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A bipartite multiphoton entangled state is created through stimulated parametric down-conversion of
strong laser pulses in a nonlinear crystal. It is shown how detectors that do not resolve the photon
number can be used to analyze such multiphoton states. Entanglement of up to 12 photons is detected
using both the positivity of the partially-transposed density matrix and a newly derived criteria.
Furthermore, evidence is provided for entanglement of up to 100 photons. The multiparticle quantum
state is such that even in the case of an overall photon collection and detection efficiency as low as a few

percent, entanglement remains and can be detected.
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In recent years, small numbers of entangled particles
have been used for testing quantum mechanics and for
implementing various quantum information protocols [1].
However, other tests probing the validity of quantum
decoherence models [2], and additional quantum infor-
mation protocols will require entangled states of large
numbers of particles. Bipartite multiphoton states, the
subject of this Letter, can be used to test the foundations
of quantum theory [3,4], and for quantum cryptography
[5]. Furthermore, it has been shown that phase sensitive
measurements [6] and quantum photolithography [7] can
exceed classical boundaries imposed by the wavelength
of light by using multiple entangled photons [8].

In this Letter, we demonstrate the generation of a
bipartite entangled state of many photons in two spatial
modes, as produced by stimulated parametric down-
conversion (PDC) [9-12]. The Hamiltonian for the gen-
eration of polarization entangled photons [9] is given by

H = ix(albl — alb]) + He. (1)

Horizontally (#) and vertically (v) polarized photons
occupy two spatial modes (a and b); k is a coupling
constant that depends on the nonlinearity of the crystal
and the intensity of the pump pulse. The resulting photon
state is given by [11]
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where, for example, Im)av represents m vertically polar-
ized photons in mode a. The interaction parameter T
depends linearly on the crystal length and on «. The state
|y is a superposition of the states |¢;, ) of n indistin-
guishable photon pairs. Each |, ) is an analog of a singlet
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state of two spin-n/2 particles, thus |¢) is invariant under
joint rotations of the polarization bases of both modes.
The average photon pair number is (n) = 2sinh’7.
Although photons are created in pairs, the resulting state
cannot be factorized into individual pairs. As a result of
the stimulated emission process, the pairs are indistin-
guishable such that they form a single multiphoton en-
tangled state. Previous PDC experiments have been
restricted to 7 <<0.1, resulting in the detection of at
most four to five photons in an entangled state[12—14].
This work addresses the region of 7 > 1, where entangled
states of large numbers of photons can be generated.
Our setup is switchable between single-pass and
double-pass[12] of a pump pulse through a beta-barium-
borate (BBO) nonlinear crystal (see Fig. 1). The pump is a
frequency-doubled amplified Ti:sapphire laser, giving
200 fs pulses with 5 wJ per pulse. Two down-converted
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FIG. 1 (color online). The experimental setup. The pump
pulses pass twice through the nonlinear BBO crystal, with a
controlled delay between the passes. Down-converted photons
from the first pass are reinjected into the crystal together with
the pump second pass [12]. The configuration can be switched
to single-pass by blocking the path of the first down-
conversion. Additional BBO crystals are inserted in order to
compensate for temporal walk-off. The two spatial modes are
collected into single-mode fibers through narrow bandpass
filters. Photons in the different modes are detected by four
APDs.
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modes a and b are selected by coupling into single-mode T
fibers through 5 nm narrow bandpass filters, justifying 6000
the use of the Hamiltonian of Eq. (1). For each spatial _ [
o N 5000
mode, two orthogonal polarizations are separated by a I I
fiber polarization beam splitter and detected by silicon £ 4000
avalanche photodiodes (APD). Single-photon count rates = [
and coincidence rates were recorded as functions of the 3 9000 i
pump power in three polarization bases: horizontal/ver- © 2000
tical linear (hv), plus/minus 45 ° linear (pm) and right/ i
left circular (7). 1000 T
To characterize states of multiple photons, it is desir- 0
able to have detectors that can resolve photon number. 0 1 2 3 4
P . Pump pulse energy [uJ]
Although such detectors exist [15-19], the photon num-
ber resolution is always limited by losses. Therefore, to Average photon-pair number
determine the actual multiphoton state produced at the Reo. Rt 9.2 ] 7 30
source, it is necessary to perform a probability analysis of ®Pi0000 | i
the experimental data, based on the physics of the detec- 1000 (b) - L
tion scheme. = TR L gt
We use APDs that give no direct information about the % 100 au= ™ ® e g:’n’ R
ey L ]
number of detected photons. Nevertheless, the probability s ee®sist v o
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to obtain a signal depends on the photon number [20,21]. E oe® ad S e
For a total collection efficiency 7 (a combination of the 8 [ .»° ‘ vv"v ;’
APD detectors and the optical coupling efficiencies), the o1k 4 v? R
triggering probability given an m-photon state is . .00
0.01 .‘
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where Py is the probability of not detecting a photon.
For the state of Eq. (2), the detection probabilities for a
single spatial mode and coincidences between any two
modes as functions of 7 and 1 were derived. For example,
the probability per pulse to trigger a single detector is

