
WO 2004/093003 PCT/US2004/011001  PHOTON NUMBER
RESOLVING SYSTEMS AND METHODS  BACKGROUND Interest in
quantum information processing has grown dramatically
in recent years  5 because of successes in developing
quantum systems and the expected capabilities of the
technology. In particular, working quantum
cryptosystems have been developed, and if large  (many
qubit) quantum computers can be built, quantum
computers will perform many  processing tasks much
more efficiently than can classical computers. Quantum
processors  having tens or hundreds of qubits, for
example, would be able to perform quantum 10
simulations unreachable with any classical machine.
Such quantum processors also have the  potential to
extend the working distances and applicability of
quantum communications.  Many candidate technologies
for quantum computing hardware are currently being
studied. Whichever technology turns out to be the most
practical, quantum coherent  communications will
likely be needed for linking separate quantum
computers. Coherent  15 electromagnetic fields (as
photonic qubits) seem ideal for communications between
quantum computers and for general quantum
communications because light, traveling either down
optical fibers or through free space, can carry
quantum information over large distances.  Further,
some quantum computing may be performed directly on
photonic qubits, using non- linear or linear quantum
optical processes. 20 Proposed quantum information
systems that use photon states often require detectors
capable of efficiently detecting the presence or
absence of one or a few photons. The optical  quantum
computation architecture proposed by E. Knill, R.
Laflamme, and G. Milburn,  Nature 409, 46 (2001), for
example, requires a high-efficiency photon detector
that is more  than 99.99% efficient at distinguishing
quantum states including 0, 1, or 2 photons. A 25
miscount of the number of photons or a failure to
detect the presence of a photon causes an  inaccurate
measurement of the photon state and an error in the
quantum information. Such  errors, when tolerable,
require error correction schemes that may be expensive
to implement. Current commercial single photon
detectors generally rely to a greater or lesser extent
on the photoelectric effect. With the photoelectric
effect, photons incident on the surface of a  30
metal, a semiconductor, or another material free bound
electrons from atoms of the material. The excited
electrons enter the surrounding space or a conduction
band, where the electrons  



are collected as current that can be amplified and
measured. -1 WO 2004/093003 PCT/US2004/011001  The
photoelectric current from a single photon is small
and difficult to detect. The best commercial photon
detectors for visible light are currently about 90%
efficient at  detecting single photons, and at
present, detectors for photons having wavelengths
between  1.3 and 1.5 pm are only about 30% efficient.
These efficiencies are too low for many 5 quantum
information systems. Additionally, the best
efficiencies achieved for the visible- spectrum photon
detectors require cooling the detectors down to about
6 K, and such  detectors still provide relatively high
"dark count" rates (e.g., high background noise when
no  photon is incident.) Another drawback of most
photon detectors is that the detectors absorb the
photons  10 being measured or detected. The photon
detectors can thus only be used at the end of a
process, when the measured photons are no longer
required or when the resulting  measurement controls a
condition of the system. Accordingly, quantum
information systems require photon detectors that are
highly  efficiency at detecting photons and that can
accurately distinguish the number of photons in  15
quantum signal. Ideally, the detectors would be
non-destructive so that photon states could  be used
after the presence or number of photons has been
inferred. SUMMARY  In accordance with an aspect of the
invention, a photon detector includes a photonic  20
gate that has a first input for a target photon state
being measured and a second input for a probe photon
state. The photonic gate creates a change in the probe
photon state that depends  on the number of photons in
the target photon state. The effect on the probe state
can then be  measured to determine the number of
photons in the target photon state includes one or
more  photons. 25 BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 is a block diagram of a number-resolving photon
detector in accordance with an  embodiment of the
invention. Figs. 2A and 2B respectively illustrate
semiclassical energy levels and a quantum  



