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Quantum vampire: collapse-free action at a
distance by the photon annihilation operator
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An absorber placed into a laser beam is expected to cast a
shadow. This expectation is confirmed not only by re-
search, but also by our everyday experience. However,
the shadow will not be produced if a weak absorber
is known with certainty to have removed a photon from
an optical state. We show this effect by distributing a
state of light, via a beam splitter, between two parties.
When one of the parties applies the photon annihilation
operator to its portion of the state, the photon gets re-
moved from the entire initial state, leaving the spatial
and temporal structure of its mode undisturbed. In this
way, the local application of the photon annihilation op-
erator has a nonlocal effect, occurring without local state
collapse by either party. © 2015 Optical Society of America

OCIS codes: (270.0270) Quantum optics; (000.1600) Classical and
quantum physics.
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One of the most intriguing and fundamental aspects of quan-
tum mechanics is nonlocality. Discovered about 80 years ago,
it became a basis for a lot of fundamental research and practical
applications. To date, most studies of quantum action at a dis-
tance were based on the local application of the projection
measurement of the von Neumann type to an entangled state
initially shared between two or more parties. On application of
the projection operator, the state collapses, modifying the
physical reality at a remote location in a nonlocal fashion. Here
we implement action at a distance with a local operation of a
different type—the photon annihilation operator, applied by
one of the remote parties to its portion of a shared optical state.
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Unlike von Neumann measurements, the annihilation opera-
tor does not collapse a quantum state, but only modifies it.
One would intuitively expect this modification to be of local
nature, affecting only the optical mode to which it is applied.
However, as we find both theoretically and experimentally, the
action of the annihilation is sometimes global, removing the
photon from the entire state.

Consider state |y) prepared in an optical mode defined by
the photon annihilation operator ; we assume all modes
orthogonal to Z to be in the vacuum state. This state is dis-
tributed, by means of a beam splitter, between remote parties
Alice and Bob in modes 4; and 4, such that 2 = ua, + Aa,,
with |u|? and |4|* being the nonvanishing beam splitter reflec-
tivity and transmissivity, respectively [Fig. 1(a)]. Unless |y) isa
coherent state or a statistical mixture thereof, this operation
generates a state that is entangled with respect to the two
parties [1].

Now suppose Alice applies the photon annihilation
operator to her mode. We have

aly), = Wa+da)ly), = u*aly), (1)

where 2, = A*a, - u*a, is the annihilation operator of a mode
orthogonal to . Because this mode is in the vacuum state, the
action of its annihilation operator produces arithmetic zero.
We see that the annihilation operator, albeit applied locally,
acts upon the entire state |y) shared between the two parties.

Suppose, for illustration, that a cloud of weakly absorbing
atoms is placed in a wide optical beam in mode 2 as shown in
Fig. 1(b) [2]. The mean probability of atoms to absorb a
photon is much less than 1. When an absorption event does
occur, it is followed by the re-emission of a photon in a ran-
dom direction, registered by a detector. A “click” of this
detector signifies the application of photon annihilation to
the mode 2; corresponding to the atomic cloud. One would
expect the atoms to create a “shadow”—an area of reduced
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Fig. 1. The quantum vampire effect. (a) When state |y) in the mode
defined by the annihilation operator 4 is split between two remote par-
ties, the application of the photon annihilation operator ; by one of
these parties affects the state |y) globally. This can be verified by recom-
bining the modes 4, and %, on another beam splitter and analyzing the
state in the output. (b) Implementation with a cloud of absorptive atoms.
The detection of a re-emitted photon heralds a photon annihilation event
and triggers the recording of the image on a CCD camera. Photon sub-
traction will not cast a shadow on the resulting quantum state, so its
intensity distribution (solid orange line) does not change. This contrasts
with regular linear absorption, which would cause a local shadow to ap-
pear in the intensity distribution (dashed blue line).

intensity—in the laser beam. In fact, this does not happen; the
intensity gets reduced uniformly over the entire laser profile, so
mode Z retains its structure. It is impossible to recover the
position and shape of the atom cloud by looking at the output
state of light. Hence the analogy with the folklore vampire that
gave rise to the title of this Letter.

