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ABSTRACT

The aim of this paper is to develop framework to generate squeezed light for binary quantum communication. Both
theoretical and experimental models to generate squeezed state using optical parametric amplifier (OPO), which is
implemented around He-Ne laser, are described in details. The results will be used as a guide line to investigate the
performance of squeezed light-based quantum communication over noisy channel and this issue will be presented in
accompanying paper [1].
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1 INTRODUCTION

Quantum state of light lies in the heart of quantum theory. It is represented by a vector in the complex Hilbert space and
contained all the information about the possible results of measurement on the system. The quantum system should obey
the Heisenberg uncertainty principle. From this point of view, intrinsic random fluctuations have been imposed by the
uncertainty principle, which prohibits simultaneous determination of the position and the momentum. On the other hand,
the quantum state is called a pure state if it is contained the maximum information about the system otherwise it is a mixed
state that combined from two or more pure states [2].

There are three fundamental types of quantum states, Fock, coherent, and squeezed states. Fock states or number states
are purely non- classical quantum states. They are used as a basis in quantum information technology such as quantum
communication and quantum computation [3]. There is an enormous difficulty for the generation of this type of states but
recently many efforts are exerted to generate a source of multi-photon number states [4-6]. Instead, a fainted laser pulse
may be, in average, considered as a single photon source according to the Poisson distribution [7]. On the other hand, the
fainted pulse is based on a classical light. Therefore, it can generate a single photon but under the conception of classical
(coherent) quantum state. Thus, it can not be treated as a non classical state. Coherent states or quasi-classical states
are classical quantum states whose dynamics are most closely resembled the classical coherent light. They have the
minimum constraint by the uncertainty principle with equally fluctuations in the position and the momentum [8]. Moreover,
these states are Gaussian states because their Wigner functions are Gaussian. Thus, the coherent state may be fully
described by determining the mean and the variance of the state [9]. The physical implementation of the coherent states is
very easy that can be given by a highly stabilized laser operating well above threshold. Thus, the coherent states became
important as a tool for connecting quantum and classical world, therefore their name quasi-classical state. Due to these
significant properties and reliabilities, the coherent states play a key role in many applications such as quantum
communication [10], quantum computation [11], quantum teleportation [12], and quantum repeater [13, 14].

Squeezed states are non-classical states having a quantum noise in one quadrature below the standard quantum limit at
the expense of the other while keeping the uncertainty principle hold [15]. In spite of the squeezing in one quadrature, the
quantum (squeezed) non-classical states are still having Gaussian shapes [16]. In contrast, of the quantum (coherent)
classical state, the generation of the squeezed states is not trivial. Spontaneous parametric down conversion (SPDC) is
the most often process used to generate the squeezed state [17]. SPDC is a second-order nonlinear process in which a
high frequency photon spontaneously splits in two lower frequency photons, in accordance with the energy conservation
law [18]. SPDC is applied to initiate the process in the optical-parametric oscillator (OPO) through a nonlinear crystal.
Often, a temperature control is needed to achieve non-critical phase matching (NCPM) inside the nonlinear crystal at the
presence of a strong pump beam [19]. There is a strong interest in the squeezed states for quantum communication [20],
quantum cryptography [21] and gravitational interferometer [22-24].

Binary quantum communication may be realized using two quantum states that can carry classical information of logic 0
and 1 [25]. Since the states are in general not orthogonal and even they are so, the orthogonality will be rapidly destroyed
due to the noise effects that added by the channel during the transmission of the state. Therefore, unavoidable errors will
be occurred in the receiver side because of the overlap between the received states. Moreover, the channel is a free-
space channel. Therefore, the states are affected by the thermal noise added by the environment and the dissipation.
Hence, there is a need to investigate the best performance of discriminating noisy non-orthogonal states [26]. The
realization of an optimal quantum receiver with minimum measurement errors is a crucial topic for the effective
implementation of quantum communication channel. Receivers based on homodyne detection have great advantages for
the discrimination between states in the presence of noise [27]. Moreover, coherent and squeezed states are Gaussian
states then homodyne receivers have been demonstrated to represent the optimum Gaussian method for the
discrimination of the binary quantum communication [28, 29]. These issues will be addressed in details in this work.

2 SQUEEZED STATE

Define quadrature operators § and p which are Hermitian operators representing the real and imaginary parts of the
annihilation operator. The variances of the quadrature operators are equal to 1/2. Thus, they are symmetric and the
minimum uncertainty principle may be allowed for the vacuum and the coherent state after the following relation [30]

ana 1
AGAp = 1)

So the squeezing may be achieved by squeezing one quadrature at the expense of stretching the other keeping the
Heisenberg relation unchanged as shown in Figure 1.

The squeezed vacuum state of a single-mode field is defined by applying the squeezed operator $(¢) on the vacuum state

BENGIW @
The squeezed operator is a unity operator given by [31]

a 1,442 1 ,4n

$() = exp (;€a** - 2¢"a?) ®

with the annihilation and creation operators @ and a*, respectively. Further, ¢ = r exp(@) is a complex parameter. r is the
squeezed parameter varying from 0 to o representing the amplitude and @ is the phase defining the squeezing
guadrature. The action of the squeezed operator on the annihilation and creation operators can be expressed as [31]
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Figure 1: Phase space representation of (a) Vacuum state. (b) Squeezed vacuum state.

