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Instant single-photon Fock state tomography
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Heralded single photons are prepared at a rate of �100 kHz via conditional measurements on polarization-
nondegenerate biphotons produced in a periodically poled potassium-titanyl phosphate crystal. The single-
photon Fock state is characterized using high-frequency pulsed optical homodyne tomography with a fidelity
of �57.6±0.1�%. The state preparation and detection rates allowed us to perform on-the-fly alignment of the
apparatus based on real-time analysis of the quadrature measurement statistics. © 2009 Optical Society of
America
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The ability to produce single-photon states is of im-
portance for optical quantum computation [1], quan-
tum cryptography [2], and quantum state engineer-
ing [3]. Many of these applications require the
photons to be generated with a high fidelity in a pure,
well-defined spatiotemporal mode. This requirement
can be approached by heralded single photons pre-
pared via conditional measurements on biphotons
produced owing to spontaneous parametric down-
conversion (SPDC) [4,5]. In this method, photon pairs
produced in a nondegenerate optical parametric am-
plifier are split into two channels: trigger and signal.
A single spatiotemporal mode is selected in the trig-
ger channel and subjected to measurement with a
single-photon counting module (SPCM). A detection
event heralds preparation of the single photon in the
conjugate spatiotemporal mode of the signal channel
[6,7].

A significant disadvantage of heralded photons is
that they are not prepared on demand. The bimodal
state of light produced owing to each pump pulse (we
specialize to the pulsed case) obeys thermal statis-
tics:

��� � �1 − �2���0,0� + ��1,1� + �2�2,2� + . . .�, �1�

where the numbers refer to Fock states in the signal
and trigger channels and � is proportional to the
pump field amplitude as well as the nonlinear sus-
ceptibility of the down-conversion medium. In the
weak pump regime ���1�, a trigger photon detection
event indicates that the pulse in the signal channel
contains a single photon. The probability of this
event scales as ��2. If multiple photons need to be
generated from n heralded sources simultaneously,
the probability scales as ��2n, which results in un-
practically long data acquisition times. A higher
pump intensity increases the biphoton production
rate, but leads, with nonideal photon detectors, to a

spurious multiphoton component in the signal, and
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thus to reduced fidelities. A compromise between
these two regimes is facilitated by higher pump pulse
repetition frequencies. In this way, a reasonably high
photon creation rate can be reached while maintain-
ing a sufficiently low ratio between �n+1�- and
n-photon events. More frequent pump pulses, how-
ever, imply a reduced optical energy per pulse, which
can be compensated by using novel materials with
high nonlinear susceptibilities. Additionally, the
quantum state measurement optoelectronics must be
sufficiently fast to distinguish between neighboring
laser pulses.

In this Letter, we report homodyne tomography [8]
of the single-photon Fock state �1� generated under
such intermediate conditions. The preparation rate is
on the scale of 100 kHz with a pump pulse frequency
of 76 MHz. This means, on one hand, that the two-
and three-photon preparation rates are on the scale
of 100 and 0.1 Hz, respectively, which is not prohibi-
tively low. On the other hand, the fraction of multi-
photon events heralded as single photons is of the or-
der of 1% (assuming a 10% trigger photon detection
efficiency), which is acceptable for most applications.
A particularly attractive feature of our experiment is
that the amount of data sufficient for reliable state
reconstruction is acquired within a fraction of a sec-
ond, permitting on-the-fly optimization of the setup.

Our setup can be compared with that described by
Ourjoumtsev et al. [9]. In that experiment, a cavity-
dumped Ti:sapphire laser was employed to increase
the pump intensity at the cost of decreasing the rep-
etition frequency of the pump pulses to 800 kHz.
Preparation rates of �4500 and �15 Hz were re-
ported for Fock states �1� and �2�, respectively.

