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In this paper we investigate the absorptive and dispersive properties in the phase-sensitive optical parametric
amplification inside a cavity. First, we study the single-resonant optical parametric amplifier theoretically and
experimentally. In this case, the mode splitting in the transmission spectra and the M shape in the reflection
spectra are observed. However, the shape of the phase shift of the reflected field is unchanged. Then, the
double-resonant optical parametric amplifier is studied theoretically, in which electromagnetically induced
transparency-like effect may be emulated when the cavity linewidth for the harmonic wave is narrower than for
the subharmonic field. The narrow transparency window appears in the absorption spectrum and is accompa-
nied by a very steep variation of the dispersive profile.
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I. INTRODUCTION

Coherence and interference effects play important roles in
determining the optical properties of quantum systems. Elec-
tromagnetically induced transparency �1,2� �EIT� in
quantum-mechanical atomic systems is a well understood
and thoroughly studied subject. EIT has been utilized in a
variety of applications, such as lasing without inversion �3�,
slow and stored light �4–8�, enhanced nonlinear optics
�9–12�, and quantum computation and communication
�13–15�. Relying on destructive quantum interference, EIT is
a phenomenon where the absorption of a probe laser field
resonant with an atomic transition is reduced or even elimi-
nated by the application of a strong driving laser to an adja-
cent transition. Since EIT results from destructive quantum
interference, it has been recently recognized that similar co-
herence and interference effects also occur in classical sys-
tems, such as plasma �16–18�, coupled optical resonators
�19–24�, and mechanical or electric oscillators �25,26�. The
phenomenology of the EIT and dynamic Stark effect is stud-
ied theoretically in a dissipative system composed by two
coupled oscillators under linear and parametric amplification
using quantum optics model in Ref. �27�. Recently, we ob-
served mode splitting in transmission profile of a phase-
sensitive optical parametric amplifier �OPA� experimentally
�28�. This phenomenon results from the interference between
the harmonic pump field and the subharmonic seed field in
an OPA. The destructive and constructive interference corre-
spond to optical parametric deamplifier and amplifier, re-
spectively, which are in cooperation with dissipation of the
cavity. The absorptive response of an optical cavity for the
probe field is changed by optical parametric interaction in the
cavity.

In our previous work, we only measured the transmission
profile of single-resonant an OPA, in which the subharmonic
field is resonating inside the cavity and harmonic wave

makes a double pass through the cavity. In this paper, we
investigate coherence effects of the OPA in detail. First, we
present the absorptive and dispersive response of the reflec-
tion of a single-resonant OPA at deamplification for the sub-
harmonic field. It is shown that the absorption profile is sig-
nificant changed and presents “M” shape, however, the
dispersion profile still keeps unchanging. Then we investi-
gate theoretically the absorptive and dispersive response of a
double-resonant OPA at deamplification, in which both the
subharmonic field and harmonic wave resonate simutane-
ously inside the cavity. EIT-like effect may be emulated in an
OPA when the cavity linewidth for the harmonic wave is
narrower than for the subharmonic field. The narrow trans-
parency window appears in the absorption spectrum and is
accompanied by a very steep variation of the dispersive pro-
file.

II. THE ABSORPTIVE AND DISPERSIVE RESPONSE IN A
SINGLE-RESONANT OPA

Consider the interaction of two optical fields of frequen-
cies � and 2�, denoted by a subharmonic �the probe� and
harmonic wave �the pump�, which are coupled by a second-
order, type-I nonlinear crystal in a optical cavity as shown in
Fig. 1. The cavity is assumed to be a standing wave cavity
length L �roundtrip time �=2L /c�, and only resonant for the
subharmonic field with a dual-port of the transmission Tref
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FIG. 1. Schematic of optical parametric amplifier inside

standing-wave cavity.
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and Ttra, and internal losses A. We consider both the subhar-
monic seed beam ain and the harmonic pump beam �in are
injected into the backport �Tref mirror� of the cavity, where
the relative phase between the injected fields is adjusted by a
movable mirror out of the cavity. The Tref mirror is a high
reflectivity mirror at the subharmonic wavelength, yet has a
high transmission coefficient at the harmonic wavelength and
Ttra mirror has a high reflectivity coefficient for the harmonic
wave. The harmonic wave makes a double pass through the
nonlinear medium. The equation of motion for the mean
value of the subharmonic intracavity field can then be de-
rived by the semiclassical method as �29�

