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We experimentally demonstrate temporal shaping of a heralded single-photon wave packet, prepared by
conditional measurement of the idler photon of the entangled photon pair in the process of spontaneous
parametric down-conversion. The heralded single-photon wave packet for the signal photon, after being tai-
lored with the help of chirp broadening and interference effects, was observed directly by measuring the
time-correlated single-photon-counting histogram. We also demonstrate remote control of the temporal shaping
effect by spectral filtering of the idler photon.
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The single-photon source �SPS� is one of the essential
parts that enables photonic quantum-information processing,
such as linear optical quantum computing �1�, quantum cryp-
tography �2�, etc. Currently, there exist a number of compet-
ing physical systems to make an efficient SPS �3�.

Among these systems, the entangled photon pair gener-
ated via spontaneous parametric down conversion �SPDC�,
combined with a conditional measurement, has long been
known as one of the simplest way to prepare a localized
single-photon state effectively since its first demonstration in
Ref. �4�. Due to the entangled nature of the signal-idler pho-
ton pair of SPDC, the detection of the idler photon at the
trigger detector nonlocally prepares a well-defined single-
photon state, a heralded single-photon state, for the signal
photon. A single-photon source of this kind, SPDC SPS, is
known to be quite versatile due to the wavelength and band-
width tunability, the well-defined emission direction, the
long-term stability, etc., and, therefore, is now being actively
studied and developed for photonic quantum-information-
processing applications �5–11�.

As with any other optical pulse, the single-photon state
must also be associated with a wave packet, which can be
loosely defined as the probability distribution of finding a
photon within a certain spatiotemporal interval �i.e., the
single-photon wave packet is localized� �12–17�. Since quan-
tum interference between independent single photons �18�,
which is at the heart of physical implementations of photonic
quantum-information processing, is affected significantly by
the shape of the single-photon wave packet �19�, it is of
interest and importance to learn how to manipulate and to
measure the shape of the single-photon wave packet.

Recently, there have been a few experimental reports on
shaping nonclassical wave packets using entangled photon
pairs in SPDC �20–22�. Reference �20� reports pulselike bi-
photon wave packet broadening and Ref. �21� reports modu-
lations within the spectral bandwidth of the biphoton state
using a coincidence count measurement. In Ref. �22�, tem-
poral shaping of the biphoton state was induced by introduc-
ing spectral phase modulation and was demonstrated using
the sum frequency generation of the two photons of SPDC as

the two-photon detector. However, temporal shaping and di-
rect time-domain observation of the heralded single-photon
wave packet have not been reported to our knowledge.

In this paper, we experimentally demonstrate temporal
shaping of a heralded single-photon wave packet using a
SPDC SPS. Temporal shaping of the heralded single-photon
wave packet was accomplished in a two-step process by us-
ing pulselike chirp broadening and interference effects. The
wave packet structure in time was then observed directly by
measuring the time-correlated single-photon-counting
�TCSPC� histogram, synchronized to the detection of the
trigger photon, which reveals the temporal probability distri-
bution of the single-photon detection events. We also dem-
onstrate remote control of the temporal shaping of the her-
alded single-photon wave packet by spectrally filtering the
idler photon.