_ 1
cosh*r

i tanh?" 7 i[l - (1 =n"]
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B ntanh?7
1 — (1 — p)tanh®7’
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We measured probabilities as functions of the pump in-
tensity / up to a maximal intensity I, and fitted the
results with the collection efficiencies 7; of the four
modes a;, a,, b, and b, and the maximum interaction
parameter 7,, defined as 7,x = Tv/Imax /1.
Single-photon counts of one polarization mode and
coincidence counts are presented in Fig. 2(a). This data
is from a single-pass configuration. All the results in
various polarization bases were successfully fitted with
the same parameters 7, = 2.30 £0.05 and n = 1.9 =
0.2% for all four modes, strongly supporting the model of
Eq. (1). The stimulated emission enabled the direct ob-
servation of coincidences that can only occur from events
of at least three or four pairs. By collecting only one
polarization and splitting the photons into two detectors
with a beam splitter, we counted coincidence events of the
form aj-a,-b, and of the form aj-a,-b,-b;, that origi-
nated from three (or more) and four (or more) photon
pairs, respectively. Figure 2(b) combines all the measure-
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FIG. 2 (color online). (a) Experimentally observed single-
photon count rates of the a, mode (squares), one-pair coinci-
dence rates between a;, and b, (circles), and two-pair coinci-
dence rates between a;, and b, (triangles) as a function of the
pump pulse energy. The one-pair coincidences can arise from
one or more pairs, while the two-pair coincidences can arise
from two or more. Fits are included as solid lines. (b) The 7
dependence of the results of (a) and coincidence events that can
be generated by at least three pairs (inverted triangles) and four
pairs (diamonds) of photons.

ments as a function of 7. The larger the number of
relevant pairs for an event, the steeper is its graph, as
expected from a multiphoton stimulated process. The
slopes for 7 <1 of the single-photon counts and the
one-pair coincidence are parallel and linear with pump
pulse energy, as both result from one-pair events. All the
graphs should saturate for large enough 7 at the repetition
rate of 20 kHz. The maximum interaction parameter
achieved corresponds to 100 photons per pulse on average.

We have shown a stimulated emission process in which
many photons are created in a way consistent with the
state of Eq. (2). This does not yet prove the specific
quantum correlations between the photons described by
that state. We will now present two criteria that prove the
presence of entanglement. Our approach is to use a low
overall detection efficiency such that in the relevant pa-
rameter regime we detect at most two photons. We show
that entanglement is still present in this situation. This
proves entanglement not only of the detected photons, but
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also of the initial state before most of the photons were
lost, as it is impossible to form an entangled state by
applying a local operation to unentangled photons.

The Positivity of the Partially-Transposed (PPT) den-
sity matrix is a separability (nonentanglement) criterion
for bipartite systems, such as the PDC system studied
here [22]. Consider the density matrix p in the subspace
where only one photon after losses is detected in each of
the spatial modes. This restriction will be justified below.
The total probability for such a detection is P ;) =
Py, + P, + Py, + P,,, where P, is the probability to
detect a coincidence between a, and b,, etc. By only
considering events from this (1, 1) subspace, probabilities
can be normalized as p;; = P;;/P(; ). We use |hh), |hv),
|vh), and |vv) as the basis states for p. We also define the
single-pair visibility V for different polarization detec-
tion bases. For example, in the hv basis for mode a and
the pm basis for mode b,
_th+Pvp_Ph

v P Pum
hv,pm —

. &)
th+Pvp+Php+Pvm

The elements of p can be readily obtained from combi-
nations of visibilities, a process known as state tomogra-
phy [23]. Density matrices, as measured for low (7 = 0.2)
and high (7 = 1.85) values of 7, are presented in Fig. 3.
The measured density matrices are consistent with the
state of Eq. (2); for low tau, the density matrix approaches
the familiar two-photon ¢ ) Bell state (pj,p, =
Pvhoh = T Phvwh = T Puhihv T 1/2)a and for high tau,
hh and vv coincidences are detected (o, 5, and p,, .,
are no longer small) as a result of multiple photon pairs
before detection losses. Considering these dominant six
terms, the partially-transposed matrix p?7 will only have
positive eigenvalues if