�
da

dt
= − i��a − �a + g�ina* + �2�inain. �1�

Here the decay rate for internal losses is �l=A /2 and the
dampings associated with coupling mirror and backmirror
are �c=Ttra /2 and �in=Tref /2, respectively. The total damp-
ing is denoted by �=�in+�c+�l. � is the detuning between
the cavity-resonance frequency �c and the subharmonic field
frequency �. The strength of the interaction is characterized
by the nonlinear coupling parameter g. Equation �1� is
complemented with the boundary conditions atra=�2�ca and
aref =−ain+�2�ina creating propagating beams, where atra is
the transmitted field from the coupling mirror Ttra and aref is
the reflected field from the backmirror Tref. The phase-
sensitive optical parametric amplifier always operates below
the optical parametric oscillation �OPO� threshold �th

in=� /g.
Here, Eq. �1� ignores the third-order term �30� describing the
conversion losses due to harmonic generation. For simplicity,
we assume that the phase of the pump field is zero in the
discussion, i.e, �in is real and positive. The mean values of
the intracavity field a and the injected field ain are expressed
as �a�= �exp�−i�� and �ain�= Ainexp�−i��, respectively.
Here, � and Ain are real, � and � are the relative phase
between the intracavity field and the pump field and between
the seed field and the pump field, respectively. If the har-
monic pump is turned off, the throughput for the nonimped-
ance matched subharmonic seed beam is given by
�ano pump

tra �=2��c�inAin / ��+ i���. The subharmonic seed
beam is subjected to either amplification or deamplification,
depending on the chosen relative phase between the subhar-
monic field and the pump field.

Consider the transmitted intensity of the subharmonic
seed beam as a function of the detuning � between the sub-
harmonic field frequency and the cavity-resonance fre-
quency, and keep the pump field of frequency �p=2� con-
stant. Setting the derivative to zero �da /dt=0� and separating
the real and image part of Eq. �1�, the steady state solutions
of the amplitude and relative phase of the intra-cavity field
are given by

− �� + g�in� cos 2� + �2�inAincos�� − �� = 0,

− ��� + g�in� sin 2� + �2�inAinsin�� − �� = 0. �2�

When the amplitude and relative phase of the subharmonic
seed beam are given, the reflected and transmitted fields of
the subharmonic beam are obtained from Eq. �2� and the

boundary condition. Figures 2�a�–2�c� show the amplitude of
the subharmonic reflection, transmission, and phase shift of
the reflected field when the pump field is absent. This corre-
sponds to the typical absorptive and dispersive response of
the optical empty cavity. The transmitted spectrum presents a
Lorentzian profile. When the injected subharmonic field is
out of phase ��=	 /2� with the pump field, the amplitude of
the subharmonic reflection, transmission and phase shift are
shown in Fig. 2�e�–2�g�. There is a symmetric mode splitting
in transmission profile and the reflection profile presents M
shape. The origin of mode splitting in transmission spectra of
the OPA is destructive interference in cooperation with dis-
sipation of the cavity. If the subharmonic field is resonating
in the cavity perfectly, i.e., �=0, the subharmonic intracavity
field and the pump filed are exactly out of phase and they
will interfere destructively to produce the deamplification for
the subharmonic field in the nonlinear crystal. Thus a dip
appears at the zero detuning of the transmission profile. If the
subharmonic field does not quite resonate in the cavity per-
fectly, that is, the subharmonic field’s frequency is not ex-
actly an integer multiple of the free spectral range but close
enough to buildup a standing wave, the phase difference be-
tween the subharmonic intracavity field and the pump field
will not be exactly out of phase and will increase as the
detuning is increased. The subharmonic intracavity field will

