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Spectral properties of entangled photons generated via type-I frequency-nondegenerate

spontaneous parametric down-conversion
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Spectral properties of entangled photons generated via type-1 frequency-nondegenerate spontaneous para-
metric down-conversion are studied theoretically and experimentally. For monochromatic pumping, the joint
spectral intensity function for the photon pair is found to be symmetric even though each photon has a different
central wavelength. The single-photon (first-order) interference shows the familiar triangular interferogram,
usually associated with the cw-pumped frequency-degenerate type-Il spontaneous parametric down-
conversion. For broadband (ultrafast) pumping, on the other hand, the joint spectral intensity function is shown
to be asymmetric, similar to the case of ultrafast-pumped frequency-degenerate type-1I spontaneous parametric
down-conversion. The spectral studies reported here are expected to play an important role in developing

ultrabright two-color entangled photon sources.
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I. INTRODUCTION

The spontaneous parametric down-conversion (SPDC), a
second-order nonlinear optical process in which a higher-
energy pump photon is split into a pair of lower-energy
daughter photons inside the nonlinear crystal [1], has played
important roles in the recent progress of experimental quan-
tum optics and quantum information. The SPDC process was
initially used for studying nonclassical properties of light
[2-6] and foundational problems in quantum physics [7-9].
In the recent years, the SPDC process is essential in experi-
mental quantum information as the most practical and effi-
cient source of entanglement in polarization [7,10-16], in
energy-time [17-22], in position-momentum [23-27], in
photon-number—path [3,28,29], and in other variables
[30-38].

The physical properties of SPDC radiation is determined
by the phase matching condition which is characterized with
the polarization, frequencies, and the propagation directions
of the interacting photons. Of particular importance is the
single- and joint-spectral properties of SPDC photons not
only because they determine the amount of inherent en-
tanglement between the SPDC photons [39—41] but also be-
cause entanglement in other photonic degrees of freedom is
significantly affected by the spectral properties of SPDC.

For type-II SPDC, in which the down-converted photons
have orthogonal polarization, the spectral properties are now
well studied both by frequency-selective detection [42-44]
and by interferometric detection [45-48] of the SPDC pho-
tons. For type-I SPDC, the down-converted photons are
identically polarized and this in general requires the phase
matching function to be treated differently from the case of
type-II SPDC, resulting in different spectral properties [48].
In particular, frequency-degenerate type-I SPDC exhibits the
differences most clearly and we have recently reported de-
tailed experimental and numerical studies on spectral prop-
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erties of frequency-degenerate type-I SPDC photons [49].
Note that frequency-degenerate SPDC leads to two photons
that have the same central frequencies but with negative fre-
quency correlation between the photon pair [43,49]. Tt is also
worth reminding that the quantum state of the photon pair
should be described as a coherent quantum superposition of
many frequency-anticorrelated photon pair amplitudes, not
as a classical mixture.

Recently, the frequency-nondegenerate SPDC, in which
the two entangled photons have different central frequencies,
have found to be important in implementing a wide variety
of quantum information protocols, including quantum com-
munication [14,50,51], high-dimensional quantum states
[52-55], a photon-matter quantum interface [56,57], and
quantum metrology [58,59]. For type-Il SPDC, the
frequency-nondegenerate case is expected to exhibit similar
spectral properties to the frequency-degenerate case since the
phase matching function is treated the same. On the other
hand, for type-I SPDC, the frequency-nondegenerate case
and the frequency-degenerate case are expected to exhibit
different spectral (hence temporal) properties as the analyti-
cal treatment of the phase matching function must differ due
to the large differences in the group velocities of the
frequency-nondegenerate SPDC photons [48]. To date, how-
ever, the spectral properties of frequency-nondegenerate
type-I SPDC have not been subjected to extensive experi-
mental studies.