The action of the squeezed operator on the quadrature operators in order to evaluate the variance and the mean of a
single mode coherent squeezed state [31]

(Aqsq)z = ;(9_2’” cos? g + e?" sin? g) (5a)
(Apsq)z = %(e‘zr sin? ? + e?" cos? g) (5b)
For @ = 0, which is the case in this work, Egns. (5a) and (5b) become

(Aqu)z 5 % e (6a)
(Apsq)z n % st (6b)

This indicates clearly that the variance is squeezed in one quadrature by e~2" and stretched in the other by e?". The
uncertainty principle Aq,,Apsq = 1/2 is hold unchanged. The mean photon number is given by [32]

()sq = la|* + sinh®*r ©)

Eqgn. (7) indicates that

0] Increasing the squeezed amplitude r will increase the mean photon number.
(i) When r = 0, non squeezing, (coherent) state is obtained.
(i) When a = 0, the squeezed vacuum state is obtained which is characterized by an average number of photons

depends on r.

Finally, the Wigner function of the squeezed coherent state along the q quadrature can be evaluated as [32]

Wiq(q,p) = ~ expl—e (g — q0)* — *" (p — po)*] ®)

The squeezed coherent state can also be obtained by shifting the squeezed vacuum state using the displacement
operator as shown in Figure 2

|, &) = D(@)$()10) ©
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Figure 2: Wigner functions for (a) Squeezed vacuum state. (b) Squeezed coherent state r = 1.

3 GENERATION of SQUEEZED STATE USING OPO: EXPERIMENTAL FRAME WORK

This section is directed to perform a setup for generating squeezed states of light using OPO. The setup consists of four
main parts as shown in Figure 3.

Homodyne

Detection

LO 1064nm

1064nm

Squeezed
Cavity

l;St and SHG 532nm
Generation

1064nm
Modulate
d Signal

Figure 3: Block diagram of the squeezed setup

0] Nd-YAG laser is used to generate the first harmonic (1064 nm) and the second harmonic (SHG) at 532 nm. The
fundamental laser system is built through a ring cavity.

(i) Squeezed cavity involves two curved mirrors and a nonlinear crystal.
(i) A Pound-Drever-Hall (PHD) system controls the cavity length of the OPO.

(iv) Balanced homodyne detection (BHD) is used to detect the squeezed state of light with a strong reference as a
local oscillator (LO).

3.1First and Second-Harmonic Generation
This subsection involves two principal parts:

0] The setup design includes different computations: the cavity dimensions, position of the multiple devices, the spot
size of the beam, and the expected power generated by the setup.
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(i) Experimental setup to generate the first and the second harmonics.
3.1.1 Preliminary Calculations

The first and the second harmonics are generated by a ring resonator as shown in Figure 4. It consists of four mirrors: two
are planes and the other are curved. A periodically poled lithium niobate (PPLN) crystal is used to generate the second
harmonic while the first harmonic is generated using an Nd-YAG rod.

Figure 4: Setup to generate 1064 nm and 532 nm wavelengths. M1, Ma: Plane mirrors. Mz, Ms: Curved mirrors. Fl:
Faraday Insulator. BP: Brewster plate.

In Figure 4, 6; = 15°, L, = 220 mm, R = 300 mm, Lg; = 20 mm, L = 400 mm, the Brewster plate length hzp = 2.21 mm,
L,=L,= (R/2+Ly)/cos(6;) and Ly, = 60 mm. The starting point is to calculate the refractive indices of the barium
borosilicate glass (BK7) and the Nd-YAG rod using Sellmeier equation [33, 34]

(1) = \ﬁq +/131,12 1 B, A2 N B3/’Lz) s

2-¢c;  A2-C;  A%—Cs

A, By, By, B3, C1, Cy, and Cs are the Sellmeier coefficients. A is the wavelength related to the material in ym. Eqn. (10) is
the dispersion equation describing the relation between the refractive index and the wavelength for a given material. Table
1 displays the coefficients of Sellmeier equation for the Nd-YAG rod and the BK7.

Table 1: Sellmeier coefficients of Nd-YAG and BKY7.

Coefficients Nd-YAG BK7 Crystal
1 1

1 2.2779 1.03961212

C1(um?) 0.01142 6.00069867 x 1073
2 0 0.231792344

C2 (um?) 0 2.00179144 x 1072
Bs 0 1.01046945

Cs (um?) 0 1.03560653 x 102

From Table 1 the refractive indices are
() nyg = 1.817 at 1064 nm
(i) ngx = 1.507 at 1064 nm.
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Next step, calculate the free spectral range (FSR) of the cavity. Note that the FSR depends on the effective length of the

cavity L.sy Which related to the ring physical length L., [35]

Lying =L+ L, + R+ L3

cos(61)

=L +2 +R+Lg

hppnpx _ hppsin (26p)

Lers = Lring + [Sin(gB) sin(@p) ] + Nya-vac + Lpr

where 6z = 56.427° is the Brewster angle. The FSR is given by

FSR =

c

ZLeff

(11a)

(11b)

(12)

The calculation yields: L.y = 1475 mm hence FSR = 102 MHz. Thus, the frequency spacing between two modes is 102

MHz.