30 energy manifold for a matter system suitable for
use in the photon detector of Fig. 1. Fig. 3A is a
block diagram of a number-resolving photon detector in
accordance with  an embodiment of the invention using
homodyne measurement techniques to measure a phase  -2
WO 2004/093003 PCT/US2004/011001  shift in a probe
photon state. Fig. 3B is a block diagram of a
number-resolving photon detector in accordance with
an embodiment of the invention using a Mach-Zehnder
interferometer arrangement to  measure a phase shift
in a probe photon state. 5 Fig. 4 is a block diagram
of a single photon source in accordance with an
embodiment  of the invention. Fig. 5 is a block
diagram of an N-photon source in accordance with an
embodiment of  the invention. Use of the same
reference symbols in different figures indicates
similar or identical  10 items. DETAILED DESCRIPTION A
high efficiency, non-destructive, quantum photon
detector efficiently resolves the  number of photons
in a target state using a photonic gate such as a
phase gate in which the  15 target state and a probe
state coherently interact. The interaction changes the
probe state without destroying the target state. A
homodyne or heterodyne measurement of the change  that
the photonic gate introduces in the probe state then
indicates the presence and/or the  number of photons
in the target state. The number of photons in a target
state can thus be  detected without requiring a
measurement that destroys or absorbs the photons in
the target  20 state. Fig. 1 illustrates a photon
detector 100 in accordance with an embodiment of the
invention. Photon detector 100 includes a photonic
gate 110 and a measurement system 120.  For a
measurement, a target photon state I TIN> and a probe
photon state I PIN> are input to  photonic gate 110,
where the photon states interact before exiting as
evolved states JTOUT> 25 and I PouT>. Photonic gate
110 is preferably such that the interaction of photon
states I TIN>  and PIN> in photonic gate 120 causes a
phase shift in pt`obe state I PIN>, and the introduced
phase shift depends on the number of photons in state
I TIN>. However, output probe state  



I POUT> may alternatively differ in intensity or some
other measurable property from input  probe state I
PIN>. In one alternative embodiment, photonic gate 110
causes scattering of a 30 portion of probe state where
the scattering depends on the number of photons in
target state  TIN>. -3 WO 2004/093003
PCT/US2004/011001  Measurement system 120 can use
homodyne or heterodyne measurement techniques to
measure output probe photon state I POUT> and
determine the change that arose in photonic  gate 110.
The number of photons in target state ITOUT> is then
inferred from the  measurement of probe state I POUT>.
Target state (TOUT>, which is output from photonic
gate 5 120, is thus in a Fock state, i.e., in a
quantum state having a determined photon number.
Input target state I TIN> could have been originally
in a Fock state, in which case the input  and output
target states are the same, or input target state I
TN> could have been in a state  that is a
superposition of Fock states, in which case the
measurement collapses input target  state I TIN> to
output target state IToUT> 10 The specific embodiment
of photonic gate 110 illustrated in Fig. 1 uses a
matter  system 112 and a control field source 114
suitable for providing electromagnetically induced
transparency (EIT). Ell' is a well-known phenomenon in
which an atom, molecule, or other  condensed matter
system that would normally absorb photons of a
particular frequency is  made transparent to the
photons of that frequency through application of one
or more 15 electromagnetic fields having other
frequencies. EIT generally requires a matter system
having at least three quantum energy levels that are
available for interactions with photons. In an
exemplary embodiment, matter system 112 includes at
least one atom, molecule,  or other structure having;
four or more quantum energy levels, and the angular
frequencies wa,  Wb, and w, respectively of target
state I TIN>, a control field 116, and probe state I
PIN> are 20 such that the photons couple to
corresponding transitions between the quantum energy
levels  of matter system 112. Fig. 2A illustrates the
energy levels of energy states I 1>, 12>, 13>,  and
I4> of a four-level matter system relative to the
energies of photons having angular  frequencies wa,
wb, and (.),. With the matter system of Fig. 2A,
photons of angular frequency  Wa couple atomic energy
state 11> to energy state I2>. Photons of angular
frequency Wb and  25 we couple the metastable energy
state 13> to energy states 12> and 14>, respectively. 



