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Nondestructive single-photon trigger

John C. Howell and John A. Yeazell
Department of Physics, The Pennsylvania State University, University Park, Pennsylvania 16802

~Received 16 March 2000; published 17 August 2000!

A triggering device sensitive to a single photon is discussed. It is based on a balanced quantum nondemo-
lition ~QND! measurement proposed by Chuang and Yamamoto@Phys. Rev. Lett.76, 4281 ~1996!#. The
balanced measurement measures the total photon number and obtains no which-path/mode information. Hence,
the timing of the photon can be determined without destroying its wave function or entangling the probe field.
This could have extensive use in the realization of long-distance quantum communications systems.

PACS number~s!: 03.67.Hk, 03.65.Bz, 42.25.Hz
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I. INTRODUCTION

Nondestructive, single-photon-sensitive triggers can p
key roles in several quantum optics applications. For
ample, there is significant interest in teleporting a quant
state to arbitrarily large distances. However, the experim
tal realization of teleportation has been confined to the la
ratory @1,2#. Part of the difficulty of extending the teleporta
tion device to large distances is timing the introduction o
third photon so that it can undergo a Bell measurement w
one of the photons in an Einstein-Podolsky-Rosen~EPR! en-
tangled pair. A Bell measurement requires indistinguisha
ity between the third photon and the photon from the E
pair. If the photons are not time synchronized correctly, th
the photons are distinguishable and the teleportation will
occur. Likewise, similar timing requirements are pres
with entanglement swapping@3#. A single-photon trigger in
an entanglement swapping scheme will be presented late
in this paper. A translucent eavesdropping device also
quires a single-photon trigger@4#. Suppose Eve wishes t
entangle a photon to the communication photon being sen
Bob from Alice. This type of translucent attack would r
quire a knowledge of the position of the communication ph
ton. Without a knowledge of the position of the communic
tion photon, Eve does not know when to introduce h
entangling photon. The strength of entanglement is v
much a function of the interaction of the photons in a giv
time interval.

II. BALANCED QND MEASUREMENT

The single-photon trigger is based upon a balanced qu
tum nondemolition measurement. Chuang and Yamam
showed that a balanced quantum nondemolition~QND! mea-
surement will measure the existence of a photon with
destroying its wave function@5#. Chuang and Yamamoto em
ployed the balanced QND measurement as an important
in quantum bit regeneration. The idea presented in this re
expands on their work. The trigger proposed here not o
measures the existence of the photon but determines the
sition of the photon without destroying any of the quantu
information or entangling the probe field.

A balanced QND measurement is one in which a QN
measurement of equal strength is taken on all possible sp
or polarization modes of the photon. The standard interac
1050-2947/2000/62~3!/032311~3!/$15.00 62 0323
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Hamiltonian@6,7# for a QND measurement is given by

Ĥ52\xn̂mn̂M ~1!

where the subscripts of the number operators denote the
mode. For example,n̂m denotes that it is operating on fiel
modem. We assume no self-phase modulation. Also,x is a
function of frequency and intensity and can be adjusted. T
number operator is a constant of the motion. By complem
tarity the phase of the photons will be changed. The QN
operation in the Fock state basis is then given by

q̂5eidn̂mn̂M ~2!

whered is the net cross-phase shift@6#.

III. SINGLE-PHOTON TRIGGER

Consider the single-photon trigger example shown in F
1. In this figure the trigger is used in a long-distance e
tanglement swapping experiment similar to the one prese
in @3#. In this entanglement swapping scheme, the E
source 1 emits a polarization entangled pair of photons.
photon traveling to the left is coupled into a polarizatio
maintaining fiber and propagates a significant distance.
the photon approaches the second source it must
through the trigger. The trigger measures the arrival time
the photon~up to the sampling rate of the trigger! and trig-
gers the EPR source 2 to emit a polarization entangled
of photons. The right photon of the EPR pair 2 will enter o
of the input ports of the 232 fiber coupler~FC! at the same
time ~up to the coherence time of the single photons! as the
left photon of the EPR pair 1 enters the other port of the fi
coupler. Narrow bandwidth filters~narrower than the band
width of the photons from the EPR pairs! will increase the
coherence length of the photons and erase any which-
information @3#. If all which-path information is erased,
Bell measurement will occur and entangle the two remain
photons from the crystals@3#.