Next, it is fundamental to determine the stability of the cavity for the fundamental transversal mode. TEMgy, which has a
Gaussian transversal profile and represents a Gaussian beam. This can be derived from Gaussian beam propagation
through the resonator under the condition of self-reproduction after one complete round trip. This requires the computing
of the round-trip ABCD matrices along the ring resonator. Take the reference plane at the thermal lens in Figure 4 and
going from right to left. The matrix form is either lens matrix M; or free space matrix Mg as follow [35]

1 z
0 1l
where z represents the propagation distance and

Ms(2) =

1 0
M (f) = [_l 1]
f

(13a)

(13b)

where f is the focal length of a thin lens. Hence, the round-trip matrix Mg is a product of M; matrices. i refers to the
medium in the resonator and each matrix corresponds to a medium where the beam propagates.

_[A B
Mir =2 3]
=14 M; a4
where, A, B, C and D are the matrix coefficients and M; is shown in Table 2.
Table 2: ABCD matrices for the resonator stability.
M, M, M; M,
My (fen) M. (LAM ) Ms(Ls) Mg(Ly)
S
and
Ms Mg M, Mg
01 R M;(GRIIRA) R
Roccos (5 — l <_)
(Boccos(F)) | 5(3) M5z
2
M9 M10 M11 M12
Roccos (%) Mg (L) Mg(L,) My ( Lam )
M| ———=~ 2nyg
2
The stability condition can be guessed from Eqn. (14) [35]
=410l g (15)

2
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Since the matrix coefficients are function of the focal length of the thermal lens then the stability, the waist and the inverse
radius of curvature depend also on this parameter.

The position of the crystal used to generate the second harmonic should be given at the maximum focusing of the first
harmonic. Therefore, there is a need to determine the propagation of the beam along the ring cavity. The start point is to
calculate the waist w and the inverse of the radius of curvature R~! of the propagation at the reference plane and then in
each point of the cavity as follow

0] Propagation on the thermal lens

— |28l / L
wq = p 1-m? (16a)
-1 _ D-A
R, " = 257 (16b)
(i) Propagation at the end of the active medium
w,(z) = (1 + zR _1)2W 5 +( Az )2L (17a)
2 = 1 1 anng) W2
_ _ 2 2
Ry (1+zRy M+ (—"—) =
Ry(2)7t = (nnNdwl 2) (17b)
1+zR, 7t 2+(L)
( z 1 ) nnNdwlz
(iii) Propagation from the end of the active medium to M; then to M,
_ -1y]2 i (A2 1
w3 (2) = [[1+ 20ungRy(22) D Pwa(2)? + (2) ——; (182)
T/ wy(zy)
i o 2\
(nnaRz2(z) ™ Y)[1+z(nygR2(z0) ™))+ —"—=3) =z
Ry(z)" = f”wé(zl) ) (18b)
— z
[1+z(nygR2(z1) 1)]2+<m)
where z; = Ly /2
(iv) Propagation up to the SHG crystal
- 2
—2R3(z,)"1 3 (Az)z 1
wy(z) = |1+ z|—=|| ws(z)*+|— 19a
4( ) [ROCCOS(%)I 3( 2) /) wz(z2)? (192)
—2R3(z2) "t —2R3(z2) "1 A 2
1+z + z
Roccos(%)] Roccos(%)l (TEW3(Z2)2)
Ru(2)™t =- : (19b)
—2R3(22)_1 zA =
1+z +
Roccos(%)l <7TW3(22)2)
where z, =L + L,
(v) Propagation from the crystal to M4
we(2) = [[1+ 2R, (25) 12w, (25)? + (*—)2 ! 20
5 = 4\Z3 4\Z3 7) Waza)? (20a)
R4(z3) Y1+2R4(z )_1]+< A )22
4\Z3 4\Z3 ——
Rs(z)™' = ma(zs) (20b)

2
iz (A )
[1+zR4(23) ]+<17:W4.(Z3)2

where z; = L;/2

(vi) Propagation up to the active medium
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—2R5(24)" ) ()Lz)z 1
we(z) = ||14 z|—F=]|] ws(z)?+(—
6(2) [Roccos(el)l 5(24) /) ws(z4)?
Roccos 01 Roccos(el) nws(z4)?
-1 _
R¢(2)
—ZRs(Zz) 1 ( 24 )2
ROCcos nws(24)2
where z, = L3/2
(vii) Propagation in the active medium
—1\ 2 2
Re(25) 1) 5 ( Az ) 1
w-(z) = (1+Z— Wwe(z:) +
7(2) \/ nNg 6(75) nnng/ We(2s5)?
Re(zs) () +ZR6<ZS)‘1) +< A )2
R -1 _ _"Nd_\ nNg Ty We(zs)?
7(2) - -1 2
(1+ZR6(25) )2+( zZA )
nNd N gWe(25)?

where zs = Ly + Lg

3.1.2 Experimental Setup to Generate the Second Harmonic

ISSN 2277-3061

(21a)

(21b)

(22a)

(22b)

The experimental setup to generate the first and the second harmonics is shown in Figure 5.