The relative order of the energy levels illustrated in
Fig. 2A is merely an example, and  more generally, a
reordering of energy levels would still permit EIT. In
particular, although  Fig. 2A shows the fourth energy
state 14> as being higher in energy than the second
energy  state 12>, the second state 12> as being
higher in energy than the third energy state 13>, and
30 the third energy state 13> as being higher in
energy than the first energy state I 1>, EIT can  be
produces with a matter system that provides an
arbitrary ordering of these energy levels.  -4 WO
2004/093003 PCT/US2004/011001  Third energy state 13>,
is metastable in that no single-photon spontaneous
emission is permitted. Such metastability may result,
for example, if the spin/angular momentum of  energy
state 13> and available lower energy states is such
that a conservation law forbids  emission of a single
photon during a transition of the matter system from
energy state 13> to 5 a lower energy state.
Spontaneous transitions from the fourth energy state
(e.g., to the first or  second state) is similarly
suppressed by selecting a matter system for which the
fourth energy  state is metastable or by at least
partially surrounding the four level matter system
with a  photonic bandgap crystal that does not permit
propagation of photons having angular  frequencies
corresponding to the transitions from the fourth
energy state 14>. 10 Retuning parameters va, Pb, and
Pc indicated the respective amount of detuning of
angular frequencies Wa, Wb, and w, from resonances of
the energy level transitions of the  matter system as
indicated in Equations 1. In Equations 1, the energy
differences between  states 11> and 12>, between 13>
and 12>, and between 13> and 14> are hCJ12, h(032, and
hw34, respectively. 15 Equations 1: h CO a = h(w 12+
va)  h Wb = h(w32+ Pb)  h co, = h(w34+ Vc) Fig. 2B
shows a manifold corresponding to product states I X,
A, B, C>, where X  indicates the energy level 1 to 4
of the matter system, and A, B, and C indicate the
numbers  20 na, nb, and n. of photons of angular
frequencies Wa, Wb, and Wc, respectively. The
illustrated manifold includes the states closest in
energy to a matter system in state I 1>, with na
photons  of angular frequency Wa, nb photons of
angular frequency wb, and nc photons of angular
frequency wc. A spontaneous emission of a photon to
the surrounding environment would  



move the system to an energy level in a manifold that
is similar to the manifold illustrated in  25 Fig. 2B
but having fewer photons of the type lost to the
environment. A paper by R. Beausoleil, A. Kent, W.
Munro, and T. Spiller entitled "Applications of
Coherent Population Transfer to Classical and Quantum
Information Processing,"
"http://xxx.lanl.gov/abs/quant-ph/0302109" and a
co-owned U.S. patent application No.  10/364,987,
entitled "Quantum Information Processing Using
Electromagnetically Induced 30 Transparency" further
describe use of four-level matter systems having
energy levels as  illustrated in Figs. 2A and 2B in
implementations of qubit gates. These references  -5
WO 2004/093003 PCT/US2004/011001  particularly
describe the structure of a two-qubit phase gate
suitable for use as photonic gate  110 in detector 100
of Fig. 1. The four-level matter system of Fig. 2A
interacting with photons of angular  frequencies wa
and co, creates a Hamiltonian with an effective
crossed-Kerr non-linearity of  5 the form given by
Equation 2A. In Equation 2A, creation operator at and
annihilation operator a respectively create and
destroy a photon of angular frequency Wa, and creation
operator ct and annihilation operator c respectively
create and destroy a photon of angular  frequency wC.