Our apparatus is based on [6] and is displayed in
Fig. 1. A mode-locked Ti:sapphire laser (Coherent
Mira 900) emitted transform-limited pulses at
�790 nm with a repetition rate of 76 MHz and a
pulse width of �1.7 ps. Most of the light was fre-
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quency doubled in a single pass through a 17-mm-
long lithium triborate (LBO) crystal, yielding typi-
cally �75 mW average second-harmonic power after
spatiotemporal filtering (f1). This field was focused,
with a waist of 70 �m, into a 2-mm-long periodically
poled potassium-titanyl phosphate (PPKTP) crystal
to pump Type II collinear SPDC.

The generated photon pair was separated into the
signal and trigger channels according to the photons’
polarizations using a � /2 plate and a polarizing beam
splitter (PBS). A spatiotemporal mode for the trigger
photons was selected with a 0.3-nm-wide spectral fil-
ter (f2) centered at the laser wavelength followed by
a single-mode fiber. The pumped area of the PPKTP
crystal was imaged onto the fiber core. The signal
state was prepared in the conjugate mode when a
SPCM (PerkinElmer, SPCM-AQR-14-FC) registered
the trigger photons. By temporarily blocking the
pump field, we estimated that �2% of the trigger
events occurred owing to scattered laser light, corre-
sponding to a preparation efficiency of �p�98%. Trig-
ger event rates up to 140 kHz were routinely ob-
served.

A fraction of the original laser beam was split off
before frequency doubling to provide the local oscilla-
tor (LO) for balanced homodyne detection. The local
oscillator phase was allowed to vary randomly. The
homodyne detector was aligned by coupling a 790 nm
alignment beam into the trigger channel of paramet-
ric downconversion. The classical difference fre-
quency signal between the pump and alignment
fields simulated the optical mode of the prepared sig-
nal photon [7,10], and was matched to the LO by op-
timizing the interference visibility therewith. By
implementing a zoom lens configuration in the LO
path, a visibility of �85% was reached, correspond-
ing to a mode-matching efficiency of �m�73% [7].
The linear losses in the signal channel were mainly
due to the low-pass filter (f3 in Fig. 1) and corre-
sponded to an efficiency of �l�96%.

The homodyne detector employed a 300 mm focus-
ing lens, followed by two Si-PIN photodiodes
(Hamamatsu S5972) in a low-noise electronic sub-
traction circuit. These photodiodes possessed a quan-

Fig. 1. (Color online) Experimental setup. f1, spatial and
spectral filters transmitting the pump light (blue) with �
�395 nm. f2, spectral filters transmitting states with �
�790 nm and 
�=0.3 nm. f3, low-pass filter blocking the
pump light (Semrock BLP01-635R-25).
tum efficiency �D=85%, which is slightly lower than
photodiodes typically used in high-speed homodyne
detector circuitry in the past [8,11–14]. However,
their lower capacitance and dark current permitted
us to significantly improve the bandwidth and signal-
to-noise characteristics. The difference photocurrent
was processed by an operational amplifier (OPA 847)
in the transimpedance gain configuration. The detec-
tor had a 3 dB bandwidth at �90 MHz, exceeding the
repetition frequency of the LO pulses. The shot noise,
measured at an average LO power of 25 mW, was
�14 dB higher than the electronic noise, correspond-
ing to an electronic quantum efficiency of �el�93%
[15]. We verified that the relatively strong local oscil-
lator did not saturate the photodiodes.

The amplified difference photocurrent signal pro-
duced with the homodyne detector was digitized with
an acquisition card (Agilent Acqiris DP211), inte-
grated and displayed in real time. With each trigger
event, 128 ns data segments were acquired. In this
way, quadrature measurements were collected for the
signal pulse as well as eight neighboring pulses,
whose state was approximately vacuum, to calibrate
the detector [15]. The acquisition rate, about 25,000
segments per second, was limited by the information
transfer rate between the acquisition card and the
computer. The acquired quadrature data correspond
to the state 	̂= �1−���0��0�+��1��1�, where � is the
overall quantum efficiency [6].

