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Abstract: An approximation-free and fully quantum optic formalism for parametric processes is
presented. Phase-dependent gain coefficients and related phase-pulling effects are identified for
quantum Rayleigh emission and the electro-optic conversion of photons providing parametric
amplification in small scale integration of photonic devices. These mechanisms can be manipulated to
deliver, simultaneously, sub-Poissonian distributions of photons as well as phase-dependent
amplification in the same optical quadrature of a signal field.
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1. Introduction

Small scale integration of photonic devices holds the prospect of overcoming speed limits associated
with back and forth conversions between the electrical and optical domains for signal processing and
transmission. Integrated photonic platforms [1-3] will contain their own low power optical sources which
will be used for on-chip signal processing. However, the low levels of power rule out any significant
nonlinear effects for x @ and x @ , the second and third order susceptibilities. For instance, a recently
reported phase-sensitive amplifier [4] operating on x® in semiconductor materials can only deliver
output signal powers of less than —~31 dBm for input pump powers of ~1 dBm.

Yet, two recently identified parametric processes [5] have the potential to operate as integral parts of
a photonic integrated circuit (PIC) with a high degree of photonic conversion (> 90%), as they require low
pump powers (< 10 mW) and very short interaction lengths. Parametric amplification and phase shifts
can be performed with first-order susceptibility quantum Rayleigh emissions [6] in the form of optically
linear parametric (OLP) effects and the corresponding electro-optic susceptibility-based conversion of
photons [7] in the form of electro-optic parametric (EOP) processes, both of which require low optical
pump powers and short interactions lengths of a few microns for OLP interactions and a few centimetres
for EOP. These interactions can be highly efficient and require only a pair of a pump and a signal optical
waves, and functional devices can be fabricated with well-established technologies [8].

As parametric processes of photonic conversions constitute a major mechanism for generating
nonclassical states of light [9-11], any new insights into such interactions should be of particular interest
in the design and operation of functional devices. Quantum optic noise reduction and phase-sensitive
amplification will benefit an optical transmission system throughout the entire link and, in particular, at
the receiver and detection stages of operation [12]. Quantum noise stems from fluctuations in the
distribution of number of photons and/or the distribution of associated phases of the optical fields [12],
and include: the vacuum fluctuations of any electromagnetic field of radiation, the spontaneous emission
of photons by an excited electric dipole polarization, the Poisson distribution as a function of time of the
number of photons in a coherent beam of light, fluctuations in the state of polarization, etc.

Experimentally, given the very low efficiency of parametric conversion of photons carried out by
Xx® and x©® - based materials, the undepleted pump approximation becomes a critical aspect of the
interaction, along with the phase-matching condition. Theoretically, photonic noise reduction through
variance squeezing — below the standard quantum limit (SQL) [9] of an optical coherent state [9-10] — is
implemented by simultaneous amplification of a field quadrature of phase ¢ (defined by adding two
output fields or phasor modes) and attenuation of the corresponding conjugate quadrature ¢ + /2. This
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leads to the definition of a virtual photon annihilation operator [10-11] which is the superposition of
various levels of a photon annihilation operator ¢« and a photon creation operator a* This type of
quadrature noise squeezing requires a two-photon output per interaction [10] and it is linked to the
Bogoliubov transformation for boson particles. For example, the output annihilation operator of the
signal mode a s is given as a superposition of the input operators weighted by ¢ — number functions, i. e.,
as@)=ci(z)as0)+ie TOpr ey (z) a*i (0) ; the subscripts denote signal (s) and idler (i) waves, and ¢pr
identifies the pump phase(s) of the interaction term. This expression is based on the approximation of the
undepleted pump which is treated classically by ignoring its operators, resulting in a gain coefficient g,
which is not allowed to vary at all, leading to many significant properties being discarded as a result of
the linearization of the rate equations.

While the cross-coupling between a* and as arises from the parametric conversion of photons, the
self-coupling term has no physical origin being a mathematical artefact as a result of the conventional

solution containing, simultaneously, an amplifying (+ g,= X®VPp ) and an attenuating (- g, ) exponential
factors defined by the product of a susceptibility and the pump power Pp. Commonly used functions are:
Ci (z)=cosh (g, z) and ¢:(z ) = sinh (g, z ) for a phase-matching condition [13]. But no explanation has
ever been provided as to how the same parametric process can, physically, amplify and attenuate
simultaneously the signal wave. Indeed, a formal integration of Eq. (22) of [13] yields: as (z) —as (0)== i

e Prr g | a* (z) dz indicating that ¢ ; = 1 for any conditions and remaining unchanged throughout the
propagation. Whether the input signal operator is amplified or attenuated at a particular point z in the
dielectric medium will depend on the local value of the relative phase between the pump(s) and the signal
and idler waves. This is not the case with the Bogoliubov-type solution which has a phase-independent
gain coefficient g,.