In this paper, we report experimental and theoretical stud-
ies on the spectral properties of entangled photons generated
via frequency-nondegenerate type-I SPDC for both cw- and
ultrafast-pumping configurations. The joint spectral proper-
ties are investigated by experimentally mapping the two-
photon spectral intensity function and the single-photon
spectra are studied by observing the first-order interference
with a Michelson interferometer. The spectral properties of
frequency-nondegenerate type-I SPDC will then be com-
pared with those of type-II SPDC [43,44,60] and frequency-
degenerate type-I SPDC [45,48,49].

©2009 The American Physical Society
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II. SPECTRAL PROPERTIES OF TYPE-I SPDC

For the SPDC process to occur in a noncentrosymmetric
crystal, the photons involved in the SPDC process should
satisfy the phase matching condition, I;1+I€2=Igp, and w,
+ o=, Here, lgp and w, refer to the momentum and the
frequency of the pump photon. Since the phase matching is
not perfect due to the material dispersion and the finite thick-
ness of the nonlinear crystal, the phase mismatch function
5=Igp—121—132 is nonzero.

Assuming that the pump photon propagates in the z direc-
tion and is not tightly focused, the transverse (in the x-y
plane) phase matching can be regarded to be perfect, A N
=k, , +k>, =0, and this condition gives rise to a strong trans-
verse quantum correlation between two SPDC photons [58].
However, the longitudinal phase mismatch, A =k,—k,,—k,.,
cannot be ignored and it is, in fact, the longitudinal phase
mismatch that mainly affects the spectral properties of SPDC
photons.

The longitudinal phase mismatch A, in type-I SPDC can
be calculated to be [49],

O 6 \2
A, (NN, 0)) =k, (N, W) =Ky (V) [ 1 - (j:(;\;))
Ay sin 0; )2
_kz(hz)\/ ( ) (n S\ "

where k,(N,, W)=2mmne(N\,,V)/\,. Here, ¥ and n, respec-
tively, are the angle of the optic axis with respect to Ep and
the effective refractive index of the pump photon. The angle
0; is the mean emission angle (outside the crystal) of the
signal photon. The mean emission angle of the idler photon
6, can be calculated from 6, using k; +I€2=I€p.

The quantum state of SPDC is then written as [42]

AL
ly) = CJ f dw,dw, smc( )5 () + wy)al(w)a(,)|0),
(2)

where C is a constant, L is the crystal thickness, and A_ is the
longitudinal phase mismatch term defined in Eq. (1). The
pump envelope is assumed to be Gaussian, &,(w;+w,)
=exp[—(w, +w,)?/ 02] where o, and (), are the bandw1dth
and the central frequency, respectwely, of the pump laser.
Finally, a{(®;) and a}(w,) are the creation operators for the
signal and the idler photons of frequencies w; and w,, re-
spectively.

Clearly, the spectral properties of SPDC photons are con-
tained in the joint spectrum intensity function S(\,\,,6,),

defined as
A (N Ny, 6))L 1 1
sinc(—z( A2 6) )8 (—+—)
2 AN N

The phase matching function sinc*(A,L/2) determines how
the energy of the pump photon is distributed to the down-
converted photons and the pump envelope function
Eﬁ(l /N1+1/\,) governs the strength of frequency correlation
of two down-converted photons. Since the pump envelope

2

S= (3)
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function depends on the sum of the frequencies of the two
down-converted photons, it is always symmetric with respect
to the N;=\, line. Thus, symmetry (or asymmetry) of the
joint spectral intensity function S is primarily determined by
the shape of the phase matching function sinc*(A.L/2).

The two-photon joint spectral intensity function as well as
the single-photon spectra can then be evaluated from Eq. (3)
by setting the collection angles to correspond to the condi-
tions of the experiment, e.g., the aperture size and the loca-
tions of the irises [49]. It is convenient to rewrite the phase
mismatch function [Eq. (1)] in the frequency domain as

A = kp(wp) —ki(w))ei(w), 9;) = ky(@y) e (@), 0:)’ 4)

¢i(wy, 0;)=\s"1—[sin Hi/n(,(w,)]2 and  c¢y(w,, 0;)
=\1-[(Q,~w,)/ w,P[sin 6,/n,(w,)>. By introducing the
detuning frequency v; with w;=Q;+v; (i=p,1,2), each term
in Eq. (4) can be expanded as

ky(@,) = ky(Q,) + mk!(Q,),

where

kiw;)ci(w;, 0?) ~ k() (L), ‘9(;) + Vi{ki, (Q)ci(L;, 9?)

