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Measurement of the spectral properties of the two-
photon state generated via type II spontaneous

parametric downconversion
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We report complete measurement of the spectral properties of photon pairs generated via spontaneous para-
metric downconversion. The measurements, which include not only single-photon spectra but also two-
photon joint spectra, were performed for both cw and ultrafast-pumping configurations. In agreement with
theoretical predictions, the spectra for the ultrafast-pumped case reveal asymmetries that are not present
with cw pumping. © 2005 Optical Society of America
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Entanglement between photons has played an impor-
tant role in studies of the foundations of quantum
physics and is relevant today in disciplines such as
quantum information processing, quantum commu-
nication, and quantum-enhanced imaging and me-
trology. The most common method for generation of
entangled photons is spontaneous parametric down-
conversion (SPDC).1 Type II SPDC is of particular in-
terest, not only because of the relatively narrow
bandwidths of the photons but also because it is pos-
sible to generate polarization-entangled states
directly.2,3 Such states have been used in demonstra-
tions of quantum cryptography and quantum telepor-
tation, as well as in experimental tests of nonlocal
quantum correlation, etc.4–7 Although attention is of-
ten restricted to a particular type of entanglement,
e.g., polarization, photons may be entangled in any of
a number of degrees of freedom. As quantum tech-
nologies evolve, the need for more sophisticated two-
photon states will grow, as will the need to character-
ize such states.

In this Letter we report the measurement of the
spectral properties of the two-photon state. This mea-
surement is of particular importance because it has
been predicted that polarization-dependent spectral
features can adversely affect the quality of polariza-
tion entanglement.8,9 Although the theory on which
this prediction is based has been found to be consis-
tent with published experimental results,10–12 to our
knowledge no direct observation of these spectral dif-
ferences has been reported previously. Before de-
scribing the experiment and results, we briefly re-
view the theoretical description of type II SPDC.

The interaction Hamiltonian of the type II SPDC
process may be written as

H = e0E d3rxs2dEpsz,tdEo
s−dEe

s−d + h.c.,

where the pump electric field Epsz , td is considered
classical. Operators Es−d and Es−d are the negative fre-
o e
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quency parts of the quantized electric fields of the
o-polarized (idler) and the e-polarized (signal) pho-
tons inside the crystal, respectively. The quantum
state of type II SPDC can then be calculated by use of
first-order perturbation theory ucl=−i /"e−`

` dtHu0l,
where u0l is the vacuum. Integrating over the length
of the crystal, L, the quantum state is then calculated
to be8,9

ucl = CE E dvedvoSsve,vodexps− iDL/2dae
†ao

†u0l,

where C is a constant, Ssve ,vod=sincsDL /2dEpsve

+vod, D;kpsve+vod−kosvod−kesved, ae
†=a†sved is the

creation operator for an e-polarized photon of fre-
quency ve, and ao

† is defined similarly. The pump
pulse is described by Epsve+vod=expf−sve+vo

−Vpd2 /sp
2g, where sp and Vp are the bandwidth and

the central frequency of the pump pulse, respectively.
The function uSsve ,vodu2, which is defined to be the

joint spectrum of the two-photon state, is essentially
a probability distribution for the photon
frequencies.8,9 Figure 1 shows plots of the calculated
joint spectra for type II SPDC with two different

Fig. 1. Calculated joint spectrum functions for type II
SPDC: (a) cw UV pumping and (b) ultrafast UV pumping.
Dashed lines represent lines with the signal wavelengths

equal to the idler wavelengths. Note the asymmetry in (b).
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pumping configurations. Figure 1(a) shows the calcu-
lated joint spectrum function for a 1-mm b-barium
borate (BBO) crystal pumped by a 351.1-nm cw laser.
For Fig. 1(b), the calculation is carried out for a 3
-mm BBO crystal pumped by a frequency-doubled ul-
trafast laser. The pump is assumed to have a band-
width of 2.5 nm and to be centered at 390 nm. (These
pump wavelengths are typical in many SPDC experi-
ments, and we use them in the subsequent experi-
ment.) A comparison of the two plots reveals a couple
of differences. Most notably, the plots differ both in
the sharpness of the features and in the orientations
of the joint spectra. The width of the joint spectrum is
indicative of the degree of spectral entanglement be-
tween the two photons. Here the two-photon state
from the cw-pumped crystal is more highly en-
tangled, a consequence of the very narrow bandwidth
of the pump field. For the ultrafast-pumped case, the
spectral entanglement is not as strong. More impor-
tantly, the joint spectrum exhibits some asymmetry.
This feature is a consequence of the asymmetric na-
ture of the type II phase-matching conditions but is
evident only when the pump is broadband. The asym-
metry is believed to be the reason for the reduced
quantum interference visibility observed in ultrafast
type II SPDC.8,9 The reduced visibility, which is con-
sistent with the theoretical model described above,
has been observed in experiments.10–12 However, to
our knowledge no direct measurements of uSsve ,vodu2
have been reported previously.