Furthermore, if the classical pump amplitude, in the driving term of the formal integral noted above,
is replaced by its quantum optic representation, i.e., ¢ p a p, then the driving force a p a* on the right-
hand side of that equality would oscillate at an angular frequency - (w, - ;) = - w, indicating that only

as is changed without any appearance of a creation operator as* as suggested by the Bogoliubov
transformation. Additional physical deficiencies of the Bogoliubov solution are outlined in Appendix A
below.

Consequently, an approximation-free and fully quantum optic formalism for parametric processes is
needed and developed in Section 2 below, based on the concepts outlined in [5]. The parametric
amplification consists of stimulated emission of photons which adopt the same characteristics as the
stimulating beam. The direction of photon coupling, e.g., for four photon-mixing interactions between
the central frequency pump(s) and the sideband frequency signal/idler waves, depends on the phase
difference between the two pairs of waves. This process is also accompanied by spontaneously emitted
photons [14-16] which have arbitrary phases and states of polarization. The spontaneous emission
provides the seed photons to be amplified in the absence, at the input, of another stimulating optical wave.

The critical role of the parametrically engendered phases has been demonstrated experimentally [15-
17]. A physically meaningful phase sensitive (PS) gain coefficient was identified in [14, Egs. (24)- (29)]
along with its spectral bandwidth.

The remainder of this article involves no approximations and presents in Section 2, a fully quantum
optic derivation of the parametric equations of motion describing the evolution of the complex ¢ - number
functions of the photon annihilation and creation operators, based on the concepts outlined in [18-19].
Section 3 presents a generalized phase-dependent (PD) gain coefficient for parametric interactions, and a
physically meaningful explanation for the generation from spontaneous emission of an idler wave phase-
conjugated to the signal, and quadrature waves for maximal amplification and attenuation. Applications
are outlined in Section 4, followed by a discussion, in Section 5, of new features emerging from a fully
quantum optic approach to parametric amplification.
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2. Quantum optic parametric equations of motion

Quantum optically, in the Heisenberg picture, the evolution of a physical process is described by
relevant varying operators while the initial state wave functions are kept unchanged. A varying operator
itself is the product of a basic operator and a ¢ - number complex function whose values are determined
by the Heisenberg equations of motion [18-19]. The initial conditions are determined by the expectation
values of the basic operator. The c-number functions for coherent states of light are the eigenvalues a
(alpha) numbers, and combinations of them can be measured experimentally [20].

The phase dependence of the parametric gain coefficient and the related phase pulling effect -
presented in Appendix B for the classical fields - can also be derived quantum optically by means of the
Heisenberg equations of motion for the annihilation and creation operators of all the optical fields -
including the pumps - involved in the interactions.

Quantum mechanically, e.g., [18-19], the Hamiltonian of interaction Hix which describes the exchange
of photons by stimulated emission involving an electric dipole polarization operator d at point z and

time ¢, and an additional optical field, takes the form:
Hne =hw;xr(d al + d'a;) 1)

where the reduced Planck’s constant and the relevant susceptibility are, respectively, denoted by h and .

The constant of proportionality I relates the Hamiltonian expressed in terms of the electric field operators

to the Hamiltonian Hiu associated with photon annihilation and creation operators, d;and d; , of the

wjfield (j =1,2,3,4). These are defined by (see Appendix B for spatial field distributions):
QjGn = i@ fjeype @H) (2a)

it =alo fiepoe @) (2b)

The Heisenberg equation of motion for d ; leads to
9 G, = i fa, Anl=—iw: T 1d ©
ot oot

after keeping only terms of the same frequency. For a x ®-based interaction, w,+w ;= ® ;+w, and

d=a,a, a @)
Thus, the photon annihilation operator 4 acts on a coherent state | a> to generate a complex o

(alpha) number, i.e., d | o> = o | a>, which has an amplitude and a phase: o =4 e iy as shown in

Egs. (5-9) of [20]. No phase operator is involved in this quantum derivation. Eq. (3) is in fact the equivalent

of Eq. (7.12) of reference [18] and the a complex numbers correspond to the “c - number functions “ of Egs.

