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Tomographic reconstruction of the single-photon Fock state by high-frequency
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A single-photon Fock state has been generated by means of conditional preparation from a two-photon state
emitted in the process of spontaneous parametric down-conversion. A recently developed high-frequency
homodyne tomography technique has been used to completely characterize the Fock state by means of a
pulse-to-pulse analysis of the detectors’ difference photocurrent. The density matrix elements of the generated
state have been retrieved with a final detection efficiency of about 57%. A comparison has been performed
between the phase-averaged tomographic reconstructions of the Wigner function as obtained from the mea-
sured density-matrix elements and from a direct Abel transform of the homodyne data. The ability of our
system to work at the full repetition rate of the pulsed la@& MHz) substantially simplifies the detection
scheme, allowing for more “exotic” quantum states to be generated and analyzed.
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I. INTRODUCTION indeed made use of a pulse picker to lower the laser repeti-

Homodyne detection is a widely used method to obtaint'on frequency, and the low state production rates implied

tomographic reconstructions of classical and quantum opticaﬁery long acquisition times in order to store enough data for

fields in the cw and pulsed regimes. It consists in mixing the® single accurate tomographic reconstruction. More recent

unknown signal field with a strong local oscillatiO) field ~ WOks by the same groufd,10] have adopted a different

on a beam splitter whose outputs are then detected by pr(g(_achnique, where the local oscillator pulses are sent “9” de-
portional photodetectorid]. The difference in the photocur- mand" to the homodyne detector only when needed, this has
rents produced by the two detectors is proportional to thé:ontnbuted to S|g.n|f|cantly increase t'helr acquisition rates,
electric field quadrature selected by varying the relativea:c:c?c?gggeast the price of a more complicated setup and lower
phase between the LO and the signal field. From a collectioff our I’OL.J has recently developed an homodvne setu
of field quadratures it is then possible to reconstruct the group y P y P

. . hich is able to perform high-frequenaiwith repetition
quantum state by means of tomographic techniques. Vacuu fﬂt s up to about 100 MHiZime-domain analysis of quan-

r

thermal, coherent and squeezed states have been successf . S i

analyzed, in the frequency-domain, by means of a spectrgiJ states of I|ghl{11]. Its capabllltlgs were first .demon-
Strated by performing a tomographic reconstruction of the

analysis of the difference photocurrd@t3], and in the time . ) .
domain, with the measurement of integrated photocurrentgvIgner function of weak coherent states and by showing the

on isolated pulses, in order to achieve a full reconstruction og Srsgr'r?ggi’SOfHae?eaxg'n;gggn?iﬂg'iztrgnc?éC:)er:g'téor]réagfn;;ggn i
the unknown field stategl—6). ’ P P

Recently, a pulsed homodyne techniq@&has been suc- tomographic reconstruction of a single-photon Fock state

cessfully applied to the first complete quantum state reconl?"’l"c’ed on SUCh. a tlme-dom_am, P“'S_e_d optical h°m°dyne ap-
aratus operating at the high repetition frequencies charac-

struction of single-photon Fock states of the electromagneti aristic of commonly used mode-locked laser svstems. B
field [8], i.e., states containing exactly one quantum of field Y y - BY

excitation. Such states are an important workbench for thgllowmg us to perform ultrafast pulse-selective measure-

test and the analysis of nonclassical behavior and representn?;\ents’ this apparatus exhibits wo fundamental 'a.dvantage's
fundamental building block for the implementation of effi- over alternative schemes working at lower repetition rates:

cient linear quantum computation. Time-domain homodyneon one side, thanks to the much shorter acquisition times, the

detection schemes as those used7i8] are however quite stability requirements of the overall experimental system are

demanding from the experimental point of view, since the‘yloosened; on the other, if long-term stability of the setup is

require very low electronic noise and high subtraction effi—?&lsal:l;?leéhjﬁgériez)ggbg'ngsrsgl?er;ge;nr;?gg(l)iss'?g:);g;%ggs
ciencies over very large frequency bandwidtfrem dc to a y y 9 P

few times the repetition rate of the lagaviostly due to these can be efficiently analyzed.
technical limitations, all the existing applications of the latter
technique have been limited to pulse repetition rates well |l. GENERATION OF SINGLE-PHOTON FOCK STATES

below the megahertz. The measurements reportel | A single-photon Fock state can be generated by means of

a conditional state preparation on the two-photon wave func-
tion emitted in the process of spontaneous parametric down-
*Also at LENS and INFM, Florence, Italy. Electronic address: conversion (SPDQ (see Refs.[12,13 and references
bellini@inoa.it thereir). Such a state is written as
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|‘P> = |o>s|o>t_f dsksdwsdgktdwt:,b(ks, ws:ktth)

X |ks’ ws>s|ktth>tu ()

where the function/(k, ws, Kk, w,) describes the spatial and
spectral properties of the two-photon st@ighotor and the
subscriptss andt correspond to the signal and triggédler)
photons.