The above argument may appear to contradict our everyday
experience of observing shadows. The explanation is that shad-
ows are caused by absorption of light, which is not equivalent
to the annihilation operator. Rather, it is described by a
Lindbladian 0p/dz « 2,pa) - (paya} + @aip)/2 (where p
is the density operator of the state being attenuated and z
is the direction of propagation), which contains both annihi-
lation and creation operators. The latter, unlike the former,
does not possess the nonlocal property described above:
aj|N),¢|N + 1), [3].

Importantly, the cloud of atoms in Fig. 1(b) must be weakly
absorbing in order to implement the annihilation operator
correctly. The cloud is not expected to affect the input state
significantly or cast a shadow when it is being monitored with-
out conditioning on the detector’s click. However, when a
click does occur, the state ) is known to have lost a photon.
If it inidally contains only a few photons, the relative loss of
energy is significant. One would intuitively expect this loss to
take the form of a shadow—and yet, it is not the case.

The action-at-a-distance of the photon annihilation operator
can be made explicit by observing its effect on the mean number
of photons in Bob’s mode. If we start with Fock state | V) in
mode 2, the photons are distributed between the modes &,
and 2, in proportion with the beam splitter coefficient, so Bob’s
channel has N4> photons on average. After Alice’s
application of 4;, the state in mode Z becomes |V - 1), so
the mean number of photons in Bob’s mode changes, becoming

(N - DA%
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This observation does not imply superluminal signaling
because photon annihilation is not a unitary operation, and
as such can be realized only probabilistically. It is typically
implemented by tapping a small portion of the target state
onto a single-photon detector via a low-reflectivity beam split-
ter. A “click” of the detector signifies a photon annihilation
event [4-10]. One may argue that such a setting involves a
measurement of the target mode and the nonlocal properties
are thus not surprising. However, a fundamental difference
between this implementation of the photon annihilation
and regular von Neumann measurement is that in our case
no collapse of the target state occurs.

We demonstrate the quantum vampire effect experimen-
tally, with modes 2; and 2, being, respectively, the horizontal
and vertical polarization components of the diagonally polar-
ized mode . This corresponds to = A = 1/+/2.

Mode 2 is initialized in a heralded Fock state. Type-II para-
metric downconversion takes place in a periodically poled
potassium titanyl phosphate crystal pumped at 390 nm with
frequency-doubled pulses generated by a Ti:sapphire laser with
a repetition rate of 76 MHz and a pulse width of ~1.8 ps.
Clicks of one or two single-photon detectors (silicon-based
single-photon counting module by Excelitas, SPCM; and
SPCM, in Fig. 2) in the idler channel herald the synthesis
of the one- or two-photon Fock state, respectively, in the hori-
zontal polarization of the signal channel [11,12]. The heralded
state is turned to a 45° polarization using a 4/2 wave plate.

The annihilation operator is realized using a strongly imbal-
anced partially polarizing beam splitter (PPBS). It employs a
regular dielectric mirror coated for high reflectivity at a 45°
angle of incidence. The mirror is positioned to form an angle
of incidence of ~60° with the incoming mode. The S polari-
zation then still exhibits high reflection (>99.8%), whereas in
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Fig. 2. The experimental setup. Mode 7 is prepared in the signal out-
put of parametric downconversion in either the one- or two-photon Fock
state. The wave plates form a Mach—Zehnder interferometer in the
polarization basis, with the modes Z; and 2, being its horizontally
and vertically polarized arms, respectively. Photon is subtracted from

mode 2; on the PPBS. Its improvised realization is shown in the inset,
with arrows and numbers indicating the polarizations of modes and their
normalized intensities. The PPBS transmission, which is a compromise
between the count rate and the fidelity of subtraction, can be tuned by
tilting the mirror. BHD, balanced homodyne detection [13]; LO, local
oscillator; SPCM, single-photon counting module.
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the P polarization, about 6% of the incident light is transmit-
ted. The transmitted field is collected and detected using
SPCM;, so a click of that detector heralds with a high
probability a photon annihilation event. Triple coincidences
occur at a relatively low rate of ~10 counts per minute.

The polarization of the reflected light is then adjusted by a
combination of a 4/4 and a /2 plate, thereby returning mode
2 to horizontal polarization and completing the Mach—
Zehnder interferometer in Fig. 2. We verify the vampire effect
by measuring the state of mode z at the output of the inter-
ferometer using homodyne tomography [14].