PPLN +Oven

Figure 5: Experimental setup to generate first and second harmonics. M1, M2, M3, M4, Ms, Mg: Mirrors. PD1, PD2:
Photodetectors. BP: Brewster plate. FI: Faraday insulator. HWP: Half wave plate.

The optical devices in Figure 5 have the following specifications:

0] M;: Plane mirror with high reflectivity to the first harmonic.
(i) M,: Output coupler plane mirror with reflectivity of 93.7% to the first harmonic.
(iii) M;: Curved mirror has a radius of curvature Roc = 300 mm with transmission power of 78% to the second

harmonic and high reflectivity to the first harmonic.
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(iv) M,: Output coupler mirror has a radius of curvature Roc = 300 mm with transmission power of 67% to the second
harmonic and high reflectivity to the first harmonic.

(v) BP: Brewster Plate to minimize the reflection of the p polarized light. It is a (BK7) plate with length of hgp =
22.1 mm.

(vi) FI: Faraday insulator of 20 mm is used to prevent the antireflection of the beam into the source.

(vii) PPLN: Nonlinear crystal with 5% magnesium-oxide MgO doped PPLN. MgO:PPLN offers high-efficiency
wavelength conversion. The PPLN has a length of 10 mm and 1mm thickness. The crystal is inserted in a PC10 clip then it
is placed in a PV10 oven which is controlled by an OC1 temperature controller.

(viii) Active medium is a Neodymium-doped Yttrium Aluminum Garnet (Nd-YAG) with chemical structure of (
Nd:Y3Als012 ). It is a rod of a length of 30 mm and 2 mm diameter as shown in Figure 2.11d. Note that during operation,
the active medium is equivalent to a thermal lens.

(@ix) PD; and PD; are used to detect the optical signals by measuring their currents which are converted to voltages
with a load resistance of 1kQ. To prevent saturation, optical filters are used to attenuate the intensity of the light beams for
both PDs. PD; and PD- are of silicon types having an efficiency of 0.4 A/W at 1064 nm and 0.23 at 532 nm.

Figure 6 shows the Nd-YAG rod and its equipments.

Reflector

Absorpuon Coefficient cm")

700 720 740 760 780 800
Wavelength (nm)

‘Water tubes
for cooling

vy = mif{m0.m3Z) v =midmb-m32)
v . Em W f
800 alll smor a3lus Emor
: mi 59001 177.97 mi 311 8 187.4
i 3 m2 9.7686| 025594 mz 10.68] 0.32119
800 N Cr =Qq 7'{4'5 “-‘.:'-7 Chsq 530 55 N
[ R| 0.89873] MA r| 030848 A
E\ i é
- . =i 1)
£ 700 [ R Y3Ius no
< » m1 | 6085 76.07
Eﬂ [ \.*\\' 2
2 | AN 0.404%
= 600 MAKMO-m2) -~ "
= ! : 8- |
=2 1 value Eror N NA
S ! B iA]
= - m &7 re 3
500 : m2 1011 217
1 ChisqQ 814.21 P A
> ™~ U1 Ss 1 %
.’!:"" aa o s a s Lo a s al s s a o b o a iwn)

18 20 21 22 23 24

o
-
-
o

Current (A)

Figure 6: (a) Side pumped laser diodes arranged in slab. (b) Absorption spectrum of the Nd-YAG. (c) Control
pupming unit. d: Nd-YAG rod. (e) Thermal lens focal length versus pump current.
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The Nd-YAG rod is side pumped by semiconductor laser diodes at 808 nm. They provide a pump current range up to 24A
as shown in Figure 6a and 6b. A control unit is used to control the pump current and the system cooling which is as
important as the rest of the system as shown in Figure 6c.

Without a sufficient cooling, the laser will break down soon. The stability and the efficiency of the laser are quite
dependent on cooling. The cooling system is an open-loop cooling system with tap water flowing across the rod. The
pump current determines the characteristics of the Nd-YAG laser. As the pump current increases the focal length of the
induced thermal lens decreases as show in Figure 6e.

In this part of the experiment, the work involves the following steps

0] Determination of the temperature at which the quasi-phase matching is achieved. This is done by fixing the pump
current and increasing the temperature applied on the crystal and marking the second-harmonic power.

(i) Measuring the first and the second-harmonic powers by increasing the pump current while maintaining the
temperature on the PPLN crystal fixes.

(i)
Ippi = R Py, (23)

where i = 1 and 2 which correspond to the first (1w) and the second harmonic (2w), respectively, R; is the responsivity of
the PD; in A/IW and P, is the optical power incident on the PDs. The incident power P, is calculated by measuring the
voltage V; across the detector load resistor R =1kQ

V;
Pi = L
RLRTf;

The measures are given by using PD; and PD,. The photocurrent Ip; detected at the PDi can be written as

(24)

where Ty; = 0.4 and 0.23 are the filter power transmission coefficients used to reduce optical-power intensity incident on
PD; and PD; respectively.

3.2Squeezed Cavity Design

Two curved mirrors are used with their specifications are shown in Table 3.