In order to nonlocally select a pure state on the signal
channel, trigger photons must undergo narrow spatial anc BEO Single-photon

frequency filtering before being detected by a single photon detector L
counter[12,14. The conditional nonlocal preparation of the 2’9”0'
cope
FIG. 1. (Color online Experimental apparatus: HT, high-

AN

Trigger

signal state is thus described by the density opefatgiven
by the partial trace of the product between the SPDC-state
density operator and the measurement density opepator

ps= THR TN}, 2) tra.nsmlssmn beamsplitter; LBO, s_econd he_lrmonlc ggneratlon crys-
tal; BBO, down-converter crystal; PZT, piezoelectric transducer,
where PBS, polarizing beamsplittex;/ 2, half-wave plate; HD, homodyne
detector.
~ 3 .
Pt‘f APk Ty, wp) Ky, 0Ky axly () centered at 393 nm, with a mean power of about 100 mW.

The UV pump pulses, after a spatial mode cleaner, are then
and T(k,w) is the transmission function of the spatial andslightly focused, with a beam waist,=220 um, and the
spectral filter placed along the trigger photon path. Note thawaist position is carefully located inside a 3-mm thick, type
the nonlocally-prepared signal state will only approach d BBO crystal cut for collinear degenerate SPDC. The crystal
pure state if the filter transmission functiditk , ) is much  is adjusted in order to obtain a signal-trigger cone beam with
narrower than the momentum and spectral widths of théh angle of~3°. Signal and trigger photon pairs are then
pump beam generating the SPDC pair. Accordingly, one cafielected by means of irises placed at 70 cm from the output
define a purity parameter &-=Tr(p?) which, in the spectral face of the crystal.

domain, is expressed as The trigger beam is directed to the state preparation chan-
nel, where it is spectrally filtered by means of a pair of etalon
_ 1 interference filters and is then coupled into a single-mode
P = 1 +0202 ) fiber connected to a single photon counting module with an
%p

active-area diameter of 200m (Perkin-Elmer SPCM AQR-
where Gaussian profiles with widths, and oy are assumed 14). The typical trigger count rate after spectral and spatial
for the pump power spectrum and for the trigger filter transiltering is of about 5008, with a dark count rate of the
mission, respectively. It is easy to see how the spectral puritgrder of 10 5' when both are gated with the laser pulses.
parameteiP; approaches unity whew; < o,. In such a con- The combination of the two etalon cavities yields a final
dition the strong spectral filtering performs a nonlocal selecspectral width for the trigger channel of about 50 GHz. By
tion of a pure signal state whose properties are defined by theomparing this with a measured pump width of 430 GHz, we
pump as shown if13,15. Similarly, the spatial purity pa- estimate a spectral purity parameter Rf=0.98. However,
rameter is found to bgl2] due to the second harmonic generation process, the LO spec-
1 tral width remainsy2 times narrower than that of the se-
=, (5) lected single-photon state. The degree of mode-matching be-
1+kilk tween the LO and the single-photon state cannot be
acdmproved by filtering the LO beam and might be increased
only by inserting a spectral filter on the UV pump. However,
this solution would also drastically lower the count rate on
the trigger detector and has not been implemented yet.
Filtering in the spatial domain is achieved by means of the
single-mode fiber and our experimental parameters lead to a
spatial purity parametd?;=0.86, which again means that the
Ill. EXPERIMENTAL SETUP c_onditionally_ prepared single-photon state mode is essen-
tially determined by the pump characteristics. The LO beam
A mode-locked Ti:sapphire laser, emitting 1-2 ps longis spatially mode-matched to the fiber-selected signal photon
pulses at 786 nm with a repetition rate of 82 MHz is used asnode by the insertion of appropriate lens combinations along
the primary source for the experiment, schematically drawrts path. In order to finely adjust the alignment and the syn-
in Fig. 1. The laser pulses are first frequency doubled in ahronization between the signal and LO pulses, we use the
13-mm long LBO crystal which produces the pump pulsesstimulated beam produced by injecting a seed pulse into the