+ kl(Ql)C[, (Ql’ 0;)}’ (5)

where (), are the central frequencies of the down-converted
photons,  k/(Q,)= dk/dw|Q, and  ¢/(Q;,0)=dc/w,6)
/ da)|9 Since A, is nonzero but very small only leading-
order terms are considered in Eq. (5). Finally, the phase mis-
match function in Eq. (4) can then be evaluated as

A (v1, v, 0) = vifk () = k{1 (Q))e, (1, 6))
=k (Qp)ei (€, 97)} + VQ{k;(Qp)
- ké(ﬂz)cz(ﬂz, 9(;) - kz(Qz)Cé(Qz, 9:)},
(6)

using the fact that ky(Q,) =k (Qy)ci(Qy, 0(;)
+k2(Qz)Cz(Qz, 01) and V=7 + ;.

The differences between the frequency-degenerate and the
frequency-nondegenerate type-I SPDC can now be seen in
Eq. (6). For frequency-degenerate type-I SPDC, ,=(), so
that the phase mismatch function satisfies the relation
A(vy, vy, 19;) A(v,, vy, 00) exhibiting symmetry about the
v; =1, axis. On the other hand, the phase mismatch function
for frequency-nondegenerate type-I SPDC exhibits asymme-
try about the v;=v, axis due to the fact that A(v,v,,6,)
# A(v,, v, 6,), similar to the case of type-Il SPDC.

III. CW-PUMPED FREQUENCY-NONDEGENERATE
TYPE-I SPDC

For cw-pumped type-I SPDC, we may assume that the
pump is monochromatic, i.e., ,=0, and thus vi=-v,=v.
Then, the phase mismatch function in Eq. (6) simplifies to

AZ(V’ 0:) = V{ki(Ql)Cl(Ql, 0;)) + kl(Ql)Ci(Ql’ 01))
- ké(Qz)Cz(Qz, 9:) - kz(Qz)Cé(Qz’ 91)}
= VD(QI,Qz, 01) (7)
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FIG. 1. (Color online) The experimental setup for measuring the
joint spectral intensity function of collinear frequency-
nondegenerate type-I SPDC. Two separate monochromators \; and
\, are used for the joint spectral measurement.

and the pump envelope function 52(1/ N +1/X,) in Eq. (3) is
approximated as &(v;+v,). Note that the phase mismatch
function for frequency-nondegenerate type-I SPDC in Eq.
(7) is proportional to the first-order of the detuning frequency
v, just as in the case of type-II SPDC [42,43]. On the other
hand, for frequency-degenerate type-I1 SPDC, the phase mis-
match function involves 1 terms as the first-order terms can-
cel out [49]. As a result, frequency-degenerate type-I SPDC
exhibits a very broad spectral width, much broader than
frequency-nondegenerate type-I SPDC.

The joint spectral intensity function for cw-pumped
frequency-nondegenerate type-I SPDC is, therefore, found to
be

VD(Ql,Qz, 91)L>’ (8)

— qinc2

S(v) =sinc ( 5
and the complete spectral information about the SPDC pho-
tons can be found by investigating Eq. (8). It is interesting to
observe that, while the phase mismatch function in Eq. (6) is
in general asymmetric, when the pump is monochromatic,
the two-photon joint spectral intensity function for
frequency-nondegenerate type-I SPDC becomes symmetric
in v, similar to the case of cw-pumped type-IT SPDC [42,43].
We therefore expect from Eq. (8) that the spectral properties
of frequency-nondegenerate type-I SPDC would be similar
to those of type-II SPDC, rather than those of type-I SPDC.