The variance of the acquired quadratures is then
given by �Q2�= 1

2 +� (using a scaling convention, in
which �Q2�= 1

2 for the vacuum state). The value of �
obtained from the variance was calculated and dis-
played periodically on acquisition of a specific num-
ber of data segments, typically 4000 to 6000 (corre-
sponding to a display update rate of 4–5 times a
second). The alignment of various parts of the setup
could be improved using the displayed efficiency as a
guide. Typically, starting from a preliminary align-
ment using classical fields, we were able to increase
the efficiency by 5%–10%.

Upon optimization of the setup, a large data set of
106 points was acquired and subjected to detailed
analysis [Figs. 2(a) and 2(b)]. First, we corrected for
residual correlations caused by a finite bandwidth of
the homodyne detector, which lead to an additional
quantum efficiency improvement of 0.5% on average.
The maximum likelihood method [8,16,17] was then
used to reconstruct the diagonal density matrix ele-
ments shown in the left column of Table 1 and in Fig.
2(c). Contributions of number states above n=2 were
negligible.

The vacuum state data yielded the density matrix
elements displayed in the right column of Table 1
with negligible errors [Fig. 2(d)]. The presence of the
two-photon component in the vacuum state estima-
tion is due to the persistent non-Gaussian “hump”
around Q=0 in the marginal distribution [Fig. 2(b)],
which we believe to arise owing to a finite digitizer
resolution.

The noticeable value for 	2,2=0.0104±0.0006 in the
Fock state density matrix is likely to be caused by
multipair creation events in parametric down-

conversion. To evaluate the suitability of our setup
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for multiphoton quantum technology experiments, let
us estimate �. Assuming the quantum efficiency of
the SPCM, including linear losses in the trigger
channel, to equal �t�1, the state heralded by the
photon detection event, neglecting dark counts, is
given, according to Eq. (1), by 	̂h��t�

2�1��1�
+2�t�

4�2��2�+O��6�. If this state is subjected to an op-
tical loss 1−�, it becomes 	̂��t��1−���2+2�1
−��2�4	�0��0�+�t���2+4��1−���4	�1��1�+2�t�

2�4�2��2�
+O��6�. Normalizing and comparing this result with
the density matrix obtained, we find �=0.5787±
0.0011 and �2�0.0160±0.0010. The observed effi-
ciency � is consistent with the expected value of
�p�m�l�D�el=0.54.

The probability of the heralding event is pt��t�
2.

In this particular data set, the trigger event fre-
quency was 88 kHz, which corresponds to pt=1.15
�10−3, from which we find �t�7%, which is consis-
tent with direct estimate of the trigger channel trans-
mission.

Fig. 2. (Color online) Experimental results. Top row, his-
togram of the collected (a) signal state and (b) vacuum
state quadratures. The curves are scaled marginal distri-
butions based on the reconstructed density matrices. Bot-
tom row, reconstructed diagonal density matrix elements
for the (c) signal and (d) vacuum states. The insets show
cross sections of the corresponding Wigner functions.

Table 1. Quantum State Reconstruction Resultsa

Fock Vacuum

	00 0.4138±0.0006 0.9987
	11 0.5758±0.0011 0
	22 0.0104±0.0006 0.0013

aThe uncertainties shown are standard deviations of the state es-

timation based on the Fisher information matrix �18	.
In summary, we have reported homodyne recon-
struction of the single-photon Fock state produced
using conditional measurements on photon pairs
generated via Type II SPDC in a PPKTP crystal with
a detection rate on the scale of 100 kHz. The single-
photon reconstruction fidelity is comparable to that
reported previously [6,9,13]. The combination of the
preparation rate as well as fast measurement and
analysis permitted virtually instantaneous tomogra-
phic characterization, so optimization of the experi-
mental setup in real time was possible. The achieved
parameters of the experimental setup permit imple-
mentation of various new experiments in quantum-
optical engineering and information processing that
require simultaneous operation of two and three
single-photon sources.
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