(3.14) and (3.15) of the trial solutions of [21]. The composite wave function of coherent states [22] is:
V>=lo1 >laz >las >|og > (5)

Combining Egs. (2-4) leads to this equation of motion:
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o,
ot

which is similar in structure to Eq. (14) of reference [19]. Next, both sides of this Eq. (6) are multiplied

=—io T ¥ 4, 4,4, (©)

from the right by | ¥ > and from the left by <¥ | to produce the corresponding eigenvalues of the

annihilation operators, so that:

— a,=—i o I'® K o, o;0*, @)

After defining o =4 eii ?. Ry =(Ay,A;3 Ay /A5 O0=9, + 03 — 04— 0, + ] (AB + ABMY) dz, and

k=2nY3/k 14, (the overlap integral Y being defined in Eq. (B7) below), and substituting into Eq. (7),

we obtain the rate equations for the amplitude and the phase of the eigenvalue o,

d
9t =-w: TO xR, 4, sin0 ®)
%("1 = w; I'® « R, cost )

These equations for the complex functions of the operators’ c-number functions mirror the equations
(B1-6) derived below from the Poynting theorem of the flow of energy and can also be solved by means
of elliptic functions [23-24]. The parametric interactions of x ®-based materials satisfy identical equations
of motions.

The mixing of four photons within a single optical beam of one frequency can lead to inter-
quadrature coupling of photons, with one photon returning into the same quadrature state (p), and
another photon crossing into the second quadrature state (q) as a consequence of the relative phase being
—7t/2, thatis: ¢, +¢p—¢,— ¢, =-n/2. This is a much weaker version of the OLP exchange of power [6,

Eq. (5)].

3. Phase-dependent gain coefficients and phase-pulling effects

An input-output transfer function for the expectation values of the signal or idler powers P 1,4 can be
found by recalling the relation between the flux of photons N= | a|? and the optical power of a beam
[22], i.e, P =h w N. This will unify the classical (Appendix B) and quantum optic rate equations (8) and
(9) above.

A formal integration of Eq. (B1) will define a gain factor G, (z ) and an output power Py 4 (2),

that are:
Grs (z0)= exp [] g1.4(s,0)ds (10)

Pris(20 =G14(26)P14(0) (11)

The phase - dependence of the parametric conversion of photons is determined by the gain coefficient
g of Eq. (B2) through the relative phase 0 of Eqgs. (B4-5). Signal and idler waves photons will be
absorbed by the pump for 0 < 0 < 7, and will be amplified for -n/2<6<0. The minimum level of

input optical power corresponds to the spontaneous emission [14].
put op p p p


http://dx.doi.org/10.20944/preprints201608.0077.v1
http://dx.doi.org/10.3390/photonics3040061

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 August 2016 doi:10.20944/preprints201608.0077.v1

50f12

The power ratio 7,4 (2) of Eq. (B3) also plays the role of a saturation factor, reducing the gain
coefficient for higher input levels of P;,. A higher power ratio 7/, 4(2) leads to a higher gain coefficient
g but also speeds 6 towards —n /2. This is a parametric phase pulling effect which, for P pumy>> P signatidier,
can overcome a phase-mismatch AB + AB NL # 0 as explained in the next paragraph.

The parametric phase pulling (PPP) effect undergone by the signal wave emerges from the rate of change
of ¢, which dominates the shift in the relative phase 6 in Egs. (B4-6) for P, =P3> P; >>DP,.
This is illustrated in Fig. 1. From Eq. (B4), for -7 /2 <0 <t /2, the relative phase will rotate clockwise on
the phasor circle ( in the negative direction) towards -7t /2 ; and for m/2<6<3 7 /2, it will rotate in
the positive direction as - cos 0 > 0. This field phasor rotation suggests the possibility of reducing phase
fluctuations as the relative phase, if dominated by the ratio 714, is shifting towards the same optimal phase

of -m /2, regardless of the initial phase values. In the process, the gain coefficient g, increases in value

and becomes locked-in at the optimal value of & for a phase-matched interaction.

/2 A

—7/2

Fig. 1. The role of the parametric phase pulling
effect for P, =P3> Py >>P4 in shifting 0

towards —m/2, for any input signal phasor.

For a vanishing total phase mismatch, with P, = P; > P, >> P4 and spontaneous emission initiating
one sideband wave Py , its phase ¢, change will dominate the shift of the relative phase to bring
about 0=-n/2=¢,(0) +¢;(0) —¢,;(0) — @, attheoutput. By adjusting the initial pump phases
9, (0)+¢; (0), aconjugate phase ¢, =-—¢,;(0)can be obtained.