To conduct an experimental investigation of the two-
photon joint spectral intensity function of frequency-
nondegenerate type-1 SPDC, we employed the frequency-
resolved coincidence detection method (see Fig. 1) [43,49].
First, a type-I B-barium borate (BBO) crystal pumped by a
cw argon laser operating at 351.1 nm generates a pair of
entangled photons via the collinear frequency-nondegenerate
type-1 SPDC process. The signal and the idler photons are
centered at 632.8 and 788.7 nm, respectively. A beam splitter
(BS) is used to split the beam into two spatial modes.

The type-I BBO crystal was tuned for the desired
frequency-nondegenerate SPDC condition by maximizing
the coincidence between the two detectors D; and D,
equipped with narrow-band spectral filters at 632.8 and
788.7 nm, respectively. Once the correct angle of the BBO
crystal has been set, the narrow-band filters were removed
and monochromators \; and A\, were placed in front of each
detector for the frequency-resolved coincidence detection. In
this experiment, a 1/4 m monochromator (CS260 from Oriel)
with a 600 grooves/mm grating (blaze wavelength at 400
nm) and a 1/2 m monochromator (DK480 from CVI) with a
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1200 grooves/mm grating blazed at 750 nm were used. They
are, respectively, labeled as Ay and \, in Fig. 1. To focus and
collimate the photons into and out of the monochromators \;
and \,, a set of lenses with f=25 mm and f=50 mm were
used,

respectively.

Figure 2 shows the calculated two-photon joint spectral
intensity function using Eq. (8) and the experimentally ob-
served one. For the calculated two-photon joint spectral in-
tensity function shown in Fig. 2(a), we assumed the collec-
tion angles for the SPDC photons to be 0.1° and the
bandwidth [at full width at half maximum (FWHM)] of the
pump laser to be 0.1 nm. The experimental data shown in
Fig. 2(b) agree well with the numerically calculated one. The
background shown in the experimental data is due to the
accidental coincidences.

It is interesting to note that the joint spectral intensity
functions shown in Figs. 2(a) and 2(b) appear to be asym-
metric even though Eq. (8) predicts a symmetric one. The
reason for this discrepancy is that Eq. (8) is expressed as a
function of detuning frequency v while the theory and the
data plots in Figs. 2(a) and 2(b) are displayed in the wave-
length scale as measured with the monochromators. Thus, to
see how the energy of pump photon is distributed to the
signal and the idler photons, it is more proper to analyze the
joint spectral intensity function in detuning frequencies
rather than in wavelengths. The conversion can be accom-
plished by using the relation between the wavelength and the
frequency of a photon and by using the definition of the
detuning frequency. The results of the conversion are shown
in Fig. 2 in which the numerical and the experimental joint
spectral intensity functions are plotted in detuning frequen-
cies v; and v,. The numerical and the experimental joint
spectral intensity plots coincide well and they are indeed
symmetric in agreement with Eq. (8).

Let us now discuss the single-photon spectral properties
of cw-pumped frequency-nondegenerate type-I SPDC. The
single-photon spectra for the signal or the idler photon of
SPDC can be evaluated, for example, by scanning \; in Eq.
(3) with the condition 1/N;+1/N,=1/N\,. Experimentally,
this corresponds to measuring the spectral intensity of the
signal or the idler photons with a grating monochromator. It
is, however, difficult to accurately observe the small side
lobes of sinc? function in Eq. (3) due to the weak nature of
SPDC and low transmission efficiencies of the monochroma-
tors. In this paper, therefore, we observe the single-photon
first-order interference fringes of the signal or the idler pho-
tons of SPDC and the single-photon spectral properties can
be deduced from the envelope of the interference fringes.

