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Nondestructive single-photon trigger
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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 YamariBhys. Rev. Lett76, 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 numbef): 03.67.Hk, 03.65.Bz, 42.25.Hz

I. INTRODUCTION Hamiltonian[6,7] for a QND measurement is given by

Nondestructive, single-photon-sensitive triggers can play H=2%yn Ny 1)
key roles in several quantum optics applications. For ex-
ample, there is significant interest in teleporting a quantunwhere the subscripts of the number operators denote the field
state to arbitrarily large distances. However, the experimenmode. For exampla),, denotes that it is operating on field
tal realization of teleportation has been confined to the labomodem. We assume no self-phase modulation. Algds a
ratory[1,2]. Part of the difficulty of extending the teleporta- function of frequency and intensity and can be adjusted. The
tion device to large distances is timing the introduction of anumber operator is a constant of the motion. By complemen-
third photon so that it can undergo a Bell measurement witharity the phase of the photons will be changed. The QND

one of the photons in an Einstein-Podolsky-Ro#€RR en-  operation in the Fock state basis is then given by
tangled pair. A Bell measurement requires indistinguishabil-

ity between the third photon and the photon from the EPR a:ei SN )
pair. If the photons are not time synchronized correctly, then
the photons are distinguishable and the teleportation will Nofyhere 5 is the net cross-phase shi].
occur. Likewise, similar timing requirements are present
with entanglement swappin@]. A single-photon trigger in
an entanglement swapping scheme will be presented later on
in this paper. A translucent eavesdropping device also re- Consider the single-photon trigger example shown in Fig.
quires a single-photon triggd#]. Suppose Eve wishes to 1. In this figure the trigger is used in a long-distance en-
entangle a photon to the communication photon being sent teinglement swapping experiment similar to the one presented
Bob from Alice. This type of translucent attack would re- jn [3]. In this entanglement swapping scheme, the EPR
quire a knowledge of the position of the communication pho-source 1 emits a polarization entangled pair of photons. The
ton. Without a knowledge of the position of the communica-photon traveling to the left is coupled into a polarization
tion photon, Eve does not know when to introduce hermaintaining fiber and propagates a significant distance. As
entangling photon. The strength of entanglement is vergthe photon approaches the second source it must pass
much a function of the interaction of the photons in a giventhrough the trigger. The trigger measures the arrival time of
time interval. the photon(up to the sampling rate of the triggeand trig-
gers the EPR source 2 to emit a polarization entangled pair
of photons. The right photon of the EPR pair 2 will enter one
of the input ports of the X2 fiber couplenFC) at the same
The single-photon trigger is based upon a balanced quartime (up to the coherence time of the single phojoas the
tum nondemolition measurement. Chuang and Yamamotteft photon of the EPR pair 1 enters the other port of the fiber
showed that a balanced quantum nondemoli(@ND) mea-  coupler. Narrow bandwidth filteréarrower than the band-
surement will measure the existence of a photon withoutvidth of the photons from the EPR pairwill increase the
destroying its wave functiofb]. Chuang and Yamamoto em- coherence length of the photons and erase any which-path
ployed the balanced QND measurement as an important toaiformation [3]. If all which-path information is erased, a
in quantum bit regeneration. The idea presented in this repo&ell measurement will occur and entangle the two remaining
expands on their work. The trigger proposed here not onlyphotons from the crystals].
measures the existence of the photon but determines the po- The trigger is outlined in a dashed box in Fig. 1. The
sition of the photon without destroying any of the quantumtrigger measures the photon amplitudes in two orthogonal
information or entangling the probe field. polarization modes. We assume that the single photons are in
A balanced QND measurement is one in which a QNDa linear polarization basis having horizontal and vertical
measurement of equal strength is taken on all possible spatialgenstates. A QND measurement is taken on the vertical
or polarization modes of the photon. The standard interactiomode of the photon labeled VQND followed by a QND mea-

Ill. SINGLE-PHOTON TRIGGER

II. BALANCED QND MEASUREMENT
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Bell Measurement The first QND measurement acting on theolarization
aYa) mode and the probe field yields
Fe [W1)=al0)p|1),| @)+ €™ B[1),|0),[@),  (5)

where then,, operates only on the probe field. After the first
QND measurement the probe field is entangled to the single-
photon field. The second QND measurement acting omw the
polarization mode and the probe field yields

W)= €M a|0)y[1),| D)+ M B[ 1)[0),[|D).  (6)

This can be rewritten

EPR W)= (a]0)p| 1), + B|1)p]0), )€ M™|D).  (7)

cw Laser Source 1

FIG. 1. Entanglement swapping device employing a nondestruc'—o‘f’[er the second QND measurement the probe field is no

tive single-photon trigger. An EPR source generates a polarizatio#longer entangled to the single-photon field, since its quantum

entangled pair of photons. A trigger measures the vertical and horotate can be factored from the single-photon field. In addi-

zontal amplitudes of the photon using two consecutive QND meallon; the wave function of the single photon remains un-
surements labeled VQND and HQND, respectively. A probe field inChanged' . . . .
a Mach-Zehnder interferometer gets a net phase shift from the QND 1€ point we wish to emphasize is that the existence of
measurements. Without a single-photon from the EPR source 1, i€ single photon caused a phase shift on the probe field
of the light in the probe field exits po. When a single-photon  Without changing the single-photon wave function. The net
passes through the trigger, part of the probe field exits Pofthat ~ phase shift between the existence and nonexistence of a com-
light is detected and in turn triggers the EPR source 2. If calibratednunication photon is recorded as intensity fluctuations in
two photons, one from each EPR source, will enter the22fiber  detectorP, which acts as a trigger for the production of an-
coupler and will undergo a Bell measurement and “swap entangleother EPR pair of photons.
ments” with the remaining, unmeasured two photons.
IV. DISCUSSION

surement on the horizontal mode of the photon labeled
HQND. As a note, appreciable single-photon polarization- There are a few points to consider with the trigger. While
dependent QND measurements have been prog@eshd the probe field is continuous, the measuring device must
realized[9]. The strength of the HQND and VQND interac- have a sampling rate approximately the same period as the
tions must be equal to achieve the trigger that is desired. coherence length of the single photon. If the sampling rate is