Constant X indicates the strength of the interaction
and generally depends on  detuning parameters Pa, Pb,
and p, , the Rabbi frequencies Sl a, Sl a, and 0a
associated with  10 transitions, and the specific
characteristics of the matter system. Equation 2A: H =
xatactc Condensed matter systems can more generally
give rise to other non-linear photon  interactions
that are suitable for use in detectors. Equation 2B,
for example, illustrates a more  general
representation of a term of a Hamiltonian providing a
non-linear interaction between 15 photons of angular
frequencies Wa and co,. In Equation 2B, f(at,a)is a
function of creation  and annihilation operators at
and a, and g(ct,c) is a function of creation and
annihilation  operators ct and c. Preferably,
f(at,a)is a power of photon number operator ata, e.g.,
(ata)X  for some constant X, so that the effect of the
interaction on the state of photons of angular
frequency we directly depends on the number of photons
of angular frequency Wa. 20 Equation 2B: H =
xf(at,a)g(et,c) Optical systems that provide a general
non-linear interaction between photon states in  



two distinct modes (e.g., spatially separated modes or
distinct angular frequency modes Wa  and wc) may be
built from a sequence of optical gates, with or
without using an EIT system.  In the context of
quantum computing, Seth Lloyd and Samuel L. Baunstein,
"Quantum 25 Computations over Continuous Variables,"
Phys. Rev. Lett. 82, 1784 (1999) describes
constructing a sequence of gates that creates an
arbitrary polynomial Hamiltonian (e.g.,  f(at,a) or
g(ct,c)) for a single photon mode. The basic gates in
the sequence for a single mode  include (1) linear
devices such as beam splitters and phase shifters, (2)
quadratic devices such  as squeezers, and (3)
non-linear devices of third or higher order such as
Kerr-effect fibers, 30 atoms in optical cavities, and
non-linearities generated through measurement. Such
systems  for two separate modes can be combined via
one or more beam splitters to provide cross  mode
interactions and create a desired non-linear
interaction f(at,a)g(ct,c) between the  modes. -6 WO
2004/093003 PCT/US2004/011001  In the exemplary
embodiment of detector 100 described herein, matter
system 112 includes a four-level system that has
quantum energy levels related to the photon energies
as  illustrated in Fig. 2A and that provides a
crossed-Kerr non-linearity of the form given in
Equation 2A. However, other matter systems that
provide other non-linear interactions such 5 as the
interaction of Equation 2B can similarly alter a probe
photon state in an easily  distinguishable manner for
determination of the number of photons in a target
state. Such  matter systems are therefore suitable for
detectors in accordance with alternative  embodiments
of the invention. The exemplary embodiment of detector
100 can distinguish state I 0>a from state I 1>a  10
if target state I TTN> is in the Fock state I 0>a or I
1>a, that is a state including zero or one  photon of
angular frequency co, More generally, target state I
TIN> could contain up to N  photons (where N is
arbitrary), and detector 100 can efficiently determine
the number N of  photons. For the determination of the
number of photons of angular frequency wa in target
state I TIN>, a laser or other control field source
114 drives control field 116 at angular 15 frequency
Wb, which corresponds to the transition between the
second and third energy levels  of the four-level
atom. Probe state I PIN> can be a Fock state or a
large amplitude coherent or  squeezed state containing
large number (e.g., 102 to 105 or more) of photons of
angular  



frequency wc, which corresponds to the transition
between the third and fourth energy levels  of the
four level atom. Alternatively, the roles of angular
frequencies wa and we can be  20 interchanged because
of symmetry of the Hamiltonian term of Equation 2A.