Consider the schematic of the experiment shown in Fig. 1.
A 19 mW cw multimode diode laser centered at 408 nm
pumps a 3-mm-thick type-I �-barium-borate �BBO� crystal,
generating collinearly propagating entangled photon pairs
centered at 816 nm. The pump laser was focused at the BBO
with a 750 mm lens to increase the single-mode fiber cou-
pling efficiency. A 50-50 beam splitter �BS� splits the collin-
ear signal-idler photon pair spatially. The idler photon is de-
tected by a trigger detector assembly, which consists of a
fiber coupler, a 2-m-long single-mode fiber, and an actively
quenched single-photon avalanche photodiode �SPAD�. IF1
and IF2 are 80 nm full width at half maximum �FWHM�
interference filters.
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FIG. 1. �Color online� Schematic of the experiment. The her-
alded single-photon wave packet was prepared by conditional mea-
surement of the idler photon of the SPDC.
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As mentioned earlier, temporal shaping of the heralded
single-photon wave packet for the signal photon is accom-
plished in a two-step process. The signal photon passes
through the interference filter IF2 and is coupled into a
1602-m-long single-mode fiber �SMF� using a fiber coupler
�FC�. Then the signal photon emerging from the SMF is
collimated and sent through a Michelson interferometer with
the arm length of approximately 11 cm. The output of the
Michelson interferometer is monitored, as a function of the
mirror position, with a multimode fiber-coupled SPAD. We
record the first-order interference due to the Michelson inter-
ferometer as well as the TCSPC �PicoHarp 300, 4 ps mini-
mum resolution� measurement, synchronized to the trigger
event, which records the temporal probability distribution of
finding a single photon. The TCSPC histogram, therefore,
faithfully represents the shape of the heralded single-photon
wave packet, provided that the resolution of the TCSPC is
much smaller than the wave packet itself. Note that the initial
single-photon wave packet, calculated from the measured
spectral bandwidth ��=68.9 nm for the 2-m-long SMF
coupled signal and idler photons �23�, is found to be subpi-
coseconds, far beyond the resolution of the single-photon
electronics available to date �24�. However, strong chirp
broadening of the initial single-photon wave packet due to
propagation through the SMF allows us to obtain the wave
packet shape directly via the TCSPC measurement �23�.

Figure 2 shows the experimental data. In Fig. 2�a�, first-
order interference of the signal photon is reported. Note that
the field autocorrelation by a Michelson interferometer pro-
vides only the power spectrum of the light source via the

Wiener-Khintchine theorem, not the temporal profile of the
pulse wave packet. The interference envelope shown in Fig.
2�a� exhibits the signature of the well-known sinc2-shaped
spectrum of the SPDC photons, albeit with low visibility
�25�. The low fringe visibility is not critical for the purpose
of this experiment, which is to demonstrate temporal shaping
of the single-photon wave packet.

Figures 2�b�–2�d� show the results of the TCSPC mea-
surements, which reveal the wave packet profiles of the sig-
nal photon, for several different mirror positions of the Mich-
elson interferometer. For each mirror position of the
Michelson interferometer, two TCSPC histograms are taken
�at 120 and 480 s�. Temporal shaping of the single-photon
wave packet is clearly demonstrated in these data.

The experimental data can be understood as follows.
When the Michelson interferometer is balanced within the
coherence length �2 /�� of the signal photon �see Figs. 2�b�–
Fig. 2�d�� temporal shaping of the single-photon wave packet
occurs due to interferometric suppression of specific spectral
components in the chirp-broadened single-photon wave
packet. Since the effect of the Michelson interferometer can
be seen as a sinusoidal spectral filter with a variable fre-
quency 2� /T, where T is the delay between the paths, the
wave packet shows more modulation as the Michelson inter-
ferometer gets more unbalanced �21�. Moreover, the data
show that interferometric shaping of the single-photon wave
packet can be practical as the observed wave packet shapes
are stable for relatively long accumulation times.

Consider now the case in which the interferometer is
made unbalanced by more than the coherence length �2 /��,
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FIG. 2. �Color online� Experimental data. IF1
and IF2 are both 80 nm FWHM filters centered at
816 nm. �a� First-order interference fringe ob-
served at the signal detector. Note that first-order
interference provides only information on the
spectral bandwidth of the pulse. Red arrows rep-
resent the mirror positions where the TCSPC
measurements, which reveal the temporal shape
of the single-photon wave packet, are taken. Mir-
ror position are �b� 0, �c� −5, �d� −13.5, and �e�
−100 �m. The red curves with circles �for 120 s�
are the lower curves; the black curves with circles
�for 480 s� are the upper curves. See text for
details.
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which is determined by the spectral bandwidth of the signal
photon. No interference occurs and, therefore, the TCSPC
simply records the chirp-broadened single-photon wave
packet due to the 1602-m-long SMF, shown in Fig. 2�e�,
which is identical to the TCSPC histogram obtained without
the Michelson interferometer �23�.