From Egs. (B1-6) we find that by setting ¢, (0) + ¢; (0) = 0, the propagating quadrature waves of
¢;.4=*n/4 and ¢;, =n+n/4 are respectively, amplified (+) and attenuated (-), being separated
by rt rad. Their nonlinearly induced phases are obtained from Eq. (B6). Other input phases are pulled
towards these values by the PPP effect of the last term of Eq. (B6). The parametric phase-pulling effect
will shift the arbitrary phases of photons towards a common value, thereby reducing the level of phase-

noise as demonstrated experimentally in [25].
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4. Simultaneous amplification of a signal and sub-Poissonian distributions of photons

We have identified in the previous two sections the parametric phase-dependent gain coefficient and
the related parametric phase-pulling effect as fundamental mechanisms underpinning two-photon output
per interaction for y @and x ® parametric processes for any level of optical powers and conditions. In this
section, we consider the possibility of generating sub-Poissonian distributions of photons with the
assistance of optically linear parametric (OLP) [6] and electro-optic parametric (EOP) [7] interactions
which involve only one-photon output per interaction — with one-photon input — although the EOP
conversion requires one microwave photon. The rate equations for these processes are presented in
Appendix C for a phase-dependent gain coefficient and the related phase-pulling effect — cf. Appendix B,
and they are derived in a similar manner to Section 2 above by setting the appropriate electric dipole
operators.

Let us consider a strong optical pump of angular frequency wo in the form of a coherent state of light

which is characterized by an a eigenvalue possessing a large average number of photons <N> = No, and

a narrow phase-dispersion [26, Sec. 8a] centred on its average value ¢o. Although the optical pump is
commonly considered to remain undepleted, its temporal waveform N ( f ) displays photon number
fluctuations which should fall within the Poisson distribution, with a quantum noise standard deviation
of VNo. A simple method for reducing the fluctuations of a strong pump would have its beam split into
two equal parts and each part launched into one branch of an optical time-delay (7) interferometric filter,
so that, at the output, the number of photons will be proportional to N out = 0.5 [N (t) + N (t + 1) +
+2 N (#) N (t+ 1) 2 cos (wo 7)]. The cosine term can be eliminated by adjusting the time delay so that
cos (wo 7) = 0, leading to a Fourier transform of the superposition of two replicas of the photon number
waveform, and their spectral power S (f) cos ? (7t f 7) being shaped by a filter profile which will attenuate

high electrical frequencies or photon-number sinusoidal waves associated which sharp rises and falls in
the photon number fluctuations.

4.1. OLP optical couplers
An optical directional coupler (ODC) composed of two parallel and identical optical waveguides can
operate as a phase-sensitive (PS) amplifier when the signal power launched into one waveguide is much
smaller than the pump power propagating in the other waveguide. This operation would be described by
Egs. (C2 - C3) of Appendix C below indicating that the phase-sensitive gain coefficient g4 = g, of a signal

is inversely proportional to the square root of the signal’s power V Ps, thereby reducing the level of
fluctuations in the output number of photons by enhancing the gain for the smaller number of photons.
As a result, a sub-Poissonian distribution of photons is generated through the saturation-like
amplification which is the consequence of the stimulating field being different from the pumping field.
The possibility of generating a sub-Poissonian distribution of photons through signal-dependent

differential gain can be assessed by imposing the condition that the input range [0.7 No ; 1.4 No ] of number
of signal photons N, (0) — covering most of a Poissonian distribution of average No — is reduced to the
interval of the standard deviation, i.e., [ No (L) =V No (L); No (L) + No (L)] at the output after an interaction
length L.

An estimate of the reduced range can be assessed by inserting Egs. (C2) and (C3) into the equivalent
of Egs. (10) and (11) above, with the powers converted into numbers of photons, to obtain the equality N

5, j(L=Ng ;(0)G, ;(L), (withinputj=1for0.7 Noand j=2 for 1.4 No ) and, after setting N ,>>N ; ; we
obtain for the ratio i ;=N ;/N, the expression

np(D=lnu;0) + [ [8,;@)-8,]dz (12a)

(L=t ©0) + fy 8% @) (N, j=No()) dz (12b)
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where ¢ ‘ (z)=d g /dN, evaluated at Ny=No(z) sothat g’ = 2y \/Np (= 0.5) No (z) ~*? from Egs.
(C2) and C(3) for maximal gain, and having used the linear relation g j (2)=g,@)+8 (@) (N j—No

(z)) , i. e, a truncated power series expansion of ¢ ; (N ). The design parameters include the coupling
coefficient between the waveguides [6], the pump number of photons N, and the length of interaction L.
An attempt to reduce In i ; to a target value close to zero may require more than one amplifying stage.

As an additional application, the gain coefficient can rotate the state of polarisation of an optical beam
through differential amplification of the x—polarised and y —polarised components if the optical powers
are not equal, with the pump being polarised at an angle of 7t /4 rad relative to the axes.