To see how the single-photon interference fringe is related
to the spectral properties, it is necessary to calculate the ex-
pected interferogram shape at an output of a Michelson in-
terferometer. The first step in calculating the interferogram is
to evaluate the reduced density matrix for the signal photon
p, and it is given as [47]

p=tr[p]= f dv S(V)GI(Q +1)|0)0]a,(Q+v), (9)

where p=|i)(i]. The reduced density matrix for the idler
photon p; can be evaluated similarly.
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FIG. 2. (Color online) Two-photon joint spectral intensity for cw-
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pumped frequency-nondegenerate type-I SPDC. (a) Numerical calcu-

lation assuming the 0.1° collection angle. (b) Experimental data. The broad background (about 4 Hz in the average) results from the
accidental coincidences. The joint spectral intensity function is centered at the conjugate wavelengths of 632.8 and 788.7 nm. Two-photon
joint spectral intensity as a function of detuning frequencies. (c¢) Numerical calculation. (d) Experimental data. Note that the joint spectral
intensity function for cw-pumped frequency-nondegenerate type I is symmetric about the v;=wv, axis.

The first-order correlation function of the field is then
calculated to be

GV(n) = ulpES(EP (1 + 7]

= f“ do S(w—-Q)exp(-iwT), (10)
0

where Ei")(t)zfgdw al(w)exp(iowt) and w-Q=v. It is clear
that the first-order correlation function has a Fourier-
transform relationship to the power spectrum of the signal or
the idler photon.

If we now consider the experimental setup shown in Fig.
3, the normalized output R, of the detector as a function of
the Michelson interferometer delay 7 is calculated to be [48]

R, =t pEED(1)] = 3{1 + gV (neos(Qn)}, (1)

where EW(1) = [{a(w)exp(—iwt) +a(w)exp[—iw(t+ 1) }dw
and gV(7)=|GV(7)|/|GV(0)|. Thus, given the sinc’ nature
of the spectral property of the signal or the idler photon in
Eq. (8), we expect that the single-photon interferogram for
cw-pumped frequency-nondegenerate type-I SPDC mea-
sured with the experimental setup in Fig. 3 would exhibit a

triangular envelope as in the case of cw-pumped type-II
SPDC reported in [47,48]. Note that the triangular-shaped
envelope of the single-photon interference is due to the fact
that the phase mismatch function is proportional to the first
order in the detuning frequency v as shown in Eq. (8).

The experimental setup for the single-photon interference
is shown in Fig. 3. To separate the SPDC photons completely
from the strong pump noise, noncollinear SPDC is em-
ployed. In addition, a broadband filter was placed in front of
the detector so that the actual spectral properties of the
SPDC photons are not altered. First, the frequency-
nondegenerate SPDC photon (the idler photon) centered at
788.7 nm, propagating at 3.5° with respect to the pump laser,

j Fil - delay
1lter
BBO 5 >
I
(=]

FIG. 3. (Color online) Setup for measuring the temporal coher-
ence properties of nondegenerate type-I SPDC.
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FIG. 4. (Color online) The single-photon interference patterns for cw-pumped noncollinear frequency-nondegenerate type-I SPDC. (a)
The 632.8 nm centered single-photon shows a triangular shaped interference pattern and agrees well with the theoretically expected envelope
shown in (b). (c) The 788.7 nm centered single-photon exhibits a similar triangular shape interference pattern, as theoretically predicted

in (d).

was selected and the interference fringe pattern was recorded
as a function of 7. For the 632.8 nm signal photon, the BBO
crystal was slightly tilted so that the 632.8 nm signal photon
would be emitted at the same 3.5° output angle.

The experimental data for the single-photon interference
are shown in Fig. 4. It is evident that the frequency-
nondegenerate type-I SPDC photons exhibit triangular
shaped single-photon interference envelopes and the ob-
served patters coincide well with the theoretically calculated
interference fringes using Eq. (11).