The trigger is outlined in a dashed box in Fig. 1. T
trigger measures the photon amplitudes in two orthogo
polarization modes. We assume that the single photons a
a linear polarization basis having horizontal and verti
eigenstates. A QND measurement is taken on the vert
mode of the photon labeled VQND followed by a QND me
©2000 The American Physical Society11-1
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surement on the horizontal mode of the photon labe
HQND. As a note, appreciable single-photon polarizatio
dependent QND measurements have been proposed@8# and
realized@9#. The strength of the HQND and VQND interac
tions must be equal to achieve the trigger that is desired

The QND measurements create a cross-phase modul
on a probe fielduF& in the arm of a Mach-Zehnder interfe
ometer. The Mach-Zehnder interferometer consists of
lossless symmetric 232 fiber couplers@10#. The Mach-
Zehnder interferometer is calibrated such that when a sin
photon is not present in the entanglement swapping de
all of the light exits the port labeledC. When a single photon
is present some of the intensity of probe field exits portP.
The intensity is detected and the synchronization sourcS
causes the EPR source 2 to emit a pulse of light to gene
an entangled pair.

We now demonstrate that the trigger does not affect
single-photon wave function or entangle the probe field. T
wave function of the single photon can be written in terms
Fock states

au0&hu1&v1bu1&hu0&v , ~3!

where theh andv denote the polarization mode of the sing
photon. Also,a21b251. Considering only the portion o
the probe fielduF& that is in the cross-phase modulated a
of the Mach-Zehnder interferometer, then before meas
ment the wave function of the system can be written as

uC0&5~au0&hu1&v1bu1&hu0&v)uF&. ~4!

FIG. 1. Entanglement swapping device employing a nondest
tive single-photon trigger. An EPR source generates a polariza
entangled pair of photons. A trigger measures the vertical and h
zontal amplitudes of the photon using two consecutive QND m
surements labeled VQND and HQND, respectively. A probe field
a Mach-Zehnder interferometer gets a net phase shift from the Q
measurements. Without a single-photon from the EPR source 1
of the light in the probe field exits portC. When a single-photon
passes through the trigger, part of the probe field exits portP. That
light is detected and in turn triggers the EPR source 2. If calibra
two photons, one from each EPR source, will enter the 232 fiber
coupler and will undergo a Bell measurement and ‘‘swap entan
ments’’ with the remaining, unmeasured two photons.
03231
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The first QND measurement acting on theh polarization
mode and the probe field yields

uC1&5au0&hu1&vuF&1eidn̂Mbu1&hu0&vuF&, ~5!

where then̂M operates only on the probe field. After the fir
QND measurement the probe field is entangled to the sin
photon field. The second QND measurement acting on thv
polarization mode and the probe field yields

uC2&5eidn̂Mau0&hu1&vuF&1eidn̂Mbu1&hu0&vuF&. ~6!

This can be rewritten

uC2&5~au0&hu1&v1bu1&hu0&v)eidn̂MuF&. ~7!

After the second QND measurement the probe field is
longer entangled to the single-photon field, since its quan
state can be factored from the single-photon field. In ad
tion, the wave function of the single photon remains u
changed.

The point we wish to emphasize is that the existence
the single photon caused a phase shift on the probe
without changing the single-photon wave function. The n
phase shift between the existence and nonexistence of a
munication photon is recorded as intensity fluctuations
detectorP, which acts as a trigger for the production of a
other EPR pair of photons.