The QND measurements create a cross-phase modulatiétgher, then according to Heisenberg'’s uncertainty principle
on a probe field®) in the arm of a Mach-Zehnder interfer- the bandwidth of the photon will be increased proportionally.
ometer. The Mach-Zehnder interferometer consists of twdf the sampling rate is lower, the position of the photon will
lossless symmetric 22 fiber couplers[10]. The Mach- not be known well enough to perform the appropriate opera-
Zehnder interferometer is calibrated such that when a singléon. Hence, the single-photon wave packet position is only
photon is not present in the entanglement swapping devicknown up to the sampling rate of the probe field. This im-
all of the light exits the port labele@. When a single photon Plies that there is an uncertainty in initializing the creation of
is present some of the intensity of probe field exits gart another EPR pair. In order to erase any which-path informa-
The intensity is detected and the synchronization so@ce tion, it would be necessary to extend the coherence length of
causes the EPR source 2 to emit a pulse of light to generatf€ photons in the Bell measurement by using narrow band-
an entangled pair. width filters[3].

We now demonstrate that the trigger does not affect the Also of great importance is the realization that it is not
single-photon wave function or entangle the probe field. Thé1ecessary to have a QND measurement which generates a

wave function of the single photon can be written in terms ofcross-phase modulation. Any cross-phase modulation which
Fock states yields a relatively good signal to noise ratio in the trigger is

sufficient for a trigger. In other words as long as the noise
a|0)n|1),+ B|1)n|0), , (3) fluctuations of intensity in por® are small compared to the
intensity out of portP when a single photon is present, the
where theh andv denote the polarization mode of the single trigger will work well. The triggering device could be built
photon. Also,a?+ 8?=1. Considering only the portion of with current quantum nondemolition technoloi@;9,11,12.
the probe field®) that is in the cross-phase modulated arm  One of the most difficult challenges lies in the fact that
of the Mach-Zehnder interferometer, then before measurehe QND cross-phase modulations are very sensitive to fre-
ment the wave function of the system can be written as  quency. For example if8], it is conceivable that single pho-
tons could be detected having a bandwidth not much larger
|Wo)=(a|0)n|1),+ B|1)n]0),) | D). (4)  than a few hundred MHz. Hence, large fluctuations in fre-
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guency can make single-photon detection very difficult.2.5 for the filters and initial coherence length, it would then
Spontaneous parametric down-convert&@PDQ photons require filters having bandwidths less than 80 MHz to
have large bandwidtH4.3,14. This would imply that a trig-  achieve similar fringe visibilities. As a note, this triggering
ger and quantum bit regeneratifs] would be difficult to  device could also be used as a high quantum efficiency nar-
implement using SPDC photons. On the other hand, a sourGew filter detector, where the filter bandwidth was deter-
that achieved entanglement using QND measurements wouldined by the system used.
already satisfy the narrow frequency demands]. Fre- Practical long-distance communications primarily employ
quency standards might also be improved with entanglemenhe yse of fiber networkis 7]. Hence, fiber couplers, instead
sources based on the Coulomb blockade in quantum dots heam splitters, and polarization maintaining fiber, instead
[16]. ) ] of free space, were used. This also means that fiber to free
Consider the following numerical example. Suppose aspace to fiber collimating optics are required to implement
source is emitting entangled photons having bandwidths ofe QND measurements of the trigger.
200 MHz. ThenAvAt~1, which impliesAt~5 ns. This We have described and analyzed a nondestructive trigger
means, using the techniques described above, the position génsitive to a single photon. The trigger measures the
the phOton is known to within 5 ns. If we Sample faster thanposition/timing of a Sing]e_photon in order to time-
200 Mhz, then the uncertainty in position goes down, but thesynchronize any instruments. The measurement does not al-
bandwidth goes up complementary. Hence, the sampling pger the single-photon wave function or entangle the probe
riod should be set at approximately the uncertainty in timefield. The hope is that the trigger will be useful in making
However, this also means that the second source will have @grge-distance optical communicatiofs.g., quantum tele-
5 ns window of time in which to create an entangled Pair-portation, entanglement swapping, et .reality.
The two photons going into the Bell measurement would Note added in prooAfter resubmission of this paper, we

then be distinguishable, because we would know when thgsarned of work on narrow-band spontaneous parametric
second source triggered, and its coherence length. To preveggwn-converted sources.

indistinguishability, it is necessary to place filters that are
narrower than 200 MHz in front of the Bell detectors.[B]

the source photons had temporal creation windows of 200 fs
and the filters effectively lengthened the coherence length to
500 fs, causing indistinguishability of the photons at the This work was supported by the National Science Foun-
beam splitter. For this scheme, using an equivalent factor oflation under Grant No. PHY-9733643.
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