For low levels of signal powers, the phase-pulling effect of Egs. (C4-C6) and Fig.1 brings all signal
phases towards the optimal value for maximum amplification, thereby reducing phase fluctuations. Thus,
photons with a broad range of phases have their phases brought together by the phase-pulling effect,
resulting in a coherent beam of photons. Aa an application, a binary phase-encoded signal {-m/2, /2 }
can be converted into an amplitude binary { “1”, “0”} with a phase-sensitive ODC amplifier.

Another saturation-like mechanism which further increases the gain for weaker signals is the phase
dependence of the gain coefficient identified in Appendix C. The phase-pulling effect tends to equalise

the levels of powers between the pump power Py and the signal power P s, particularly so for an input
phase difference of ¢ ,—¢; =m m(wherem=0,12,... an integer). For P ,>>P | the relative phase shift
towards a maximal gain is dominated by the signal’s PPP induced phase of Eq. (C6) which is inversely
proportional to \ Ps. In this way, a weaker signal will reach the maximum gain condition faster than a
stronger signal.

The phase-sensitive ODC device can support only degenerate frequency amplification, i.e., ( Wpump =
wsigna) but one ODC will amplify any wavelength of a wavelength division multiplexed signal provided

a suitable pump frequency comb is available. Non-degenerate frequencies amplification can be delivered
by EOP waveguides as outlined in the next section.

4.2. EOP converters
The parametric amplification of a signal whose frequency is different from that of an available pump
can be implemented with an appropriately designed electro-optic modulator. The EOP interaction [7]
provides external control of the PS amplification through the phase of the microwave modulating signal.
An electro-optic phase-sensitive amplifier (EO-PSA) will consist of an electro-optic waveguide with
electrodes designed for traveling microwave modulating signals. By adjusting the phases of the
microwave field and of the optical pump wave, a frequency downshifted input signal can be amplified or
attenuated [7] as illustrated in Fig. 2. An optical pump with a narrow spectral bandwidth can amplify
and filter out a similarly narrow signal bandwidth through the EOP process of frequency translation [7],

[27]. The frequency downshifting w p — Q m = @ s would be easy to implement because it generates
microwave photons, requiring only a limited level of input microwave power. Broadband amplification
with EOP devices is possible by operating multiple optical pump waves.

The PS gain coefficient, which decreases as the signal’s power grows —see Egs. (C2 - C3) of Appendix
C — will reduce amplitude fluctuations, while the PPP effect will narrow the range of phase variations
carried by the signal — see Fig. 1.
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C l

(Us:a)p—.Qm W p

Fig. 2. Electro-optic parametric
amplification filtering out a narrow band
of the signal spectrum through frequency

downshifting of pump photons (w p ) by
a modulating frequency Qw .

5. Discussion - Physical aspects of PS gain coefficients

The conventional method of experimental noise reduction through the interference between a signal
and its phase-conjugate replica, e.g., [20], [28-29] relies on parametric conversions of photons in x® and
X©®-based materials. These techniques, however, constitutes only a particular case of a broader picture of
parametric processes.

The approximated mathematical solution of Eqs. (A1-2) below is inconsistent with the rigorous and
physically meaningful solution published in 1962 in [23] — and expanded in 2013 in [24] — and which was
largely overlooked because of its complexities involving elliptic functions. Nevertheless, its physical
features can be extracted from the interlinked rate equations of motion for the powers and phases of the
optical waves involved in the parametric processes as presented in [5-7], [14]. As a result, one identifies,
classically, a phase-dependent gain coefficient and a related phase-pulling effect. The rigorous solution
rules out simultaneous amplification and attenuation of the signal and idler waves as indicated in Egs. (A1l-
2) of Appendix A.

Equally, an approximation-free and fully quantum optic analysis of parametric processes— see
Section 2 above —reveals that the conversion of photons involves a parametric gain which depends on the
relative phase between the pump waves and signal/idler waves and is inversely proportional to the square
root of its power, as well as identifying a parametric phase-pulling effect, for any levels of optical powers.

The parametric interactions also incorporate a phase-pulling effect capable of countering a phase-
mismatch condition and tending to equalize the levels of power among the waves taking part in the
mixing of photons. Amplitude noise reduction is achievable for any levels of signal power as the gain
coefficient displays a saturation-like property. The same characteristic is also exhibited by the related PPP
effect.

The similarities between OLP and EOP processes, on the one hand, and the three- or four-photon
mixing interactions, on the other hand, are evident as all these processes belong to the same group of
physical phenomena whereby the optical fields drive the atomic electrons into oscillation with no
absorption of energy between resonant energy states.