Probe state I PIN> is preferably a state providing a
high intensity or large number of  photons. In one
exemplary embodiment described below, probe state I
PIN> is a coherent  state I ~>, The coherent state I
E>a is used as an example since coherent states are
easily  produced (or approximated) by the output from
a laser. However, other types of photon 25 states such
as squeezed states or Fock states could equally be
employed as probe state I PIN>.  Equations 3
mathematically represents coherent state I i>c. In
Equations 3,  represents the state amplitude, the
subscript c designates the state contains photons of
angular d nv is the expectation value of the  ,, I
n>,: is a Fock state containing n photons, an
frequency w, number of photon in the coherent state I
E>C. 11~(t)12 00 tt (t)  30 Equations 3: I~)c = e_2 Z
n=0  -7 WO 2004/093003 PCT/US2004/011001  !t)=
?nV)e-iu7Ct When probe state I PIN> is a coherent
state I i>C and the target state is a Fock state
containing n photons, the initial state I TIN> I PIN>
of detector 100 is I n>a I ~>C, where  subscripts a
and c respectively represent photons of angular
frequencies wa and co, (As 5 indicated above,
four-level matter system 112 is classically pumped
with photons of angular  frequency wb.) The effect of
the crossed-Kerr non-linearity of Equation 2A now
causes the  photon states to evolve in time according
to Equation 4. Equation 4: I ToUT> I POUT> = exp
{iXtatactc} I n>a I E>c = I n>a I ~einat>c  Equation 4
clearly shows that if no photon of angular frequency
wa is present (n=0) in  10 target state I TIN> then no
phase shift occurs (e'xt=1). However, if one (or more)
photon of angular frequency wa is present in target
state I TIN>, coherent state I E>,, evolves to I
fie'"M>c.  The size of the phase shift e1x' depends
directly on the number n of photons in target state  



I T N> as well as on coupling X and the interaction
time t of the photons with the matter  systems. Since
the coupling X and interaction time t can be made
constant for a particular 15 system, a measurement of
the phase shift indicates the number of photons in
target state  I TIN>. If value i for the coherent
state is initially real then a measurement system 300A
of  Fig. 3A can use homodyne measurement techniques to
measure the position X = c+ct and  momentum Y =
(ct-c)/i quadratures <X> and <Y> for probe state I
POUT>. The homodyne 20 measurement in system 300A uses
an oscillator or laser 310 to generate a reference
beam R  that is out of phase with probe state I PoUT>
by an adjustable phase angle 0. A 50/50 beam  splitter
323 in at the intersection of the two beams causes
subtraction of reference beam R  from probe state I
POUT> along a path to a photodiode 326 and addition of
reference beam R  to probe state I POUT> along a path
to a photodiode 328. A difference Id in the resulting
25 currents of photodiodes 236 and 238 is proportional
to position quadrature <X> when phase  angle S is zero
and is proportional to momentum quadrature <Y> when
phase angle 0 is 7r/2.  Based on Equation 4, the
measured quadratures <X> and <Y> are related to the
number n of photons in target state I TIN> (and to the
constants i;, y,, and t) as respectively  indicated in
Equations 5 and 6. 30 Equation 5: <X> = 2~ cos(nXt)
Equation 6: <Y> = 2~ sin(nXt)  -8 WO 2004/093003
PCT/US2004/011001  If no photon of angular frequency
wa is present (n=0), the measured quadrature <X> is
equal to twice value E, and measured quadrature <Y> is
zero. If one photon of angular  frequency wa is
present (n=1), interaction time t can be controlled so
that quadrature <X> is  zero and quadrature <Y> is 2~.
(The interaction time t can be controlled, for
example, 5 through the number of four-level atoms or
molecules in matter system 112 and/or through
adjustment of detuning parameters va, vb, and va,)
Thus, for an appropriately controlled  reaction time
t, measured quadratures <X> and <Y> provide definite
and easily distinguished  signatures indicating the
presence or absence of a photon. The interaction time
t is not required to be such that sin(nXt) is one. If
the product Xt  10 is small enough that the small
angle approximation applies to Equation 6, the
momentum  



quadrature <Y> is approximately 2~Xt for a single
photon of angular momentum wa in target  state I TIN>.