Table 3: Specifications of Ms1 and Ms».

R (1064 nm) R (532 nm)
Mirror Roc (mm)
S1 S2 S1 S2
Ms1 25 AR 93% AR AR
Ms2 10 99% AR HR -

These mirrors should form a squeezed cavity of length Lsq as shown in Figure 7. A lithium niobate doped with 5%
magnesium oxide MgO (Mg-LNBOg) is placed inside the cavity. The ensemble forms an OPO to generate the squeezed
light after pumping by the second-harmonic beam.

n.t
Ls I'2
Msl MsZ
< L
s1 s ! s18s2
< qu . no

Figure 7: Squeezed setup. Ms1, Ms2: Mirrors. L1= 20mm, L,=3mm and Ls= 10mm.
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3.2.1 Calculation of the Two Refractive Indices

The crystal is 2x2x10 mm, X cut, 8=90°, =0 from Covesion Ltd. [36]. Its two faces are both anti-reflected coating at 1064
nm and 532 nm. It is a nonlinear crystal with two refractive indices, extraordinary ne and ordinary no, which are calculated
by Sellmeier equation as follow [37]

_ A,+B1f(T)
O

where A4, A,, A3, A4, By, B, and B; are Sellemeier coefficients given in Table 4, A is the wavelength of the laser light in um
and f(T) is expressed as

f(T) = (T — 24.5)(T + 570.5) (26)

Note that there are two wavelength, A; and 4, representing the first and the second harmonics, respectively. The refractive
index in Eqn. (25) depends on the wavelength and the temperature because the process to achieve phase matching
through the Mg-LNBO3 is the NCPM.

Table 4: Sellmeier coefficents for Mg-LNBOs.

e e ]
2

A

?)
D

+ B5f(T) + AyA? (25)

B; (um?/°C) 2.2314x10° 5.2716x10®
B> (um/°C) -2.9671x10°® -4.9143x10°

3.2.2 Free Spectral Range and Squeezed Resonator Stability

First, compute the effective length and then the FSRg,

Leff,sq = L1 + L2 + no’/‘llLS (27)
The FSR,q is computed from Egn. (12).

Next, In order to test the stability of the squeezed resonator, one should start to compute the (ABCD);, matrix of Figure 8.
The reference plane is taken at the mirror Ms; and using Eqgns. (13a) and (13b) for the space and lens matrices,
respectively. Thus, the round-trip matrix for the squeezed cavity may be written as a product of all matrices elements

Mgrsq = H?=1 M; (28)
where the M; matrices are described in Table 5. Thus, the stability may be calculated from Egn. (15).

Table 5: (ABCD),, matrices for the resonator stability.

My M, M3 M,y
R L
() st Ms (— ) ML)
2 navll
Ms Mg M Mg
R L
M, (_2) Mg(Ly) Mg (—s > Mq(Ly)
2 nov;tl

3.2.3 First-Harmonic Propagation

The start point is to calculate the propagation at each medium
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0] At the reference plane
|B2sq| 41 1
Wisq (L) = . 1-mgg? (29a)
-1 _ Dsq_Asq
Risq (L) = —5— (29b)
sq

where Ajgq, Bysq, Ca2sq @nd Dy are the coefficient of the squeezed round-trip matrix Mrg, o and mg, is the stability
condition for the squeezed cavity which is given by

Agg+D
Mgq = % (30)
(i) From the reference plane to the crystal
Wasq (@) = [[1+ ZRusg (L) sy (L2 + () —— G1a)
sq 1sq \1 1sq \1 T Wlsq(Ll)Z
1 2
-1 -1
1 Rysq(L1) [1+ZR15q(L1) ]+(71'W15q(L1)2> z
Rysq(2)™" = - 7 (31b)
- Z.
[1+2R15q(Le) "] *(W)
(iii) Inside the crystal
2 2
stq(Li)_l] Az 1
Wieo(2) = |1+ z2——| w,,(L{)?+ 32a
3sq( ) [ No,24 qu( 1) Mo, 14 W25q(L1)2 ( )
-1 -1 2
RZST?(?) {HZRZS:Z(L;) ]+<nn Wa . )2>
4 o, o, 0,11 W2sql1
Risq(2)7t = . — L > (32b)
[ Rzs5q(L1) ] < z2 )
1+z + 5
o1 7o A, Wasq(L1)
(iv) From crystal to air
| 1 R L)-1 2 L)2 AV 1
Wasq (Z) | [ a3 Z(no,/'ll 35q( s) )] W3sq( s) 1y s W3sq_(Ls)2 (33a)
1 2
N (no,llesq(Ls)_l)[1+Z(no,/11R3sq(Ls)_l)]+<m> z
R4sq (Z) — : » 2 (33b)
-1 S/ S
(12004, R @) + ()

3.2.4 Second-Harmonic Propagation

Take the reference plane at the mirror Msy, then the radius of curvature of the beam is the same as that of the mirror Ms».