Since the single-photon interferogram in Eq. (11) depends
on the first-order correlation function, which is a Fourier
transform of S(v) as shown in Eq. (10), the single-photon
interference of the signal photon and its conjugate idler pho-
ton should show the identical width albeit with different os-
cillation fringes. The experimental data shown in Fig. 4,
however, show different widths of the interference enve-
lopes. This is due to the fact that the two measurements are
not done for the conjugate pair photon. As mentioned above,
noncollinear phase matching was chosen to suppress the
pump noise and 632.8 or 788.7 nm centered photons are then
selected by slightly tilting the optic axis angle. For the 632.8
nm (788.7 nm) photon propagating at 3.5° with respect to the
pump, the optic axis angle for the BBO is calculated to be
33.97° (33.74°). Due to the difference in the optic axis angle,
the two interference fringe patterns exhibit different widths
[Figs. 4(a) and 4(c)]. The theoretically calculated interfer-
ence fringes shown in Figs. 4(b) and 4(d) agree well with the
experimental data and reflect the changes in the phase match-
ing condition.

IV. ULTRAFAST-PUMPED FREQUENCY-
NONDEGENERATE TYPE-I SPDC

In this section, we study the spectral properties of fre-
quency entangled photon pairs generated via broadband- or
ultrafast-pumped frequency-nondegenerate type-I SPDC.
Since the joint spectral intensity function S in Eq. (3) is
defined as the product of the phase matching function and
the pump envelope function, the joint spectral intensity func-
tion of the broadband-pumped SPDC would be strongly af-
fected by the properties of the phase mismatch function A, in
Eq. (6). As discussed in Sec. II, the phase mismatch function
of the frequency-nondegenerate type-I SPDC in Eq. (6) is
asymmetric: A(vy, v, 0:) #A(vy, vy, 0;). Thus, in the case of
broadband pumping, the joint spectral intensity function for
frequency-nondegenerate type-I SPDC would exhibit asym-
metry, similar to the case of ultrafast-pumped frequency-
degenerate type-II SPDC reported in Ref. [43].

We have measured the two-photon joint spectral intensity
function for ultrafast-pumped frequency-nondegenerate
type-I SPDC using the experimental setup similar to Fig. 1.
A 3 mm type-I BBO crystal was pumped by frequency-
doubled output of a mode-locked Ti:sapphire laser. The
(frequency-doubled) pump pulse had the central wavelength
of 408 nm and the FWHM bandwidth of the pulse was 3.6
nm. The pump laser was focused with a f=500 mm lens at
the BBO crystal and the BBO crystal was setup so that
frequency-nondegenerate SPDC photon pairs centered at 741
and 909 nm were propagating collinearly with the pump
pulse. A beam splitter was used to split the SPDC photon
pair into two spatial modes and the reflected and the trans-
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FIG. 5. (Color online) Two-photon joint spectral intensity for ultrafast-pumped frequency-nondegenerate type-I SPDC. (a) Numerical
calculation assuming the 0.1° collection angle. (b) Experimental data. The joint spectral intensity function is centered at the conjugate
wavelengths of 741 and 909 nm. Since we obtained the joint spectrum only for the expected data range, the broad background from the
accidental coincidences is not present in this case. See the text for details. Two-photon joint spectral intensity as functions of detuning
frequencies: (c) numerical calculation and (d) experimental data. Note that, differently from the cw-pumped case shown in Fig. 2, the joint
spectral intensity function for ultrafast-pumped frequency-nondegenerate type-I is asymmetric about the v;=1w, axis. If the pump bandwidth
is increased, the joint spectral intensity function would become more tilted in the direction of the arrows shown in (d).

mitted SPDC photons were coupled into single-mode optical
fibers which were connected to the spectral measurement
setup. The spectral measurement was performed with two
1/2 m monochromators (CVI DK480) with a 830/mm groove
grating blazed at 1200 nm. To focus and collimate the SPDC
photons into and out of the monochromators, a set of lens
with f=40 mm was used.