If ~ is sufficiently large, the measurement of
quadrature <Y>, which is about  2~Xt, will be much
larger than signal noise, and the one-photon target
state is efficiently  distinguished from the target
state containing no photons. 15 The measurement
process illustrated above uses a homodyne measurement,
which is  highly efficient but generally requires the
use of a strong local oscillator. Fig. 3B illustrates
a  measurement system 300B that uses a Mach-Zehnder
interferometer including 50/50 beam  splitters 321 and
323, reflectors 322 and 324, and photodiodes 326 and
328 to measure the  phase shift in a coherent probe
photon state I ~>. In system 300B, 50/50 beam-splitter
321 20 splits the coherent state I > into a two-mode
separable state I E/,J2>x I ~/,\f2>y, where
subscripts X and Y designate spatially separated
paths. One mode I ~/,/2>x is input into  photonic gate
110, where that mode I ~/p>x acquires a phase shift
e'It that depends on the  number n of photons of
angular frequency wa in target state I TIN>. The phase
shifted state  I ~e1'`/,,2>x from photonic gate 110
reflects from mirror 324 onto 50/50 beam splitter 323,
25 which combines phase-shifted state I ~e'x/,p>x with
the second mode I ~/ 2>y from beam  splitter 321 via
mirror :322. The output probe state after
beam-splitter 323 is a two-mode  state as indicated in
Equation 7, where subscripts X and Y designate
spatially separated paths  to respective detectors 326
and 328. Equation 7: I Pour>x IPOUT>Y = I
(1+e1DM)~/2>x I (1-e'M)~/2>y 30 In the regime where Xt
is small, the output probe state can be expressed as
I i(l+inXt/2)>x I in~Xt/2>y, and a direct measurement
of second mode I in~Xt/2>y using  -9 WO 2004/093003
PCT/US2004/011001  photodiode 328 gives a measurement
current proportional to photon intensity (nExt)2.
Photodiode 328 can be a conventional device that is
unable to distinguish a single photon  from zero or
two photons, but photodiode 328 can distinguish
between zero and a large  number of photons. Assuming
that the product ~Xt is relatively large, photodiode
328 can 5 distinguish whether output mode I POUT>v has
0 or approximately (EXt)2 photons. System  300B thus
has enormous advantages over currently used detectors
because the efficiency of  system 300B detecting
single photons is close to unity. If target state I
TTN> is a superposition of Fock states and of the form
co I 0>a+cl I 1>a,  



the state I T> of the total system after the beam
splitter and EIT interaction is found to have  10 the
form given in Equation 8. If photodiode 328 measures a
nonzero current, then Equation 8  indicates that
target state I ToUT> includes a photon of angular
frequency C a. Equation 8: I `I'> = cc I 0>a 12>bX I
O>bY + C1l1>a I (l+e'x)E/2>x I (1-e'x)~/2>y If target
state I TIN> is a superposition of Fock states and of
the form  co I 0>a+c1 I l>a+c2 I2>a, both component
Fock states I 1>a and 12>a include photons of  15
angular frequency Wa and therefore cause phase shifts.
However, the magnitude of the resulting current in
photodiode 328 easily distinguishes the phase shift
resulting from  component state I 1>a from the phase
shift resulting from component state I2>a. As noted
above, when Xt is small, the current measured in
photodiode 328 is approximately  proportional to
(n~Xt)2. The current that photodiode 328 measures for
component state I2>a  20 is thus about four times the
current measured for component state I 1>a. In
accordance with another aspect of the invention,
measurement system 300B can be  tuned to act as a
parity detector for target state I TIN>. As noted
above, photodiode 328  measures a probe state I
(1-e''`)E/2>y. If photonic gate 110 is such that the
quantity Xt is  equal to Ir, then even photon numbers
produce a phase shift that is a multiple of 27r, which
is 25 effectively no phase shii:t. Only an odd photon
number n photons in target state I T1N> causes  a
phase shift, which photodiode 328 detects as a
non-zero current. An advantage of measurement system
300B is that photodiode 328 measures light  through a
"dark port" that neglecting noise, has zero intensity
unless a photon is in the target  state. The presence
of a photon in the target state thus provides a
distinctive signal. 30 However, an EIT system such as
used in the exemplary embodiment of photonic gate 110
is  always likely to have a limited amount of noise
arising from decoherence and dephasing.  -10 WO
2004/093003 PCT/US2004/011001  Dephasing can cause a
small phase shift in the probe state that would cause
some light flow  through the dark port of the
Mach-Zehnder interferometer even when no target photon
(e.g.,  of angular frequency co;,) is present.