IV. DISCUSSION

There are a few points to consider with the trigger. Wh
the probe field is continuous, the measuring device m
have a sampling rate approximately the same period as
coherence length of the single photon. If the sampling rat
higher, then according to Heisenberg’s uncertainty princi
the bandwidth of the photon will be increased proportiona
If the sampling rate is lower, the position of the photon w
not be known well enough to perform the appropriate ope
tion. Hence, the single-photon wave packet position is o
known up to the sampling rate of the probe field. This im
plies that there is an uncertainty in initializing the creation
another EPR pair. In order to erase any which-path inform
tion, it would be necessary to extend the coherence lengt
the photons in the Bell measurement by using narrow ba
width filters @3#.

Also of great importance is the realization that it is n
necessary to have a QND measurement which generatesp
cross-phase modulation. Any cross-phase modulation wh
yields a relatively good signal to noise ratio in the trigger
sufficient for a trigger. In other words as long as the no
fluctuations of intensity in portP are small compared to th
intensity out of portP when a single photon is present, th
trigger will work well. The triggering device could be bui
with current quantum nondemolition technology@8,9,11,12#.

One of the most difficult challenges lies in the fact th
the QND cross-phase modulations are very sensitive to
quency. For example in@9#, it is conceivable that single pho
tons could be detected having a bandwidth not much lar
than a few hundred MHz. Hence, large fluctuations in f
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NONDESTRUCTIVE SINGLE-PHOTON TRIGGER PHYSICAL REVIEW A62 032311
quency can make single-photon detection very difficu
Spontaneous parametric down-converted~SPDC! photons
have large bandwidths@13,14#. This would imply that a trig-
ger and quantum bit regeneration@5# would be difficult to
implement using SPDC photons. On the other hand, a so
that achieved entanglement using QND measurements w
already satisfy the narrow frequency demands@15#. Fre-
quency standards might also be improved with entanglem
sources based on the Coulomb blockade in quantum
@16#.

Consider the following numerical example. Suppose
source is emitting entangled photons having bandwidths
200 MHz. ThenDnDt'1, which impliesDt'5 ns. This
means, using the techniques described above, the positio
the photon is known to within 5 ns. If we sample faster th
200 Mhz, then the uncertainty in position goes down, but
bandwidth goes up complementary. Hence, the sampling
riod should be set at approximately the uncertainty in tim
However, this also means that the second source will ha
5 ns window of time in which to create an entangled pa
The two photons going into the Bell measurement wo
then be distinguishable, because we would know when
second source triggered, and its coherence length. To pre
indistinguishability, it is necessary to place filters that a
narrower than 200 MHz in front of the Bell detectors. In@3#
the source photons had temporal creation windows of 20
and the filters effectively lengthened the coherence lengt
500 fs, causing indistinguishability of the photons at t
beam splitter. For this scheme, using an equivalent facto
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2.5 for the filters and initial coherence length, it would th
require filters having bandwidths less than 80 MHz
achieve similar fringe visibilities. As a note, this triggerin
device could also be used as a high quantum efficiency
row filter detector, where the filter bandwidth was dete
mined by the system used.

Practical long-distance communications primarily empl
the use of fiber networks@17#. Hence, fiber couplers, instea
of beam splitters, and polarization maintaining fiber, inste
of free space, were used. This also means that fiber to
space to fiber collimating optics are required to implem
the QND measurements of the trigger.

We have described and analyzed a nondestructive trig
sensitive to a single photon. The trigger measures
position/timing of a single-photon in order to time
synchronize any instruments. The measurement does no
ter the single-photon wave function or entangle the pro
field. The hope is that the trigger will be useful in makin
large-distance optical communications~e.g., quantum tele-
portation, entanglement swapping, etc.! a reality.

Note added in proofAfter resubmission of this paper, w
learned of work on narrow-band spontaneous parame
down-converted sources.
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