FIG. 2. The theoretical results for the single-resonant OPA:
�a�,�b�,�c�,�d� without the pump field injection and �e�,�f�,�g�,�h�
with �in /�th

in=0.9.
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change from deamplification to amplification when the phase
difference increases. Thus we see that the transmission pro-
file has two symmetric peaks at the detuning frequencies.
The dip in the transmission profile becomes deeper and two
peaks higher as the pump intensity is increased �28�. When
the pump power is close to the threshold, two peaks of the
transmission profile are higher than the intensities of the sub-
harmonic field at zero detuning and without the pump. Cor-
respondingly, the reflection profile appears two peaks near
the threshold at the detuning frequencies, whose intensities
are higher than that of the subharmonic seed beam. In our
scheme, the cavity is an undercoupled resonator, whose dis-
persive response results in fast light �23,31�. The phase shifts
of the reflected field are shown in Fig. 2�c� and 2�g� without
pump, and with pump respectively. We see that the curve of
the phase shift still keeps unchanging as the pump field is
applied. The imaginary parts of the reflected field are shown
in Figs. 2�d� and 2�h�. When an undercoupled resonator is far
from critically-coupled, the imaginary part of the reflected
field approximates to the phase shift.

The experimental setup is shown schematically in Fig. 3.
A diode-pumped intracavity frequency-doubled continuous-
wave ring Nd:YVO4/KTP single-frequency green laser sev-
ers as the light sources of the pump wave �the second-
harmonic wave at 532 nm� and the seed wave �the
fundamental wave at 1064 nm� for the OPA. We actively
control the relative phase between the subharmonic and the
pump field by adjusting the phase of the subharmonic beam
with a mirror mounted upon a piezoelectric transducer
�PZT�. Both beams are combined together by a dichroic mir-
ror and then injected into the OPA cavity. The OPA consists
of periodically poled KTiOPO4 �PPKTP� crystal �12 mm
long� and two external mirrors separated by 43 mm. Both
end faces of the crystal are polished and coated with an an-
tireflector for both wavelengths. The crystal is mounted in a
copper block, whose temperature is actively controlled at
precision of millidegrees kelvin level around the temperature
for optical parametric process �31.3�C�. The input coupler
M1 is a 20 mm radius-of-curvature mirror with a power re-
flectivity 98.5% for 1064 nm in the concave and a total
transmissivity 70% for 532 nm, which is mounted upon a

PZT to adjust the cavity length. The output wave is extracted
from M2, which is a 20 mm radius-of-curvature mirror with
a total transmissivity 2% for 1064 nm and a reflectivity 99%
for 532 nm in the concave. Due to the large transmission of
the input coupler at 532 nm, the pump field can be thought as
it only passes the cavity twice without resonance. Due to the
high nonlinear coefficient of PPKTP, the measured threshold
power is only 30 mW. In order to measure the phase of the
reflected beam, we employ the Pound-Drever-Hall method
�or frequency-modulation spectrum� �32–36�, which pro-
vides us with a way of indirectly measuring the phase. The
frequency of the injected subharmonic field is modulated
with an electric-optic modulator �EOM�, driven by a local
oscillator with the frequency 100 MHz. The reflected beam
is picked off with an optical isolator and sent into a photo-
detector, whose output is compared with the local oscillator’s
signal via a mixer. A low-pass filter on the output of the
mixer extracts the low frequency signal, which is called the
error signal. When the frequency of the injected subharmonic
field is near with the resonance frequency and the modula-
tion frequency is high enough such that the sidebands are out
of the resonance, the error signal is the imaginary part of the
reflected field.

Keeping the frequency of the subharmonic and the pump
field with �p=2�, and the phase at ��=	 /2� between the
subharmonic field and the pump field, we scan the cavity
length. Figure 4 shows the experimental results: �a�, �b�, and
�c� are the amplitude of the subharmonic reflection, transmis-
sion, and error signal, respectively, without the pump field,
�d�, �e�, and �f� that with �in /�th

in=0.9. It can be seen that the
experimental curves of the amplitude of the subharmonic
reflection and transmission are in good agreement with the

FIG. 3. Schematic of the experimental setup. DC: dichroic mir-
ror; 
 /2: half-wave plate; T-C, temperature controller, and HV-
AMP: high voltage amplifier.