Ps

wherek; and«, are the beam widths in the momentum sp
for the idler spatial filter and for the pump, respectively, and
the missing square root with respect to E4). is connected
with the two-dimensional nature of the spatial mode-
matching.
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crystal. Under appropriate conditioffd2], the amplified tomographic reconstruction of the single-photon Fock state.
seeded beam can spatially well simulate the selected signBlue to the limited bandwidth of their homodyne detector
beam and can be used for alignment purposes. (1 MHz), the overall pulse rate had to be lowered to about
The LO pulses are obtained by splitting a small portion of800 kHz by means of a pulse picker at the exit of the laser. In
the laser emission, and their polarization is rotated by a halfthat case about 12 000 experimental data points were ac-
wave plate in order to overlap them with the conditionally- quired in a 14-hour experimental run in order to obtain an
prepared single-photon signal beam onto a polarizing bearaccurate phase-averaged marginal distribution of the quan-
splitter (PBS. One of the steering mirrors is mounted on atum state. Our setup now allows the same kind of acquisition
piezoelectric transducer in order to vary and control the LOto be performed in just about one minute, with a gain of
phase. A 300-mm focal-length lens, an additiond?2 wave  almost three orders of magnitude in the measurement time. It
plate, and a second polarizing beam splitter are then used te clear that such a speed-up can help to loosen some of the
accurately mix the two field modes and focus them onto the&onstraints on the overall stability of the generation system
two photodiodes of the homodyne detector. and, in particular, on the interferometric stability of the beam
paths which is needed when phase-dependent quantum states
are to be analyzed. On the other hand, by greatly increasing
the overall number of available LO pulses in a reasonable

Two photodiodestHamamatsu S3883, with active area experimental time interval, our scheme will allow us to in-
1.7 mrn?) are connected to the positive and negative inputé/estigate much rarer and more exotic events, such as those
of an operational amplifier providing a gain of about 10. Theinvolving higher photon numberd1,16.
bias voltage of the two photodiodes is optimized in order to  Note that recent experiments from the same gr)p0l
provide the maximum extinction in the difference signal have seen the adoption of a clever solution to the limited
when the optical power impinging on the two is well bal- &cquisition rate caused by the low detector bandwidth. In-
anced. The amp”fier Output is ac-coup|@*ﬂut0ﬁ frequency stead of rEdUCing the whole experimental repetition rate, the
of 1 MHz at -3 dB to a second amplifier with gaiG pulse picker has been placed only in the LO path and acti-
=100 and bandwidth extending from dc to 300 MHz, beforevated “on demand” upon a trigger detection event. This has
being sent to a digital scop@ektronix TDS-7104 with an allowed to keep reasonable pair production rates and to ob-
analog bandwidth of 1 GHz, a sampling rate of 10tain afinal acquisition rate similar to the one presented here.
% 10° samples/s and a vertical resolution of 8 bits. However, the introduction of the pulse picker, besides sig-

In order to decrease the effect of the dark counts in thélificantly complicating the experimental setup, has the im-
single-photon trigger detector, a strict coincidence with thePortant drawback that the trigger delay of the shutter in the
signal coming from the laser pulse train is used as the trigger© path has to be compensated by a Igagout 15 m op-
for the acquisition of the homodyne signal. Although this tical delay line on the signal photon path in order for the two
slightly reduces the trigger count rate, it is effective in in-t0 reach the mixing beam-splitter at the same time. This
creasing the ratio of “true” to “false” trigger events to more clearly introduces additional losses and may degrade both
than 99%. the mode quality and the accurate phase stability of the frag-

A single temporal frame composed of 250 acquisitionile quantum state.
points is stored in the oscilloscope memory whenever a trig- 1he performances of our detector were verified with a
ger event occurs. Each of these frames contains two conseclteliminary measurement of the laser shot-noise by analyz-
tive LO pulses where only the first one is coincident with theing the variances of the “dark” pulse areas as a function of
detection of a trigger photon and contains the “single-photorihe LO power. A linear behavior is preserved over a wide
information,” while the second one can be used for the meatange of LO powers, extending up to 9 mW, and with a
surement of the reference vacuum state. About 5000 framexdgnal to electronic-noise ratio of about 12 dB when the de-
can be stored in a sequence at a maximum rate of 160 0odce is operated at the optimum LO power of 7 mW which is
frames per second. With an average rate of trigger counts ¢fsed for all the homodyne measurements described above.
about 300 &', this means that each sequence is acquired in
about 15—-20 s. Each sequence of frames is then transferred V. QUANTUM STATE RECONSTRUCTION
to a personal computer where the areas of the pulses are

measured and their statistic distributions are analyzed in re%l]e signal electric field quadraturas as a function of the

time. The acquisition of two nearby LO pulses in each framerelative phase imposed between the LO and the signal. By
allows the simultaneous analysis of the “signal” pulses

