typical cases are analysed as follows.
2.1. Perfect QPM device

Assuming A = 2L, then we have A = 2L = 7/K.
At the end of the first half-period (z = L), we have
C = cos(7/2), S = sin(n/2), and thus Eq.(5) becomes

oL Sl @

Because the sign of g and G is reversed for the
inverted domains of the QPM device, at the end of
the second half-period (z = 2L) we have

[t e | R
After propagating through n periods, we obtai(n7 )
{ p(2nL) } _ { —(G? + A?)

—2AG }"
q(2nL) —2AG

—(G* +4%)

[ p(0) } ®)

q(0)
Equation (8) can be rewritten as
AT +AY AT =AY
[ p(2nL) ] _ 2 2 { p(0) ]
q(2nL) AT —A7 AT+ AY q(0) ’
2 2

where \; = —(G + A)2, My = —(—G + A)2.
Combining Eqgs.(3) and (9), we obtain the anni-
hilation operator of the signal field:

of2) = exp[i(Akz/2 + §/2)]

2
a(0)exp(—i®/2) (A} + A\3)+
ia*(0)exp(i®/2)(A] — A})

(10)

We assume the original signal wave (z=0) be in a
coherent state. The variances of the quadrature ampli-

tude and phase operators are calculated algebraically

X =a+a™,
< (AX)?>o14 AT ;AS)Z A - A2
X CoS <Akz + &+ 72r>’ (11)
Y= ila—a®),
<(av) =14 A ;AS)Q A - A2

X COS (Akz + - g), (12)



792 Li Yong-Min et al

Vol. 11

For the particular case of z = 2mL = mn/K ~
2m/ Ak, where m is an integer, we obtain Akz = 2mm.

Equations (11) and (12) can be written as
04— A

2 2
X €08 <45 + g) (13)

< (AX)? >=1+

O =X | A
2 2

X cos <q§ - g) (14)

2.2. QPM device with period error

< (AY)? >=1+

The deviation of the domain length from the ideal
length can be categorized into two types.'!! (a) Uni-
form deviation in the whole length of the device. In
this case we have A = Ag(1+0), where the introduced
parameter o (deviation parameter) denotes the degree
of deviation, i.e. when 0=0, there is no deviation, and
a larger o corresponds to a larger deviation. Ag is the
perfect QPM period length, and A is the actual period
length. (b) Stochastic variations of the domain length
caused by non-ideal fabrication processes. Consider-

ing the stochastic variations of the period length, we

write
M M 2
1 1 Ao 1
+ 2 42
aF 2 An = 4o, MZ<A”_2> 17 Ao
n=1 n=1
and

where AT and A~ are the lengths of the domain
with positive and negative nonlinear coefficients re-
spectively. M denotes the total period numbers in-
cluded in the QPM device.

We consider a practical system with o # 0, now
C = cos {g(l—i—a)} and S = sin {g(l —I—o)} instead of
the ideal case C=0 and S=1. Solving Eq.(5) numeri-

cally, we obtain

(2] o

where matrix [ } is the product of 2n matri-

[ C+GS AS
ces

-AS C-GS
gation of the signal field.

] which describe the propa-

Combining Eqgs.(3) and (15), we have

exp[i(Akz/2 + §/2)]
2

a(z) =
a(0)exp(—i®/2)a+ '
iat(0)exp(i9/2)3

where o = (A+D)+i(C—B), 8 = (B+C)+i(D—A).

We assume that the original signal is in a coherent

(16)

state, and the variances of the quadrature amplitude

and phase operators are calculated algebraically

< (AX)? >:i(aﬂei(¢+”/2)
+ a*ﬁ*e—i(¢+7r/2) + |a‘2 + |,@|2), (17)

< (AY) >:%(aﬂei(¢_”/2)
+aBre P/ o 4+ |8)7). (18)

3. Numerical analysis

As an example, we numerically calculate the
variance of quadrature amplitude of the signal
field generated from a degenerate parametric down-
conversion in an actual periodically poled LiNbOgs
(PPLN). The corresponding parameters are as follows:
Apump=1.06pm, Agignai=Aidler=2.12pm, the nonlin-
ear coefficient d(?)=27pm/V (ds3), the crystal length
Lppin=20mm, and the period length A=31pm.

3.1. The effect of uniform period deviation
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o

Fig.1. The variance of quadrature amplitude versus
the deviation parameter o in the case of uniform pe-
riod deviation. SQL denotes the standard quantum
limit (Jpump=1.6MW /cm?, L;,;1,=20mm).

The variance of quadrature amplitude as a func-
tion of the deviation parameter o is plotted in Fig.1.

As o increases, the variance increases quickly at first,
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then the variance appears in periodic oscillations, and
the minimum variance is much higher than that for
0=0. This means that, when o # 0, the quadrature
squeezing decreases greatly. It should be pointed out
that uniform period deviation can be compensated by
tuning the temperature of QPM devices. This is be-

cause, for a QPM crystal, we have

2 1 1 1
= - Ak=27—— — — — 1
AK = Ak 1 7r<)\p X >\i>’ ( 9)

where AK is the phase mismatch, and Ak is the
wave vector mismatch. In an ideal case, AK =0, when
the period length has a uniform deviation, the phase-
matching condition is destroyed: AK = Ak — 2771- # 0.
Since Ak is a function of temperature, so we can
change Ak by tuning the temperature of the crystal
and making AK =0 again.