FIG. 4. The experimental results for the single-resonant OPA
corresponding to Fig. 2.
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theoretical results shown in Fig. 2, which are obtained with
the experimental parameters. The error signal near the zero
detuning may approximate to the phase shift as shown in
Figs. 2�c� and 2�f�. We see that the shape of the error signal
is unchanged as the pump field is applied.

III. THE ABSORPTIVE AND DISPERSIVE RESPONSE IN
DOUBLE-RESONANT OPA

We consider the case of that the subharmonic and pump
fields resonate inside the cavity simultaneously, and the line-
width of the pump field is narrower than that of the subhar-
monic field. The equations of motion for the mean values of
the subharmonic and pump intracavity field are given by

�
da

dt
= − i��a − �a + gba* + �2�inain,

�
db

dt
= − i��b − �bb + �2�in

b bin, �3�

where �in
b is the damping of the pump field due to the input

mirror and �b is the total damping. The depletion of the
pump is negligible since the OPA works as the deamplifier.
Substituting the steady state solution b=�2�in

b bin / �i��+�b�
of the pump field into the equation of the subharmonic field,
we obtain

�
da

dt
= − i��a − �a + g

�2�in
b

i�� + �b
bina* + �2�inain. �4�

Comparing with Eq. �1�, the third term describing the para-
metric coupling in Eq. �4� introduces the absorption and dis-
persion of the cavity for the pump field. The reflected and
transmitted fields of the subharmonic beam are calculated
from Eq. �4� and the boundary condition. Figure 5 shows the
intensities of the subharmonic reflection, transmission and
phase shift of the reflected field under deamplification at the
different pump powers bin /bth

in=0.26 and bin /bth
in=0.51 re-

spectively. Since the narrow absorption and dispersion of the
pump field are introduced into the subharmonic field, the
reflected field of the subharmonic field in OPA presents the
EIT-like effect. The narrow transparency window appears in
the absorption spectrum and is accompanied by a very steep
variation of the dispersive profile. For the case of EIT, the
condition analogous to �b�� is that a pair of lower energy
states has long lifetime. As we increase the pump powers
further, the intensities of the subharmonic reflection, trans-
mission, and phase shift of the reflected field are shown in
Fig. 6. The maximum absorption of the reflected field at zero
detuning is ��−2�in�2 /�2 �without the pump�. The intensity
of the reflected field at zero detuning reaches a limited value
��−�in�2 /�2 when the pump power is near the threshold.
However, the intensities of the reflected field for the nonzero
detuning frequencies increase quickly and are higher than
that at zero detuning. It is because the phase difference be-
tween the subharmonic intracavity field and the pump field
will not be exactly out of phase at the detuning frequencies.
The subharmonic intracavity field will change from deampli-

fication to amplification as the phase difference increases.
We see two transparency windows at the detuning frequen-
cies, which are higher than that at zero detuning.

IV. CONCLUSION

We have investigated the absorptive and dispersive re-
sponse of the reflection of the single-resonant and double-

FIG. 5. The theoretical results for the double-resonant OPA:
�a�,�b�,�c� with bin /bth

in=0.26 and �d�,�e�,�f� with bin /bth
in=0.51.

FIG. 6. The theoretical results for the double-resonant OPA:
�a�,�b�,�c� with bin /bth

in=0.64 and �d�,�e�,�f� with bin /bth
in=0.69.

C. YE AND J. ZHANG PHYSICAL REVIEW A 73, 023818 �2006�

023818-4



resonant phase-sensitive OPA in detail. For the case of the
single-resonant OPA, the mode splitting in the transmission
spectra and the M shape in the reflection spectra are ob-
served. However, the shape of the phase shift of the reflected
field is unchanged. For the case of the double-resonant OPA,
an EIT-like effect is emulated when the cavity linewidth for
the harmonic wave is narrower than for the subharmonic
field. The narrow transparency window appears in the ab-
sorption spectrum and is accompanied by a very steep varia-
tion of the dispersive profile. This system will be important
for practical optical and photonic applications such as optical
filters, delay lines, and closely relate to the coherent phenom-
enon of EIT predicted for quantum systems.
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