. . . performing a series of homodyne measurements on equally-
namely those that have interfered with the signal photons,p i : : e
and of the “dark” pulses, so that both the Fock-state and th repared states it is possible to obtain the probability distri

. L P X . ; utionsp(x, 6) of the quadrature operatéy that correspond
L.O shot-noise d|str.|but|ons are immediately available from %o the marginals of the Wigner quasiprobability distribution
single sequence, independent from low-frequency quctuaW

IV. HIGH-FREQUENCY BALANCED
HOMODYNE DETECTION

Balanced homodyne detection allows the measurement of

tions in the system. The acquisition and analysis of a se- (x.y) [17)
quence of 5000 signal and dark pulses yields an experimental oo
Wigner marginal distribution in just about 30 s. p(x, 6) =f W(x cosé -y sin 6,xsin 6 +y cose)dy.
It is interesting to compare these acquisition times with -
those reported i8] by the Constance group for the first (6)
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FIG. 2. (Color onling Vacuum(open circleg and signal(filled FIG. 3. Reconstructed diagonal elements of the density matrix

circles phase-averaged quadrature field distributions. The soligy, the single-photon state and the vacu(insey.
lines are fitted curves. The axis is normalized to the #f half-
width of the shot noisévacuum distribution.
R . | pOx; 7) = \E[l - n(1-40))e ®)

In principle, given a sufficient number of quadrature dis- ™
tributions for different values of, one is able to reconstruct ) . o
the Wigner function by inverting Eq6). In the case of Fock From a fit of the_ experimental d|str|_but|ons to the corre-
states, some simplification in the reconstruction procedure%p.or.'dmg theoretical curves we obtain an overall detection
can be accomplished thanks to the phase-invariant nature §fficiency of 7=0.574+0.002. . .
the Wigner function8]. Only one phase-averaged marginal '!'he expected overall efficiency is given by the contri-
distribution is required for the reconstruction in this casePUtion of several terms:
and, from the experimental point of view, this also means
that the stabilization of the LO phase is not needed. Further-
more, the Abel transform, relying on the cylindrical symme-where 7,,=0.90 is the efficiency of the homodyne detector
try of the problem, can be used instead of the Radon transncluding the PBS losses, whilg,=0.99 is the efficiency
form in order to reconstruct a section of the Wigner functionconnected to the dark counts of the trigger detector. The

7= ThdMdcTmms (9

W(r) [18], as given by mode-matching efficiency is given byjnm= 7exVPsPe
- where PP, depends on the tightness of the spatial and spec-
W(r) = - lf Ipadx)  dx @) tral filtering on the trigger channel and constitutes the upper
7J, X \x2-r? limit for the mode-matching efficiency achievable between a

pure state(LO) and the nonlocally selected single photon
wherep,(x) is the phase-averaged marginal distribution andstate. The termy,,, is connected with the nonideal experi-
r=\x2+y2. Due to the singularity fox=r, the numerical ~Mmental conditions and can be estimated from the visibility of
implementation of this method is however extremely sensithe interference fringes formed between the LO and the
tive to noise and a large number of data is required to obtaigtimulated radiation used for alignmeft2]. We obtain
a reliable result. Since this reconstruction procedure involvedexp="0.7 and the overall efficiency is thus expected to be
the application of numerically-unreliable methods, the group7= 0.6, in good agreement with the value retrieved from the
of D'Ariano has developed an alternative precise techniqudit of the marginal data to the theoretical distributions.
that permits the reconstruction of the density matrix elements In Fig. 3 the reconstructed diagonal elemepyg of the
directly from the homodyne dafd9]. density matrix are reported as obtained by averaging the so-

The distributions of the acquired pulse areas for thecalled pattern functions over our data:

vacuum and the single-photon state are shown in Fig. 2, .
where each hi_stogram is obtained f_rom thg analysis of about pon=(nlpIn) = WJ Pay(X) Frn(X)AX. (10)
200 000 acquired pulses. Such distributions represent the o
marginal integrals of the corresponding field state. The non-
unity detection efficiency of the apparatus prevents us frontlere f,(x) are the factorized pattern functions that can be
observing the real single-photon Wigner function, and whanumerically implemented following the numerical recipes
we get instead is its convolution with the vacuum one. Thegiven in Refs.[18,21]. Figure 3 clearly shows the non-
convolution result is the well knowis-parametrized qua- Poissonian photon distribution of the reconstructed state,
siprobability distribution with thes parameter scaled by the which is a statistical mixture of the single-photon Fock state
detection efficiencyy [18,20. The expression for the corre- with the vacuum statep=pg 0)(0|+py 4| 1)(1| with pg g
sponding marginal distribution is =0.426+0.001 andp; ;=0.572+0.002 in good agreement
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FIG. 5. W(x,0) section of the reconstructed Wigner function as
a function of the normalized quadratuteFilled circles, Abel trans-