The mathematical technique of linearizing — on the basis of assumptions and approximations [30] —
the parametric nonlinear coupled wave equations brings about loss of physical properties and the
appearance of physical inconsistencies as pointed out in the Introduction and Appendix A. The
differential equations derived under the condition of undepleted pump approximation do not include the
variation of the conversion-related phase, or the possibility of power coupling reversal which is a major
feature of parametric processes.
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Possible operations of carrying out phase-sensitive amplification at low levels of optical power and
over short interaction lengths may benefit from the versatility offered by parametric processes involving
only two optical waves. Functional operations can be implemented at low levels of pump power and over
short distances of a few wavelengths for OLP interactions and centimeters for EOP interactions.

Equally, a combination of OLP and EOP devices will also involve only two interacting optical waves
with the EOP effect providing direct interfacing between the electrical and optical domains through the
electro-optic effect of a suitable crystal interleaved with silica waveguides.

6. Conclusions

A physical analysis of parametric processes reveals a common feature of phase dependent gain
coefficients accompanied by a phase pulling effect. Phase-sensitive amplification can be achieved at low
levels of optical power and over short interaction lengths by means of optically linear and electro-optic
parametric conversions of photons. With only two optical waves needed for signal processing, e.g.,
amplification, noise reduction, filtering, etc., the EOP-based devices will have the advantage of direct
external control for different signal and pump frequencies.

These physical mechanisms can generate sub-Poissonian distributions of photons through a
saturation-like effect and using only integrated photonic circuits.
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Appendix A - The deficiencies of the Bogoliubov-type solutions

The evolution of the operators is given by the following equations of motion for a phase-matched
nonlinear interaction:

as i(z)= cosh(goz)as,i(O)-i-iei(pp’ sinh(goz) a*i s(0) (A1)

% asi(D=golasiO)tie' ¥ a*is ()] e g [asi(O)—ie' ¥ a*is(0)]e 8- (A2)

These expressions of the optical field operators and their rates of change — Eq. (A2) — also apply to the
corresponding classical optical fields [20], [25], [29-30] where the complex amplitudes of the signal and
idler waves are denoted by as and ai, respectively, with the asterisk indicating complex conjugation and
z being the longitudinal distance of propagation. The reference phase ¢y is (the sum of) the pump
phase(s). The gain coefficient is given by g, =" Py" fora small signal and phase-matching conditions,
with y and Py corresponding, respectively, to the nonlinear coefficient and the pump power for x®, the
second-order susceptibility (m =%2), and x®, the third-order susceptibility (m =1).

The self-coupling term g, as (0) of the rate equation Eq. (A2) above, would be generated by an electric
dipole polarization oscillating at the angular frequency (2) w pump + @ s instead of (2) w pump— @i which is
required for an exchange of photons of w signa. Such a dipole frequency (2) w pump + @ s cannot couple
photons into the signal.

Classically, for a zero input idler wave, i.e., 4i (0) = 0, the signal seems unaffected by the cross-
coupling or interaction term. Equally, quantum optically, the expectation values of Eqs. (A1-2) contain the
creation operator a* which, in the context of coherent states of light |a>, results in the complex
conjugate value o* of the eigenvalue of the annihilation operator. Consequently, the zero-photon state
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with a = 0 cannot trigger a parametric conversion of photons in Eq. (A2). This will be role of the
spontaneous emission [14].

As the same number of stimulated photons is gained, or lost, by both the signal and the idler waves
through stimulated emission [14 -17], the rate of power change should incorporate the product of all the
optical powers taking part in the parametric conversion, i.e.,

%Ps, =y CrOp (P P2 sin O(z) (A3)

where Psi=|Asil2, A being the corresponding field amplitude, 6(z) the relative phase between
the pump(s) and the signal and idler waves including the photonic conversion-induced phases [14],
[23-24]. This Eq. (A3) requires a non-zero input for both the signal and the idler waves in order for the
conversion of photons to be initiated. The minimum input power will correspond to the spontaneous
emission which depends on the strength of the electric dipole [14] and is distinct from the vacuum
fluctuations which are much weaker and independent of the process.