Through a set of experiments we directly measured
the joint spectra of type II SPDC for both cw UV and
ultrafast UV laser pumping conditions. A schematic
of the experiment is shown in Fig. 2. A BBO crystal is
pumped either by an argon-ion laser s351.1 nmd or by
the frequency-doubled output of a mode-locked
Ti:sapphire laser s390 nm,d l;2.5 nmd. In each case
the crystal is aligned for type II SPDC in a beamlike
condition.13,14 (See Fig. 1 in Ref. 14 for the emission
pattern and the tuning curve of a beamlike type II
SPDC.) In this configuration the frequency-
degenerate photons propagate at a small angle with
respect to the pump beam (see Fig. 2). The optical
axis of the BBO crystal lies in the horizontal plane,
and the pump laser beam is polarized horizontally.
(The e ray of the crystal, therefore, is polarized hori-
zontally.)

The BBO crystal was initially aligned to the beam-
like configuration with two detectors (D1 and D2)
with narrowband filters s10 nmd placed at the correct
angles. Once the correct BBO setting was achieved,
the narrowband filters were removed. For the spec-

Fig. 2. Experimental setup: beamlike type II SPDC is
used. l1 and l2 are monochromators.
tral measurement, monochromators l1 and l2 were
placed in front of each detector (see Fig. 2).15 A lens
focused the photons into the entrance slit, which is
200 mm wide. The exit slit of the monochromator is
also 200 mm wide, and the output photons are colli-
mated with a lens of the same focal length. Following
a measurement of the single-photon spectrum of the
idler photon (o ray), the same spectral measurement
was performed on the conjugate photon, i.e., the sig-
nal photon (e ray), using monochromator l2 and D2.
The results of these measurements, which were car-
ried out for both the cw UV and the ultrafast UV
pulsed pump, are shown in Fig. 3. For both pumping
schemes the SPDC photons were centered at the de-
generate wavelengths: 702.2 nm in the cw-pumped
case and 780 nm with the ultrafast pump. In addi-
tion, secondary nondegenerate peaks were also
observed.14 Comparison of the two pumping schemes
shows features consistent with the theoretical de-
scriptions discussed above. In particular, note that
near the degenerate wavelengths the two photons
from the cw-pumped configuration have identical
spectra, whereas the ultrafast-pumped case yields a
broader spectrum for one photon than for the other.

Although the single-photon spectra are instructive,
they do not provide a complete picture. That is, they
do not show how the two single-photon spectra are
correlated. That information can be obtained only
from a measurement of the joint spectrum. The joint
spectrum was measured by scanning (0.4 nm each
step) the two monochromators l1 and l2 simulta-
neously and recording the coincidence count rate be-

Fig. 3. Single-photon spectra of (a) cw UV pumped and (b)
ultrafast UV pumped beamlike type II SPDC. Note that in
(b) the single-photon bandwidths of the conjugate photons
are noticeably different. Insets, full spectra of the SPDC.
Entangled photons are found around the degenerate wave-
lengths, 702.2 or 780 nm. Secondary peaks at nondegener-
ate wavelengths, i.e., the e-ray peak at D1 and the o-ray
peak at D2, are due to the tails of the tuning curves of the e

ray and the o ray, respectively (see Fig. 1 in Ref. 14).
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tween the two detectors. No bandwidth-limiting op-
tics were placed in the paths of the photons. The re-
sults of these measurements are shown in Fig. 4. The
experimental data agree well with the theoretical
predictions shown in Fig. 1. It is clear from these
plots that the single-photon spectra cannot ad-
equately describe the spectral properties of the two-
photon state. It is only when the spectra are mea-
sured in coincidence that the full picture begins to
emerge. It can be seen, for example, that the spectral
entanglement is weaker in the ultrafast-pumped
case. That is, the cross section of the joint spectrum
function at a given signal wavelength is much
broader in ultrafast than in cw. This means that, for
a given signal wavelength, a broader range of wave-
lengths is available for the idler. However, the re-
duced frequency entanglement in ultrafast type II
SPDC is not necessarily unwelcome. The broadband
pumping allows one to engineer the frequency en-
tanglement of the two-photon state for specific quan-
tum applications.9

Note that, by projecting the joint spectrum func-
tion either in the x or y axis, it is possible to obtain
the single-photon spectrum for the signal or the idler
photon. (This process is equivalent to integrating out
one of the two frequency variables from the joint
spectrum function uSsve ,vidu2.) By applying this to
Fig. 4(b), one can see that the single-photon spectra
for the signal and the idler photons would be differ-
ent. This is consistent with the single-photon spec-
trum measurement shown in Fig. 3(b).

In summary, we have measured the joint spectra of
the photon pairs produced via type II spontaneous
parametric downconversion for both cw UV and ul-
trafast UV laser pumping conditions. The degree of

Fig. 4. Joint spectrum of type II SPDC for (a) cw UV
pumping and (b) ultrafast UV pumping. The data are in
good agreement with the theory plots shown in Fig. 1.
spectral entanglement is explicitly revealed in these
measurements, which confirm that the degree of fre-
quency entanglement in ultrafast UV laser pumped
type II SPDC is less than that of cw UV laser pumped
type II SPDC, as predicted by theory. This observa-
tion, we believe, is an important first step toward en-
gineered frequency entanglement for specific quan-
tum applications such as quantum cryptography or
multiphoton entanglement.16
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