] ] ] ] form; empty squares, section of Fig. 4; solid line, section corre-
FIG. 4. (Color onling Wigner function of the single-photon sponding to the mixed state of E(.3).
Fock state as obtained from the reconstructed density-matrix ele-

ments. The negativity of the distribution, a clear proof of the non-
classical character of the state, is evident around the origin of the

: ; A comparison between the different methods of Wigner
shot-noise normalized quadrature axes.

function reconstruction is presented in Fig. 5 where the
W(x,0) section is plotted. Both the profile obtained by a
direct implementation of the Abel transform on the acquired

butions. : ) ; ;
; . : . . homodyne histograms using the basic algorithm of Nestor
As discussed by D'Ariano if21,23, the Wigner function and Olsen23] and a section of the Wigner function as re-

can be obtained from the reconstructed density-matrix ele- - . :
ments in a dimensionally-truncated Hilbert space as ported in Fig. 4 are shown, together with the curve retrieved

using the mixed state of E¢13). The direct reconstruction

with the efficiency value found by fitting the marginal distri-

M M-d method based on the Abel transform is extremely sensitive to
W(x,y) = Re>, €42ca) > A(n.d,x,y)pnng  (11)  the noise present in the data and fails to accurately reproduce
=0 n=0 the expected vacuum-convoluted single-photon Wigner func-
and tion. The accuracy of this kind of reconstruction might only

be improved by using a larger set of experimental data with

2(=D" - smaller statistical noise. On the other hand, when the same

Aln.d.xy) =—— [2 - dgol[2(x + )| data set is used for the reconstruction via the density-matrix
elements, the resulting curve is much closer to the expected

% +/ n! e—2(x2+y2)Lg[ 402 +y?)], profile thanks_ to the limited numbgM=10) of elements
(n+d)! used to describe the quantum state.
(12) Recently, alternative reconstruction techniques based on

maximum-likelihood estimation methods have been pro-
where Lﬂ(x) are Laguerre polynomials] is the Kronecker posed[24,25 and used to analyze experimental dgiq).
delta, andM is the maximal quantum number of the recon- Such methods can reconstruct the density matrix elements
structed density matrix. In Fig. 4 we show the Wigner func-and the Wigner function with lower requirements on the
tion obtained from the first 10 reconstructed diagonal elenumber of data samples without a substantial increase in the
ments of the density matrix and by setting all the off- statistical errors. The implementation of these methods might
diagonal terms to zero thanks to the phase-invariance of thgontribute to further decrease the acquisition time of our ex-

state. The reconstructed Wigner function assumes negati&sriment whenever this becomes a limiting factor, i.e., when
values at the origin, showing the nonclassical features of thg, ;e exotic quantum states are analyzed.

single-photon state. We find/,,.,{0,0)=-0.0995, which is
quite close to the theoretical value of the Wigner function
W(0,0;7)=-0.0942 obtained by using Eqll) with the

mixed state defined by VI CONCLUSIONS

p=(1-7)|0)0| + 71)1], (13 We have applied a recently developed technique of time-

domain, high-frequency homodyne detection to perform

with the efficiency valué»=0.574 retrieved from the fit of quantum tomographic reconstructions of the single-photon
the phase-averaged marginal distributions. Fock state. The scheme for the generation of the quantum
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field is based on remote state preparation from an entangleduch more accurate results can be obtained from the recon-
two-photon wave function emitted in the process of pulsedstructed density-matrix elements.

parametric down-conversion. By analyzing pulsed homo-

dyne signals at the full repetition rate of the mode-locked

source laser, this scheme allows us to perform full tomogra- ACKNOWLEDGMENTS

phic reconstructions in relatively short times. Furthermore, ) o

by allowing us to avoid the introduction of additional mecha-  This work has been performed within the framework of
nisms of pulse selection, our scheme has the potential t#e “Spettroscopia Laser e Ottica Quantistica” project of the
achieve more compact realizatioashich may be an issue Department of Physics of the University of Florence and
when an accurate control of the relative phase in neealed ~ partially supported by the Italian Ministry of University and
higher detection efficiencies in the analysis of quantumScientific ResearckiMIUR), under the FIRB Contract No.
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