0] At Msy, the radius of curvature Ry, is —10 mm.
(i) From Ms to the crystal
— 1 R -1)\2 2 A2z 2 —2
Woo(Wiq,21) = ( + z1Rq1 ) Wy~ + p W11 (34a)

2
-1 -1 A2
R11 (1+ZlR11 )+<TL'W112) Zq

—1\2 Arxzq 2
(1+Z1R11 ) + W

Rzz_l(W11.Z1) = (34b)

(i) Propagation inside the crystal
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Ry, ! L 2 A 2
w33 (Wyq,21) = [1 + Z1 (M)] Wa22(Wyy, Ly) + ( 21 ) W 2(Wy1, L) (35a)

no,ﬂ.z ”no,lz

_ _ 2
Ra2 " lwiilp) 147, Ra2 T (wiilp) " 122 z
LW Mo, Ao g 1, W22°(W11L2)

2 2
Ry 1t L 2
147, R22 Wi1,L) N 2221
Mo, TN A, W22°(W11,L2)

(iv) Propagation towards the mirror Ms; through free space

R33_1(W11'Z1) = (35b)

A2zy

Waa(Wyq,21) = J[l + Z1 (no,AZR33_1(W11;Ls))]2 ws3?(wyq, Lg) + ( -

2
) W33 2(wyq, Ls) (36a)

2
- - 2
-1 (no,12R33 1(W11,Ls))<1+21(no,12R33 1(W11.Ls))>+(m> z
Ry (Wiq,24) = ~ z e z (36b)
(1+Z1(no,AZR33 (W11;L5))> +(7TL'W332(W11,L5)>
(v) At the mirror Ms;
Msa is a thick mirror with radius of curvature R1=25 mm and a focal length of
1
fMS1 (37)

- (nBK7,25—1) (;_i)

Then the propagation from Ms: through free space yields

gl 8 1221

2
+ R44_1(W11»L1)>l Wya?(Weq,Lq) + ( n

2
Wss(Wyq,21) = [1 +z4 <f ) Wys 2(Wyq,L1) (38a)

Mgy

2
-1 s -1 K p)
B <fM51+R44 1(W11’L1)><1+Z1<fM51+R44 1(W11.L1)>)+(m) z
Rss™ (wy1,24) = 2 (38b)

2

-1 -1 ).221 )

1+z +R Wq1,L +(7
< 1<stl 44 ( 11 1))) TL’W4_4,2(W11,L1)

The waist of the second harmonic is calculated from the waist of the first harmonic for the OPO by the formula [38]

_: 1 [Neaz
Wy = Wiy 7z

(39)

No,21

Next, calculate the threshold power required for the OPO. The threshold intensity is given by [39]

2 2
_ [ MNeaz no,A1/11) [l (1—Roc 1-Ric )]
len = (ZdZZ)( 27Lg A I (40)
where Z = 1/(g,¢) = 3770. Since, the pump beam is a single mode Gaussian beam with waist w,,, then, the threshold
power for a Gaussian beam is given by [81]

Pen = 5 (mwi)len (@1)

3.2.5 Generation of Squeezed Light

The generation of the squeezed light is achieved inside the nonlinear crystal by SPDC. SPDC is a wave mixing process in
which the pump decay into two beams at lower frequency namely signal and idler. The crystal is pumped by the second
harmonic of a frequency w, and some photons of the pump are converted into pairs of identical photons of frequency
wp/2. The Hamiltonian of this process is given by [40]

75 At A TN AT A42T
H = hwa*a + hw,b*bh + ihy@(a2b* — a*"bh) (42)
where @, a* and b b* are the annihilation and creation operators of the signal and pump fields respectively and y® is the

second-order susceptibility. The first and the second terms, in Eqn. (42), represent the energy of the signal and the pump,
respectively. The third term represents the interaction between the states. However, the pump is a coherent strong field
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that have the state |B,e~"“#). Thus, B,e*“»* and B, e'“»* correspond to b and b* respectively. Hence, the Hamiltonian in
Eqn. (42) becomes

A =hwd*a + ihy®(a?p, e'wrt — a+’g e 1»t)
= hwa*a + ih(n*a%e!®rt — na+ e tort) 43)

where n = X(Z)ﬁp. The constant term is dropped because it is irrelevant to the system. Now, transform to the interaction
picture yields

H = ih(n*azei(wp—Zws)t — 77Cfi+2e—i(wp—ZwS)t) (44)
Since the generated signal has a frequency of w; = w, /2 then
q= ih(n*dz — nd+2) (45)

Using the associated evolution operator U, (t, 0) yields

—ift
U, (t,0) = exp< ! >

h

= exp(n*to?2 - nt&+2) (46)
Assuming ¢ = 2nt then Eqn. (46) has an identical form to the squeezed operator of Egn. (3).
3.2.6 Squeezed and Anti-squeezed Variance