3.2. The random period deviations

For random period deviations, the length of ev-
ery period changes randomly. A practical QPM device
usually consists of thousands of periods; typically we
assume that the period lengths obey the normal dis-

tribution

P(A) = — M] . (20)

exp| —
V2ro { 202

Figure 2 shows the variance of quadrature amplitude
versus the propagation distance in a QPM device for
three different deviation parameters (o = 0, o = 0.01,
o = 0.1). For a given o we plot several curves: four
curves for 0=0.01 and five curves for 0=0.1 (corre-
sponding to four different crystals with deviation pa-
rameter 0=0.01 and five different crystals with devi-
ation parameter 0=0.1). When the propagation dis-
tance increases, the variance decreases monotonically
for small o (0=0.01) and there is no distinct difference
between different crystals. However, for larger o the
curves separate distinctly and there are fluctuations in
each curve. From Fig.2 we see that the larger ¢ has a
stronger influence on the squeezing performance. Fig-
ure 3 illustrates the relative phase between the pump
and the signal fields, corresponding to the minimum
variance of quadrature amplitude versus the propaga-
tion distance. For perfect QPM devices (0=0), the
relative phase is a constant 7/2 and does not change
For 0=0.01 the rel-

ative phase presents weak fluctuations around 7/2.

with the propagation distance.

But, for 0=0.1, the relative phase oscillates randomly

between —7 and w. Figure 4 shows the variance of

quadrature amplitude as a function of pump power
for three different . The four curves for 0=0.01 and
five curves for 0=0.1 correspond to the four different
crystals with 0=0.01 and five different crystals with
0=0.1, respectively. As the pump power increases, the
variance decreases due to a stronger nonlinear inter-
action, however, the rising speed reduces for larger o.
Again, the curves for 0=0.01 are very close but, for
0=0.1 the curves separate distinctly and the variance
decreases slowly without oscillation. In Fig.5 we plot
the relative phase between the pump and the signal
fields corresponding to the minimum variance versus
the pump power; for 0=0.1, it is a constant value of

7/2, for 0=0.01 and 0=0.1, little change is shown.
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Fig.2. The variance as a function of propagation dis-
tance for different o in the case of random period de-
viation (Ipump=1.6MW /cm?).
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Fig.3. The relative phase between the pump and the
signal fields for maximum squeezing as a function of
propagation distance for given o in the case of random
period deviation (Ipump=1.6MW /cm?).

The influence of o on the quadrature amplitude
squeezing is clearly seen in Fig.6. At a certain o

we plot three dots corresponding to three different
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crystals with the same ¢. The maximum squeez-
ing of 10dB is obtained at 0=0. The squeezing de-
creases as o increases and there are fluctuations in the
curve. The reduction of squeezing is 1dB for o < 0.01,
and there are no more differences between the three
curves. When o reaches 0.1, the squeezing degrades
to 1dB and the three curves obviously separate. As
mentioned above, for different QPM devices with the
same deviation parameter 0=0.1 the squeezing perfor-

mances are different.
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Fig.4. The variance as a function of pump power
for different o in the case of random period devia-

tion (Lppln=20mm).
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Fig.5. The relative phase between the pump and the sig-
nal fields for minimum variance versus pump power in the

case of random period deviation (Lpp1n=20mm).
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Fig.6. The squeezing as a function of the deviation
parameter o in the case of random period deviation
(Ipump=1.6MW /cm?, L,;1,=20mm).

4. Conclusion

In this paper we have studied numerically the in-
fluences of the period deviation in QPM devices on
the quadrature squeezing light generated by a degen-
erate optical parametric amplifier. It is shown that,
for uniform period errors, the quadrature squeezing
degrades quickly at first, then a periodic oscillation
around a higher noise level appears as the deviation o
increases. This kind of deviation can be compensated
by tuning the temperature of the QPM device. For the
random period errors, the dependence of the squeez-
ing upon the deviation parameter o and the differ-
ent QPM devices with the same deviation parameter
are more complicated. Generally, the larger ¢ has a
stronger influence on the squeezing performance. We
have also studied the dependence of the relative phase
between the signal and the pump fields for obtaining
the maximum squeezing on the deviation parameter
o, the length of QPM crystal and the pump power.
We believe that the calculated results based on the
actual parameters of a PPLN can provide some valu-
able references for the design and application of the
QPM devices.

References

[1] Zhang K S, Zhang J, Xie C D and Peng K C 2000 Acta

Phys. Sin. 49 80 (in Chinese)
[2] Peng K C, Pan Q, Wang H, Zhang Y, Su H and Xie C D

1998 Appl. Phys. B 66 755
[3] Zhu S N, Zhu Y Y and Ming N B 1997 Science 278 843
[4] Anderson E, Beck M, Raymer M G and Bieclein J D 1995

Opt. Lett. 20 620
[5] Serkland D K, Fejer M M, Byer R L and Yamamoto Y

1995 Opt. Lett. 20 1649
[6] Serkland D K, Kumar P, Arbore M A and Fejer M M 1997

Opt. Lett. 22 1497

[7] Li Y M, Fan Q Y, Zhang K S, Xie C D and Peng K C
2001 Acta Phys. Sin. 52 1492 (in Chinese)

[8] Chickarmane V S and Agarwal G S 1998 Opt. Lett. 23
1132

[9] Bencheikh K, Huntziger E and Levenson J A 1995 J. Opt.
Soc. Am. B 12 847

[10] Noirie L, Bidakovic P and Levenson J A 1997 J. Opt. Soc.
Am.B 14 1

[11] Maeda J, Matsuda I and Fukuchi Y 2000 J. Opt. Soc. Am.
B 17 942