However, photodiode 328 can measure the amount of
light (not just the presence of light) at the dark
port, and proper tuning of the phase shift 5 induced
in photonic gate 110 can make the noise insignificant
compared to the amount of  light from the dark port
when a single target photon is present. Photodiode 328
then  



distinguishes a few photons from many photons, which
can be achieved using conventional  photodiodes. If
photonic gate 110 employs a photon loss mechanism to
attenuate the probe  photon state, the attenuation can
similarly be maximized to distinguish the dark port
signal  10 from the noise. Measurement systems 300A
and 300B, as described above, are able to infer the
presence or absence of a photon in a target state
without directly measuring and destroying  the photon.
The photon from the target state can thus be used
after the measurement. In accordance with another
aspect of the invention, a non-destructive measurement
15 system 300A or 300B can convert a conventional,
non-deterministic photon source that may  sporadically
or undependably emit a single photon into a
deterministic photon source that  releases a single
photon on demand. The deterministic single photon
source includes the  conventional photon source, the
non-destructive photon detector such as system 300A or
300B, and a photon storage system. The non-destructive
photon detector measures the 20 photon number for a
state output from the conventional photon source. If
the measured  output state is not a single photon,
another output photon state from the conventional
photon  source measured. If the measured photon state
contains a single photon, the measured photon  state
is stored in the photon storage system, from which the
single photon state can be  released on demand. When
the photon detector includes a photonic gate including
an BIT 25 system, the BIT system can introduce a phase
shift in a probe state and store the target photon
for later release. An array of N such dependable
single photon sources of this type can store  N
photons and release a user-selected number of (e.g., 0
to N) photons on demand. Fig. 4 illustrates a
deterministic single photon source 400 in accordance
with a  specific embodiment of the invention. Photon
source 400 includes a photonic gate 110, a  30
Mach-Zender interferometer 320, a non-deterministic
photon source 430, and a photon  storage system 440.
Non-deterministic photon source 430 sometimes emits a
single photon of angular  frequency co,, but most of
the time emits only the vacuum. Such a source can be,
for  -11 WO 2004/093003 PCT/US2004/011001  example, an
electrically triggered quantum dot or highly
attenuated laser. The output of  photon source 430 is
measured to determine whether or not source 430
emitted a photon. 



For the measurement, the output state of source 430
becomes the target state I TIN>  that is input to
photonic gate 110 for measurement. A laser or other
probe source 410  5 simultaneously generates a
coherent probe state I ~> containing photons of
angular frequency w c, and Mach-sender interferometer
320 splits coherent probe state ~> so that one spatial
component is input to photonic gate 110 with target
state I TIN>. Photodiode 328 then  determines whether
target state I TIN> includes a single photon state by
detecting whether  photodiode 328 measures a signal
that is above the noise level but below the level  10
corresponding to a two photon target state. If no
photon is initially present in state I TIN>, source
430 remains active until a single  photon is detected.
When the measured current from photodiode 328 confirms
that target  state I TN> includes a single photon, the
photon is stored in photon storage 440, and a gate
435 shuts off further output from photon source 430.