Spontaneous parametric down conversion (SPDC) process is used to generate a squeezed state via an OPO. The
Hamiltonian of the OPO is given by [40]
H =K a*a" — Kaa (47)

where K = ihn is a complex constant depends on the nonlinearity and the pump intensity of the OPO as in Eqn. (46). The
equation of motion of the OPO is described by [41]

a=Eat —ya +2yi.s1 Gp " + 2y, A + \[2Vpesy A, (48a)
at = E*@ —ya*t + [2Vice1 Gp T + 271 B8, + 2V sz DALY (48b)

where yics1 = (1 — Rs1) /2Ty, and y,.s2 = (1 — Rs,)/2Txr are the cavity decay rates due to the input and output mirrors
reflectivities, Ty is the round trip time, y; = A/Tgr is the intra-cavity losses of the OPO, A is the internal loss for a single
pass and y = y;.s1 + Yocs2 + v1 IS the total cavity losses. @, represents the signal beam, where Ad. and Ag, represent the
vacuum fluctuations associated with the losses. Take the Fourier transform (FT) of Eqns. (47a) and (48b) yields

iﬂ@ 3 (RB[E] - Y)@ + Im[E]pA r \V Zyicsl qb + v 2]/1 Aql + vV Zyocsz ch (493)
i-QpA = Im[E]ﬁ ar (Re[E] + V)ﬁ + +\/ ZYicsl ﬁb + V 2)/1 Aﬁl + Y, zyocsz ApAc (49Db)

where 2 is the detection frequency and all § and p are function of Q. Re[E] and Im[E] denote the real and imaginary parts
of the complex number E, respectively. Therefore, the spectral density of the noise quadrature components represented
by its squeezed and anti-squeezed variances can be calculated from [40]

2
(845 (@) = (@i (D& (@) (50a)
2
(BPanci sq ()" = (B2 (D))’ (B2 (D)) (50)
where
G:(2) = Y, 2y. () — 4.(2) (51)
Hence the noise variance at the OPO output is [42]
2 1 2./P/Pe,
A N)) ==-— 52
( QSq( )) 5~ NesclldetThom ($)2+(1+m2 (52a)
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2 2./P/P
(Apanti_sq (-Q)) =3 + NescNdetMhom S5z — (52b)

(%) +(1-P/Pm)’

where 74, the efficiency of the photodetectors, n,,, the efficiency of the homodyne detection and 7., is the escape
efficiency, P and P, are the pump and threshold powers.

The most important factor in Eqns. (52a) and (52b) is the escape efficiency n.s. = vocs2/¥ because by increasing this
factor, the losses inside the cavity is reduced. Obviously, the escape efficiency can be increased by reducing the
reflectivity of the OPO front face. However, this is at the expense of a higher OPO threshold. Thus, a further increase in
the escape efficiency is only feasible with a more efficient SHG source or more powerful pump laser.

Now, for power reflectivities of 0.90 and 0.99 for Ms; and Msy, respectively, and a round trip time Tzy = 1/FSR = 3.03 %
10~*us, the power spectral losses are: yoes1 = 164.948 Hz, Y,csp = 16.495 Hz, y; = 0.005/Tgr = 16.495 Hz with internal
loss A= 0.005. Therefore the overall losses y = 197.938 Hz. Hence the escape efficiency 1.5, = 0.833. On the other hand,
for high-homodyne efficiency 1., = 0.99 and detection ng.; = 0.99. The threshold power Pp=1mW.

The quadrature variance is squeezed from the vacuum noise by the subtracted term in Eqn. (52a) and stretched by the
added term in Eqgn. (52b). Moreover, Multiple parameters determine the degree of squeezing, the frequency (2, the pump
power, and the escape efficiency.

3.3Pound-Drever-Hall (PDH) Control System

PDH is a control system used to maintain the stability of the laser of the squeezed cavity, which is so sensitive to the
environment and the mechanical vibration. PDH consists of an error signal that is proportional to the difference in
frequency between the laser light and the cavity resonance. This is done by examining the light reflected from the cavity.
Hence, a stable laser frequency may be built by this technique. Therefore, the length of the squeezed cavity can be
adjusted through a piezoelectric mounted on the mirror Ms;. The piezoelectric is controlled electrically as shown in Figure
8.

Actuator

MSZ

Ampllf' ier

MIXER

)

BS

M,

Figure 8: PDH setup. The red dotted line is the optical path while the black solid line is the electrical path. LPF:
Low pass filter. BS: Beam splitter. PD: Photodetector. PM: Phase modulator. RF: Radio frequency generator.

From the setup of Figure 8, the laser source is first phase modulated by a nonlinear crystal then the optical-modulated
signal is transmitted to the optical resonator (which represents here the squeezed cavity). Next the light beam is reflected
back by the mirror Ms, and detected by a photodetector. Radio frequency (RF) generator is mixed with the detected signal
through an electrical mixer. The mixed signal is used to derive the piezoelectric. In fact all the process of the PDH
technique is based on the reflected power of the laser light beam inside the squeezed resonator.
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3.3.1 PDH Technique

The idea of this technique is based on the reflected beam. It consists to modulate the phase of the incoming laser beam
through a lithium niobate (LNB) crystal. It will result sidebands with a definite phase relationship to the incident and the
reflected beam. Then interfere of these sidebands with the reflected beam vyields a beat pattern at the modulation
frequency. The phase of this pattern will be measured to give an indication on the phase of the reflected beam.

The LNB crystal has a length Ly = 1 ¢cm and width = 5 mm. The voltage is applied transversally on the crystal. The phase
modulation depth 3 is equal to [43]

2m\ % ng3 Vo

p=-(3) Fragl )

where n, = 2.156 at 1 = 1064 nm (the extraordinary index of refraction for the LNB crystal), r33 = 30 x 10712 m/V is the
coefficient of the susceptibility matrix, d = 5 mm is the distance between the two surfaces of the crystal and V, =25V is
the applied voltage.