16phhpvv

C, =
: + Vrl,rl)2 + (me,rl - Vrl,pm)2

W >1. (6)

pm,pm

The violation of the above separability criterion proves
entanglement. For example, for a pure [ ) state, C; is

(b)

FIG. 3. Measured density matrices in the (1, 1) subspace for
7= 0.2 (a) and 7 = 1.85 (b). Only the real part of p is shown as
its imaginary part is negligible.
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zero. The circles in Fig. 4 show the measured C; as a
function of 7. Entanglement is detected up to an interac-
tion of 7 = 1.3, corresponding to six indistinguishable
photon pairs on average. For this 7 value and detection
efficiency of 2%, the ratio of the probabilities for a detec-
tion from a higher photon number subspace and from a
(1, 1) subspace is about 0.06. This low ratio justifies con-
sidering only (1, 1) subspace events for the density matrix.

We now derive a second separability criterion tailored
to detect the type of entanglement created by PDC. The
visibility [Eq. (5)] can be rewritten as the spin anticorre-
lation between the two spatial modes [10]:

th,hv = P t Do = Phih = Pov = —<0'g ® 0-?>’ @)
where ¢; are the Pauli matrices. The total spin-correlation
is:

—a —b
(0" 0")=(0®ah) + (ot ® b)) + (0¢ ® 0?)

= —(V

pm,pm

+ Vrl,rl + th,hv)' (8)

A product state is maximally correlated (anticorrelated)
when the two spins are parallel (antiparallel). It is con-
venient to rotate the two correlated spins to one of the
principal bases. The correlation in that basis will be *1,
and zero in the other two bases. A general separable state
(a mixture of product states) cannot have a higher corre-
lation. On the other hand, an entangled state such as the
Bell Igbl_ ) state can have all the correlations as — 1. Thus,
an upper bound criterion for a separable state in the (1, 1)
subspace is

C2 = |me,pm + Vrl,rl + th,hvl =1 (9)
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FIG. 4 (color online). The experimentally measured entan-
glement criteria. To detect entanglement the PPT criterion C;
(circles) must be smaller than 1, while the visibility/spin-
correlation criterion C, (squares) must be larger than 1. Both
criteria detect entanglement up to an interaction of 7= 1.3
(dashed line), corresponding to a state with 12 photons on
average.
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FIG. 5 (color online). One-pair visibility as a function of the
interaction parameter for the polarization bases hv (solid
circles), pm (open circles), and rl (crossed circles), and for
the model fit (solid line). The prediction for the ansatz state of
distinguishable entangled pairs (dashed line) represents the
visibility upper bound for uncorrelated pairs of photons. The
observed results are above this bound, indicating the indistin-
guishable nature of the generated photon pairs.

The measured values of C, are shown as squares in Fig. 4.
This second criterion detects entanglement also up to 7 =
1.3, or up to about six photon pairs. Although based on
different arguments, the two criteria detect entanglement
up to the same interaction values. This boundary is
mainly set by the limitations of the APDs and not by
the actual entanglement present in the generated state.
One can show theoretically that some entanglement re-
mains for arbitrarily high 7 and losses [10,24].

To provide experimental support for entanglement over
the entire detected interaction range, the one-pair visi-
bilities in three polarization bases as measured with a
double-pass setup, optimized for collection efficiencies of
n =9 % 0.7%, are shown in Fig. 5 and compared to their
theoretical prediction (solid line). The 7 dependence is
approximately the same in the different polarization
bases, consistent with the state rotation invariance. For
comparison, the visibility for an ansatz state of distin-
guishable pairs of entangled photons was also calculated
(see dashed line in Fig. 5). We used the same pair-number
distribution as in PDC, but assumed that the different
pairs occupy different modes. The predicted visibility for
this ansatz state is considerably lower than the PDC
visibility curve and the experimental results.

In conclusion, we have demonstrated the generation of
a bipartite state of up to 50 indistinguishable photon pairs.
Entanglement up to 12 photons has been proven while
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evidence has been given for entanglement up to 100
photons. We have shown that it is possible to explore
quantum entanglement even after the state suffered sig-
nificant losses and even with detectors that have limited
photon number resolution. The studied multiphoton en-
tangled state is of particular interest for quantum cryp-
tography, quantum metrology, and for tests of the
foundations of quantum mechanics with large-spin
systems.
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