Naturally, it is of importance to know which spectral com-
ponents are actually suppressed in the temporally shaped
single-photon wave packets shown in Figs. 2�b�–2�d�. To ob-
tain this information, it is necessary to spectrally resolve the
chirp-broadened wave packet, such as the one shown in Fig.
2�e�. We therefore fed the SMF output directly to a 1 /2 m
monochromator with a resolution of 1.5 nm. For each wave-
length setting of the monochromator, the TCSPC histogram
was recorded.

The results are shown in Fig. 3�a� and they clearly dem-
onstrate the chirped nature of the dispersion broadened her-
alded single-photon wave packet, that is, the redder fre-
quency components appear sooner �negative delay� than the
bluer frequency components �positive delay� �23�. In Fig.
3�b�, we plot the measured delay �due to group delay disper-
sion� vs the wavelength data shown in Fig. 3�a�. Within the
bandwidth of the signal photon, the temporal delay for a
specific wavelength component is found to be linearly re-
lated to the wavelength for the chirp broadened single-
photon wave packet. Since the pulse-broadening mechanism
of the SMF does not change in time, Fig. 3�b� can now be
used as a reference to which temporally shaped wave packets
�due to the Michelson interferometer� can be compared. In
other words, the spectral information on the temporally
shaped wave packet shown in Fig. 2�b� can be derived easily
with the help of Fig. 3�b�.

Let us now turn our attention to the remote pulse shaping
feature of the experiment. Similarly to a number of recently
reported spectral and temporal correlation experiments using
SPDC �21–23,26,27�, the remote feature in this experiment is
based on the fact that the signal-idler photon pair is in the
entangled state �hence the remote feature may be made to
exhibit nonlocal properties� �25�,

��� = �
−�

�

d	 S�	��
 − 	�s�
 + 	�i, �1�

where 
 is the central frequency of the SPDC photons, i.e.,
twice the pump frequency, and 	 is the detuning frequency.
The state �
−	�s denotes as

†�
−	��0�, where as
†�
−	� refers

to the creation operator for the signal photon of frequency

−	. The joint spectrum function S�	� for type-I SPDC,
which determines the spectral properties of the signal-idler
photon pair, is given as S�	�=sinc�	2D�L /2�, where D�
=d2k /d
2 with k�ks=ki. The subscripts s �i� refers to the
signal �idler� photons. Here, we have assumed that the SPDC
process is cw pumped.

Given the two-photon entangled pure state in Eq. �1�, the
quantum states for the signal and the idler photons alone can
be calculated as �s=Tri����	��� and �i=Trs����	���, respec-
tively, by performing the partial traces of the two-photon
density matrix ���	��. If we now include spectral filtering,
the quantum state of the signal photon alone, for example,
can be written as �25�

�s =� d	�S�	��2Fs�	��
 − 	�ss	
 − 	� , �2�

where Fs�	� is the filter function for IF2. The quantum state
�i for the idler photon alone can be expressed in a similar
form but with the filter function Fi�	�. Note that the quantum
states for the signal and the idler photon alone are com-
pletely determined by local parameters. It is also important
to emphasize that the signal and the idler photons individu-
ally are in thermal �mixed� states, i.e., �s,i

2 ��s,i, while the
two-photon state of SPDC is a pure state �28�. In other
words, Eq. �2� does not represent a single-photon state.