The theoretically predicted and the experimentally ob-
tained joint spectral intensity functions are shown in Fig. 5.
In Fig. 5(a), the two-photon joint spectral intensity function
calculated from Eq. (3) for the present experimental condi-
tions are shown. As before, we have assumed the collection
angles for the SPDC photons to be 0.1°. The experimental
data shown in Fig. 5(b) fit very well with the numerically
plotted results in Fig. 5(a). To save data acquisition time, we
first experimentally obtained the conditional joint spectrum,
by scanning monochromator A, for some fixed setting values
of N\; and then obtained the linear fitting function between
the signal wavelength and the idler wavelength. Using that
function we can decide the proper scanning range of A\; and
\,, thus reducing the data acquisition time. As a result, the

broad background from the accidental coincidences, which
was shown in the cw case, is not present in the pulsed case.

To investigate how the energy of the pump photon is dis-
tributed to the SPDC photon pair, it is necessary to convert
the joint spectral intensity functions [Figs. 5(a) and 5(b)] into
functions of detuning frequencies v; and v,. The results are
shown in Figs. 5(c) and 5(d). The numerical simulation and
the experimental data show excellent agreement and both
exhibit that there exists asymmetry in the joint spectral in-
tensity  functions of  ultrafast-pumped  frequency-
nondegenerate type-I SPDC.

V. DISCUSSION

Comparing the joint spectral intensity functions shown in
Fig. 2 (cw pumped) and in Fig. 5 (ultrafast-pumped) reveals
a few interesting properties. First, for broadband pumping,
the SPDC photons are distributed over broader spectral
ranges than the cw-pumped case. This means that, for a
given frequency of the signal photon, the conjugate idler
photon has a broader spectral range in broadband-pumped
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case than in cw-pumped case. In other words, the degree of
spectral entanglement (defined as the ratio of the single-
photon spectral bandwidth to the conditional spectral band-
width) between the photon pair is reduced as the pumping
bandwidth becomes broader.

Second, while both the cw-pumped and the broadband-
pumped cases exhibit frequency anticorrelation, the joint
spectral intensity function for the broadband-pumped case
reveals asymmetry about v;=v,. Such asymmetry is not
present in the joint spectral intensity function of cw-pumped
frequency-nondegenerate type-I SPDC. Furthermore, it is ex-
pected from Egs. (3) and (6) that, as the pump bandwidth
becomes broader, the asymmetry would become more pro-
nounced in the direction of arrows in Fig. 5(d). Note that this
situation is similar to the case of frequency-degenerate
type-II SPDC in which ultrafast-pumping causes an asym-
metric joint spectral intensity function [43]. Note also that
frequency-degenerate type-I SPDC always exhibits a sym-
metric joint spectral intensity function regardless of the
pump bandwidth [49].

VI. CONCLUSION

In this paper, we have reported experimental and theoret-
ical studies on the spectral properties of frequency-
nondegenerate type-I1 SPDC. In the case of cw-pumping, the
two-photon joint spectral intensity function was found to be
symmetric even though each photon had a different wave-
length. We have shown that this is due to the fact that the

PHYSICAL REVIEW A 80, 033814 (2009)

joint spectral intensity function is forced to be symmetric by
the narrow-band pumping condition even though the phase
matching function itself is asymmetric. We have also dem-
onstrated that the cw-pumped frequency-nondegenerate
type-I SPDC exhibits a triangular single-photon interference
envelope, which indicates that the spectral properties of
SPDC photons are dependent on the first order of the detun-
ing frequency as in the case of cw-pumped type-II SPDC.

For broadband pumping, the photon pair was found to
have asymmetric joint spectral intensity function, different
from the cw-pumped frequency-nondegenerate type-I SPDC
but similar to the ultrafast-pumped type-II SPDC. Note that
frequency-degenerate type-I SPDC does not exhibit the kind
of pumping bandwidth-dependent behavior of the joint spec-
tral intensity function.

Our study thus shows that frequency-nondegenerate
type-I SPDC has spectral properties similar to those of
type-II SPDC. We believe that the spectral studies reported
here are expected to play important roles in developing ul-
trabright engineered two-color entangled photon sources.
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