We use the quadrature statistics acquired by the homodyne
detector to reconstruct the diagonal elements of the corre-
sponding density matrix. To that end, we apply the maxi-
mum-likelihood algorithm [15,16] with loss compensation.
The overall efficiency of the reconstruction is ~53%; in addi-
tion to the usual loss sources [17,18], an ~3% loss occurs on

the PPBS [19]. In the absence of a click from SPCM3, the state
transmitted through the interferometer is the one- or two-pho-
ton Fock state, as evidenced by the left plots in Fig. 3(a)
or 3(b), respectively.

When SPCM; fires simultaneously with SPCM; and/or
SPCM,, photon subtraction from mode ; occurs. Quadrature
histograms acquired in the experiment and reconstructed den-
sity matrices are shown in Fig. 3 in the right column. Photon
annihilation leaves mode Z in the almost pure next lower Fock
state, detected with the same efficiency. This indicates that the
photon has been subtracted from the entire mode Z without
affecting its structure, as predicted theoretically.

In order to generate heralded two-photon Fock states at a
reasonable rate, the parametric downconversion setup had to
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Fig. 3. Experimental results for the initial state of mode 2 being (a) the
one-photon and (b) the two-photon Fock state. The left column corre-
sponds to the case without photon annihilation, whereas the right col-
umn shows the result of the photon annihilation operator applied to
mode Z; (i.e., conditioned on SPCM3 events). In each panel, the exper-
imentally observed quadrature distributions and reconstructed diagonal
elements of the density matrix are displayed together with those expected
theoretically (see Supplement 1 for calculation details). The dashed lines
in the right column show, for comparison, the results that would be ob-
served if mode Z; were completely absorbed rather than subjected to pho-
ton annihilation. The error bars for the experimentally reconstructed
density matrices are obtained via bootstrapping.
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be operated with a relatively high pair production probability
per pulse. As a result, counts of SPCM; sometimes occur even
in the absence of clicks in SPCM; and SPCM,. These
background counts are the main reason for the observed im-
perfection in the photon subtraction. In the case of the two-
photon initial state [Fig. 3(b)], we found the probability of a
background click of SPCM3 to be Pog = 6x1074 per pulse,
whereas conditioned on clicks in SPCM; and SPCM,, the
probability of a click in SPCMj is p., = 1.2 x 1072, There-
fore, in the event that SPCM; and SPCM, do fire, a fraction
Pog/ s = 0.05 of SPCM; clicks occur due to background
emission, in which case no annihilation is present. This brings
about a 5% two-photon component in the density matrix. The
case of Fig. 3(a) is analogous.

For comparison, we also show in the right column in Fig. 3
a prediction based on the complete absorption of the light in
mode 4, (horizontally polarized arm of the interferometer), so
no nonlocal photon annihilation is taking place. As expected,
this prediction is inconsistent with the experimental data.

The nonlocal property of the photon annihilation operator
demonstrated here is of generic nature. It is expected to hold for
optical modes in any basis (temporal, spatial, spectral, etc.). It
also remains valid when multiple annihilation operators are ap-
plied to mode 4, in series. Importantly, the effect does not re-
quire entanglement between the modes z; and ,, which is
present only when the initial state in mode z is nonclassical.
For example, if we start with a coherent state |a), the states
in modes Z; and &, are also coherent, with amplitudes po
and va, respectively. The coherent state is an eigenstate of
the operator 2;, and hence, applying this operator will not
change the output state.

The vampire effect is also expected for bosonic systems
other than optical. A related phenomenon, for instance, is
known to occur in Bose-Einstein condensates: when a set
of atoms is extracted locally from the condensate, the shape
of the matter wave does not change.

We expect the quantum vampire effect to find applications
in quantum information technology. For example, it enables
the nonlocal manipulation of quantum states without precise
knowledge of their modes, such as in protocols for the distil-
lation of continuous-variable entanglement by photon annihi-
lation [6,10,20]. The ability to “steal” a photon without
casting a shadow may prove useful for eavesdropping in quan-
tum key distribution, as well as for developing quantum cloak-
ing devices. We also believe the effect to be of fundamental
interest, as quantum action at a distance that is not associated
with a local state collapse has not yet been studied.
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