On the other hand, the heralded single-photon state for the
signal photon, triggered by the detection event of the idler
photon, which is filtered by a narrowband filter IF1, must be
described as
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FIG. 3. �Color online� �a� Spectrally and temporally resolved heralded single-photon wave packet, after propagating through a 1602 m
single-mode optical fiber. The colored curves with circles given from top to bottom in the legend are shown from right to left in the figure.
For this TCSPC measurement, a monochromator with the resolution of 1.5 nm FWHM is used in place of the Michelson interferometer. The
data clearly demonstrate that the broadened single-photon wave packet shown in Fig. 2�e� is, in fact, severely chirped. �b� Delay vs
wavelength plot for the data shown at left. Solid line is a linear fit to the data.
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�s
h = Tri����	��Mi� , �3�

where Mi is the measurement operator for the idler trigger
photon. Physically, Mi represents the ensemble of states of
the idler trigger photon at the trigger detector. Since the en-
semble of the trigger states is determined by the filtering
elements in front of the trigger detector, Mi
=
d� Fi������	��, where Fi��� is the transmission function
of the interference filter IF1.

Equation �3�, therefore, shows that the bandwidth of the
heralded single-photon state �s

h for the signal photon is re-
motely �and potentially nonlocally� determined by the band-
width of the interference filter �IF1� placed in front of the
trigger detector �21,23,26�. Choosing a narrower-bandwidth
interference filter IF1 for the idler photon, therefore, will
affect chirp broadening as well as temporal shaping of the
heralded single-photon wave packet for the signal photon.

To demonstrate this effect, we chose an 10 nm FWHM
IF1 for the idler photon and an 80 nm FWHM filter IF2 for
the signal photon. Since �s is affected only by local param-
eters, first-order interference observed at the output of the
Michelson interferometer remains unchanged; see Figs. 2�a�
and 4�a�. However, due to the use of a narrower 10 nm
FWHM filter for IF1, the heralded single-photon state �s

h

now has narrower initial bandwidth. As a consequence, the
single-photon wave packet will not chirp broaden as much,
and this will affect temporal shaping of the heralded single-
photon wave packet.

The experimentally measured single-photon wave packets
under this condition, for several different mirror positions of
the Michelson interferometer, are reported in Figs. 4�b�–4�d�.
It is clear that temporal shaping of the heralded single-
photon wave packet for the signal photon is much reduced or
almost disappears due to narrowband filtering of the idler
trigger photon.

It is interesting to note that �s
h generally represents a

mixed state unless Fi��� is infinitely narrow. Recently it has
been shown theoretically that it is possible to generate a pure
heralded single-photon state without using an infinitely nar-
rowband idler filter by spectrally engineering S�	�, the SPDC
two-photon joint spectrum function �9,11�. We are currently
developing methods to characterize the pure state heralded
single-photon wave packet to study its temporal dynamics.

We have experimentally demonstrated temporal shaping
of the heralded single-photon wave packet using chirp broad-
ening and interference effects. Note that the pulse shaping
scheme discussed in this paper does not allow precise phase
control, which is also important in pulse shaping. We have
also demonstrated remote pulse shaping of the heralded
single-photon wave packet. The remote pulse shaping feature
demonstrated in this experiment could be made even more
interesting by relocating the Michelson interferometer into
the path of the idler trigger photon and by strictly imposing
the nonlocality condition.

The temporally shaped heralded single-photon wave
packet can be compressed in time using the chirped-pulse
compression method based on the use of a grating pair for
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FIG. 4. �Color online� Experimental data. IF1
and IF2 are 10 and 80 nm FWHM filters, respec-
tively. �a� First-order interference fringe observed
at the signal detector. The interference pattern is
identical to Fig. 2�a�. Red arrows represent the
mirror positions where the TCSPC measurements
are taken. Mirror position are �b� 0, �c� −9, �d�
−16, and �e� −100 �m. The red and black curves
with circles �for 120 and 480 s, respectively� are
shown as lower and upper curves in the figure.
Note that, compared to Fig. 2, the wave packets
are narrower and interference structures are not
clearly visible.
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controlling Shih-Alley or Hong-Ou-Mandel-type two-photon
quantum interference �29�. Optimal control of such second-
order photon-photon interference is essential for implement-
ing many photonic quantum-information protocols �19�. We
therefore believe that the single-photon wave packet shaping
reported in this paper, combined with the well-known pulse
compression technique, should have applications in quantum

optics and photonic quantum-information research, where
second-order photon-photon interference effects are utilized.
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