The electric field is phase modulated with a frequency of w,, by the electro-optical modulator [44]
ein = Ey expli(wt + Bsin (wpt))] (54)

where w,, is the modulation frequency. From Eqn. (53), the modulation depth g is estimated to be —0.004. Note that
|B| « 1 which indicates narrow band phase modulation and therefore the high-order terms in Eqn. (55a) can be neglected

em = Ep [1 + if sin(wy,t) — M + ] exp(iwm,t) (55a)
e, = E, {exp(iwt) + g [exp (i(w + wy)t) — exp(i(w — wm)t)]} (55b)

Eqgn. (55b) displays the carrier at frequency w and the two sidebands at frequencies(w + w,,). The reflected beam
consists of several reflected sub beams, each one with its appropriate frequency as follow

Erertor = Eo{F (w) exp(iwt) + gF(w + w,y,) expli(w + w,)t] —

£F(w = ) expli(w — wn)t]} (56)

The power in the reflected beam is measured by the photodetector which is proportional to the square of the
reflected electric field amplitude. If the power in the carrier is P. = |E,|?, then the power in each sideband is P, =
(B%/4) |Ey|? and the reflected power will be

Prefior = PAF(0)1? + P{IF (0 + 0p)|? + |F (0 — @) 12} +

2,/P.P, { Re[F(0)F*(w + wp) — F*(0)F (w0 = wp)]
cos(wpt) + IM[F(w)F* (w + wp) — F (w)F(w — w,y)]
sin(wyt) + (2w, terms) (57)

The interesting terms in Eqgn. (57) are the oscillating terms at the modulation frequency w,, because they sample the
phase of the reflected carrier. Additionally, w,, term arises from the interference between the carrier and the sidebands,
and w,, terms come from the sidebands interfering with each other.

3.3.2 PDH Error Signal Measurement

The reflected power in Eqn. (57) is measured by the photodetector as shown in Figure 8. Then it mixed with a sinewave
signal at the modulation frequency w,, which is supposed here high frequency about 250 MHz. Hence the real part in Egn.
(56) will be vanished and after the LPF only the imaginary term will be remained which represents the error signal € of the
system as indicated in Eqn. (58) [44]

€ = —BP{Im[F(0)F"(® + wp) — F (0)F (0 — wm)]} (58)
3.4Homodyne Detection System

A homodyne detection scheme is proposed in Figure 9 to detect the quadrature squeezed states of the laser light beam.
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Figure 9: Homodyne scheme to detect quadrature squeezing states of light. M: Mirror. PD1,PD2: Photodetectors.
BS: Beam splitter. OA: Operational amplifier. Red solid line: Optical path. Black solid line: Electrical path.

For balanced homodyne detection, the current to voltage converter circuit, V1 and V2 may be written as
V1 = _Rlll (59&)
Vz = _R112 (59b)

Thus, the output of the difference amplifier Vo can be expressed as

R,
Vo=, —V)—=
o= oW

=—R(I; — 1) (60)
From Eqn. (60), Vo is proportional to (I, — I;) which is proportional to the difference number of photons 7, and 7, [45]
(12 — Il) [c ¢ ﬁl - ﬁz = ﬁ._ (613)
Ai-=a*tbh+b*a (61b)

d and b are the annihilation operators of the coherent state and the LO field, respectively, which may be described by
a=a+Aa (62a)
b=p+Ab (62b)

Here a, B and Ad, Ab are the complex amplitudes and the standard deviations of the coherent state p and the LO,
respectively. Assuming the mode b is in the coherent state |fe~“t) with g = |B|e'®#, Eqn. (61b) yields

A = |ﬁ|(a+e—iwtei®[g + ae—iwte—i(bg) (63)
The squeezed state and the coherent field are derived from the same laser. Thus, they have the same frequency so
a = dpe~t. Then Eqgn. (63) can be written as
fi_ = |Bl(age™s + a,e~5)
= V2|1 Aqs(0p) (64)

The homodyne current is proportional to 7i_. Thus, a measurement to the quadrature squeezing is given and the trace of
the homodyne measurement can be written as [46]

2 2 .
Qrom = (AQSq (-Q)) COSZ@[? + (Apanti_sq (-Q)) San(Z)ﬁ (65)

The complete setup to generate squeezed light is shown in Figure 10.
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Figure 10: Complete setup to generate squeezed light.

4 CONCLUSIONS

Mathematical and experimental frame work has been presented for generating non-classical quantum state using an
optical parametric oscillator via a spontaneous parametric down conversion technique. The aim is to investigate squeezed
states with quantum noise in one quadrature below the standard quantum limit at the expense of the other. The setup
involves four main parts: generation of Nd-YAG second harmonic via a ring resonator, squeezed cavity with a nonlinear
crystal inside to generate the squeezed state, Pound-Drever-Hall technique to stabilize the laser in the squeezed cavity
and balanced homodyne receiver with high efficiency to detect the squeezed state.
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