Appendix B - Classical rate equations for phase-dependent gain coefficients and phase-pulling
effects

The process of four photon mixing (FPM) is reformulated within the context of the Poynting theorem
for the coupled-wave formalism [6-7] for four angular frequencies w, +® ;= ®;+ w,, to obtain the same

differential equations as in [14] but with modified coupling coefficients y® , for the powers P, phases ¢,

the relative phase 0, and a power ratio 7 1;4

%Pl = g,(2 P (BL)
g=—2v3r (2 -sin 6(2) (B2)

, PEBP
r? =_23% 41 (B3)

1;4 P
1;4
% 0 = AB+ABNL + YO [r, + ry—r, —r ] cos 0(2) (B4)
0(2) = 0(0)+AB-z+9, +¢;—0;, -0, (BS)
014D = 14O+ fy B dz + D[ 11,4(2) cos 0(2) dz (B6)
k

y(z)zﬁ Ix® ey z)f fo f3 frdxdy (B7)

with AP and AR NL standing, respectively, for the linear and non-linear (Kerr effect) mismatch of
propagation constants. Additionally, k,;;+ denotes the free-space propagation constant of w;,, and

f (x, y, 2) is the longitudinally varying (along the z-direction) transverse (x y -plane) field distribution
with its square f2 normalized to a dimensionless unit [6-7].
Appendix C — Combined rate equations for OLP and EOP processes

The equation of motion for OLP and EOP interactions involve only two optical waves [6-7] and can

be reformulated jointly, with the index number M=1 or 2 for x) or electro-optic x® , and corresponding
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values of index M =1 =0 or 1, as follows:
%Pa(z)z ga(M)(Z"gba) Py—afy (C1)
gaM (z0,)=-2yMr,(zM) sin6,,(z M) (C2)
) £
Va;b(Z;M)Z P (€3)
ab
Opa (ZM)=[BpTM-D)Byp-Bs12+¢p, tM-1D) @, -¢,=082+A¢ (C4)
dq (z)=A M) 0 5
dz %ba (%) = B+YWW 1y —r,]cos by, (2 M) (C5)
= 0 o [ 6 d Ccé6
¢, (2) 0,0+ Yy Ora (5,M) €08 6,,(s,M)ds (C6)
y(M)=k0—ﬂdx ay g op oMt )
ab 2n a b " m

where a loss factor a is included in Eq.(C2), and the modulating microwave field Em, phase and

frequency are identified by the subscript m. Additionally, w;=wp+M-1) Q,,

A distinction is made between time-domain quadrature states of light, i.e., cos (w t) and sin (w t),

and space-domain or propagation (longitudinally varying) quadrature states which will exhibit

maximum or minimum gain for 0p ;=+m/2 ornogainfor 0p,= 0or =*m, asseenfrom Eq. (C2).

The propagation quadrature states evolve as a result of parametric phase shifts as specified in Eqs.
(C4-C6). For a phase-matching condition, A =0, they will tend towards the maximum gain, while for a

phase mismatch A # 0 they will depend on the interaction length as well.

References

1.  Thylén, L. and Wosinski, L., Integrated photonics in the 21st century, Photon. Res., 2014, 2, 75-81.
Zhang, Z.; Felipe, D.; Katopodis, V.; Groumas, P.; Kouloumentas, C.; Avramopoulos, H.; Dupuy,.J-Y.;
Konczykowska, A.; Dede, A.; Beretta, A.; Vannucci, A.; Cangini, G.; Dinu, R.; Schmidt, D.; Moehrle, M.;
Runge, P.; Choi, ].-H.; Bach, H.-B.; Grote, N.; Keil, N.; and Schell, M., Hybrid Photonic Integration on a
Polymer Platform, Photonics 2015, 2, 1005-1026;

3. Hendrickson, S. M.; Foster, A. C.; Camacho, R. M.; and Clader, B. D., Integrated nonlinear photonics:
emerging applications and ongoing challenges [Invited], ]. Opt. Soc. Am. B, 2014, 31, 3193-3202.

4. Li, W, Lu, M.; Mecozzi, A.; Vasilyev, M.; Arafin, S.; Dadic, D.; Johansson L. A., and Coldren, L. A., First
Monolithically Integrated Dual-Pumped Phase-Sensitive Amplifier Chip Based on a Saturated
Semiconductor Optical Amplifier, IEEE |. Quantum Electron., 2016, 52, Article#: 0600212.


http://dx.doi.org/10.20944/preprints201608.0077.v1
http://dx.doi.org/10.3390/photonics3040061

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 August 2016 doi:10.20944/preprints201608.0077.v1

12 of 12

5. Vatarescu, A. Phase-Sensitive Amplification with Low Pump Power for Integrated Photonics, OSA
Advanced Photonics Congress, 2016, paper ID: IM3A.6.

6.  Vatarescu, A., Photonic coupling between quadrature states of light in a homogeneous and optically linear
dielectric medium, J. Opt. Soc. Am. B, 2014, 31, 1741-1745.

7. Vatarescu, A.Photonic quadrature-wave pulses generated by a single electro-optic waveguide modulator
for digital transmission, J. Opt. Soc. Am. B, 2015., 32, 555-561.