Photon storage 440 can be a device 15 such as a fiber
loop or an EIT system capable of releasing a quantum
coherent photon state  matching the stored photon. The
stored photon can be released from photon storage 440
to  deterministically provide a single photon state on
demand. In accordance with another aspect of the
invention, an EIT-based arrangement used in  photonic
gate 110, which causes the desired phase shift in the
probe state, can also store a  20 single photon of the
target state. In particular, the duration of the probe
state can be extended to effectively slow or stop
propagation of the target photon through matter system
112 until  an output photon is needed. Accordingly, a
separate photon storage device 440 can be  eliminated
if matter system 112 serves to store the target
photon. Multiple deterministic photon sources such as
illustrated in Fig. 4 can be used  25 together to
produce a photon state containing a user-selected
number of photons. Fig. 5  illustrates an example of
an N-photon source 500 containing N single photon
sources 400-1  to 400-N. Each of the single photon
sources 400-1 to 400-N operates in the same manner as
photon source 400 of Fig. 4 to detect and store a
single photon. When photon sources 400-1  to 400-N all
store single photons, any or all of the photon sources
400-1 to 400-N can be 30 commanded to release a stored
photon to produce a photon state having a user
selected  number of photons. -12 WO 2004/093003
PCT/US2004/011001  



Although the invention has been described with
reference to particular embodiments, the description
is only an example of the invention's application and
should not be taken as a  limitation. Various
adaptations and combinations of features of the
embodiments disclosed  are within the scope of the
invention as defined by the following claims. -13 WO
2004/093003 PCT/US2004/011001  We claim: 1. A device
comprising: a gate (110) capable of receiving a target
photon state and a probe photon state,  wherein the
gate creates in the probe photon state a change that
depends on a number of  5 photons in the target photon
state; and a measurement system (120) arranged to
measure the change in the probe photon state  to
detect whether the target photon state includes one or
more photons. 2. The device of claim 1, wherein the
gate (110) comprises a matter system (112) 10 having
multiple energy levels, wherein photons used in the
target photon state have an energy  corresponding to a
first transition between the energy levels of the
matter system (112),  photons in the probe photon
state have an energy corresponding to a second
transition  between the energy levels of the matter
system (112), and the matter system provides
electromagnetically induced transparency when photons
are present in the target and probe 15 photon states.
3. The device of claim 1 or 2, wherein the measurement
system (120) comprises: a first beam splitter (321)
positioned to split the probe photon state into a
first spatial  component and a second. spatial
component, the first spatial component being directed
into  20 the gate (110) and a second spatial component
being directed to bypass the gate (110); a second beam
splitter (323) positioned to recombine the first
spatial component and  the second spatial component
after the first spatial component exits the gate
(110); and a photodetector (328) along a light path
from the second beam splitter (323). 25 4. The device
of'claim 1, 2, or 3, wherein the measurement system
(120) measures a  number of photons in the target
photon state by measuring the change in the probe
photon  state. 5. The device of any preceding claim,
wherein the change comprises a phase shift in  



30 the probe photon state. 6. The device of claim 5,
wherein the phase shift in the probe photon state is
equal to  -14 WO 2004/093003 PCT/US2004/011001  ii
times the number of photons in the target photon
state, and the device measures a parity of  the target
photon state. 7. The device of any of claims 1 to 5,
further comprising: 5 a photon source (430) that
generates the target photon state so that the target
photon  state has chances of including 0 or 1 photon;
and a photon storage system (112, 440) that stores the
photon of the target photon state in  response to the
measurement system detecting that the target photon
state includes 1 photon.  10 8. A method for detecting
a number of photons in a target state, comprising:
directing the target state and a probe state into a
gate (110) that causes a non-linear  interaction
between the target state and the probe state;
measuring a change in the probe state that arises from
the non-linear interaction; and  inferring the number
of photons in the target state from the changes in the
probe state.  15 9. The method of claim 8, wherein
measuring the change in the probe state comprises
interfering the probe state with a reference beam. 10.
The method of claim 8, wherein measuring the change in
the probe state  20 comprises: splitting the probe
state so that a first spatial component of the probe
state interacts  with the target state; combining the
first spatial component of the probe state with a
second spatial  component of the probe state to create
an interference; and 25 measuring the interference to
detect the change in the probe state.  -15 