8.  Yamazaki, H.; Yamada, T.; Goh,T.; and Kaneko, A., PDM-QPSK Modulator with a Hybrid Configuration of
Silica PLCs and LiNbOs Phase Modulators, J. Lightwave Technol., 2011, 29, 721-727.

9.  Davidovich, L., Sub-Poissonian processes in quantum optics, Rev. Mod. Phys., 1996, 68, 127-173.

10. Yuen, H. P., Two-photon coherent states of the radiation field, Phys. Rev. A, 1976, 13, 2226 — 2243.

11. Henry, R. H. and Glotzer, S. C., A squeezed-state primer, Am. J. Phys., 1988, 56, 318-328.

12.  Kikuchi, K., Fundamentals of Coherent Optical Fiber Communications, J. Lightwave Technol., 2016, 34, 157-
178.

13. Louisell, W.H.; Yariv, A,; and Siegman, A. E.,, Quantum Fluctuations and Noise in Parametric Processes,
Phys. Rev., 1961, 124, 1646 — 1654.

14. Vatarescu ,A., Light conversion in nonlinear monomode optical fibers, J. Lightwave Technol., 1987, 5, 1652—
1659.

15. Inoue, K. and T. Mukai, T., Signal wavelength dependence of gain saturation in a fiber optical parametric
amplifier, Opt. Lett. 2001, 26, 10-12.

16. K. Inoue and T. Mukai, Spectral hole in the amplified spontaneous emission spectrum of a fiber optical
parametric amplifier, Opt. Lett. 2001, 26, 869-871.

17. M. Gao, T. Inoue, T. Kurosu, and S. Namiki, “Evolution of the gain extinction ratio in dual-pump phase
sensitive amplification,” Opt. Lett., 37, 1439-1441 (2012).

18. Glauber, R. ]J. and Lewenstein, M., Quantum optics of dielectric media, Phys. Rev. A , 1991, 43, 467- 491.

19. Anderson, M. E.; McAlister, D. F.; and Raymer, M. G., Pulsed squeezed-light generation in x® nonlinear
waveguides, . Opt. Soc. Am. B, 1997, 14, 3180-3189.

20. Townsend, P. D. and Loudon, R., Quantum-noise reduction at frequencies up to 0.5 GHz using pulsed
parametric amplification, Phys. Rev. A, 1992, 45, 498 -510.

21. Mollow, R. and Glauber, R. J., Quantum Theory of Parametric Amplification, Phys. Rev., 1967, 160, 1076 -
1096.

22. Blow, K. J.; Loudon, R.; Phoenix, S. J. D. and Shepherd, T. J., Continuum fields in quantum optics, Phys.
Rev. A, 1990, 42, 4102-4114.

23. Armstrong, J. A.; N. Bloembergen, N.; Ducuing, ] and Pershan, P. S., Interactions between Light Waves in a
Nonlinear Dielectric, Phys. Rev., 1962, 127, 1918 — 1939.

24. Marhic, M. E., Analytic solutions for the phases of waves coupled by degenerate or nondegenerate four-
wave mixing, J. Opt. Soc. Am. B, 2013, 30, 62-70.

25. Lundstrém, C.; Tong, Z.; Karlsson, M. and Andrekson, P. A., Phase-to-phase and phase-to-amplitude
transfer characteristics of a nondegenerate-idler phase-sensitive amplifier, Opt. Lett., 2011, 36, 4356—4358.

26. Carruthers, P. and Nieto, M. M., Phase and Angle Variables in Quantum Mechanics, Rev. Mod. Phys., 1968,
40, 411-440.

27. Riaziat,M.L.; Virshup, G.F. and Eckstein, ]. N., Optical Wavelength Shifting by Traveling-Wave Electrooptic
Modulation, IEEE Photon. Technol. Lett., 1993, 5, 1002-1005.

28. Levenson, M. D.; Shelby, R. M.; Aspect, A.; Reid, M. and Walls, D. F., Generation and detection of squeezed
states of light by nondegenerate four-wave mixing in an optical fiber, Phys. Rev. A, 1985, 32, 1550-1562.

29. Levenson, J. A.; Abram, I; Rivera, T. and Grangier P., Reduction of quantum-noise in optical parametric
amplification, . Opt. Soc. Am. B, 1993, 10, 2233-2238.

30. McKinstrie, C. and S. Radic, S., Phase-sensitive amplification in a fiber, Opt. Express, 2004, 12, 4973-4979.

© 2016 by the author; licensee Preprints, Basel, Switzerland. This article is an open access article
@ @ distributed under the terms and conditions of the Creative Commons by Attribution (CC-BY)

license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.20944/preprints201608.0077.v1
http://dx.doi.org/10.3390/photonics3040061

