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Quantum mechanical expectation values for subsets can differ substantially from those for the whole
ensemble. This implies that the effect of interactions between two systems can be altered substantially by
conditioning. Here, we experimentally demonstrate that, for two light fields y¢ (signal) and v, (ancilla)
that have only weakly interacted with one another, subsequent measurements on the ancilla can produce
substantial conditional amplification, attenuation, or phase shift of ys. We observe conditional signal
power changes over a large range of 30, and phase shift up to z/2, induced by measurements in ancilla
bases that differ only slightly from one another. The method is generically applicable to a variety of
systems, and allows one to modify or boost a given interaction by trading in success probability for

interaction strength.
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In quantum mechanics, rare measurement outcomes can
have surprising consequences [1]. Here, we consider two
quantum systems, S (signal) and A (ancilla), that are made
to interact weakly, as characterized by an interaction-
induced moderate average change (6s) of some quantity
s associated with the signal system S (see Fig. 1). Now
assume that there is some binary measurement basis for the
ancilla system A, such that outcome a; with probability
p1 < 1 is observed rarely compared to outcome a, with
probability p, = 1. If we also assume that a is associated
with no change in the system parameter s (ds,, = 0), then
in those rare occasions when outcome a; is observed for the
ancilla system, there must be an associated very large signal
change 5s|a1 « 1/p; to reproduce the average change
(6s) = p19s|,, when the ancilla system is not measured.
A different measurement basis of the ancilla system can
then give rise to different conditional changes in s, or
induce large changes in an altogether different system
parameter s'. Thus, one can think of the measurement basis
of A and its corresponding measurement result as condi-
tionally controlling the type and strength of the interaction
outcome between S and A, respectively. Thus, at the
expense of success probability, one can modify the quan-
tum state of the signal system S and its observables far
beyond the changes induced by the average (unconditional)
interaction, and one can choose which observables are
conditionally controlled.

Such heralded interaction control (HIC) can be viewed as
an extension and generalization of weak-measurement
[2-6] and noiseless-amplification schemes [7-12], and
can be used for a variety of purposes in quantum
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engineering. Noiseless amplification of coherent optical
states [7-12] can be viewed as HIC. By coupling light
fields to other systems, HIC allows one to magnify and
measure tiny physical quantities in the presence of tech-
nical noise (weak-measurement schemes) [2-6]. When
applied to large systems such as the collective spin of an
atomic ensemble, even a single photon can be used to
control the atomic spin, and conditionally prepare it in a
desired collective entangled spin state [13—15].

In this Letter, we report how a weak optical nonlinearity
can be conditionally boosted to affect large amplitude or
phase changes of a (weak) signal light field. We first
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FIG. 1. Boosting a weak interaction conditionally. A weak

interaction between a signal system S and an ancilla system A
results in a small average shift (5s) of some signal quantity s.
Assume that for binary measurement outcomes ay, a; of A, if a,
is observed with probability p, = 1, the system parameter s will
maintain its value before the interaction. If, on the other hand, a,
is measured (probability p; < 1), the associated signal s = s
can be much different from sy, and the conditionally prepared
state of S can differ substantially from the input state: at the
expense of success probability, a strong heralded interaction is
realized.
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weakly entangle two optical modes (estimated upper bound
on concurrence of 0.11 [16]) in a cavity quantum electro-
dynamics setup, and use HIC to coherently amplify,
attenuate, and change the phase of the signal mode within
a large parameter space. We succeed in modifying the
average photon number (n;) in the signal mode over a
range of 30 ((n,) changed by a factor between 0.1 to 3.2),
and the phase between 0 and /2 (in our previous work
with a different scheme, the highest phase shift achieved
was /3 [17]). These conditional changes of the signal
mode are accomplished under conditions of weak inter-
action with the ancilla mode, where the average uncondi-
tional photon number and phase change are as small as
(6ngy = —1.3% and (5¢),) = x/80, respectively. We further
show that a small change in the (polarization) measurement
basis of the ancilla mode by a few degrees can produce a
large change in the signal state. Our scheme goes beyond
the previous conditional phase shift experiments [17-19]
since it realizes arbitrary phase and amplitude editing in a
large range, and is no longer limited to a phase amplifier.

The experiment is performed with an ensemble of cold
atoms in a cavity in the strong-coupling regime [20-23].
Previously, using a similar setup, we have shown that a
measurement of the ancilla mode can project the input
coherent state of the signal mode into a single-photon Fock
state [24], and demonstrated that the phase of the signal
light could be changed by about 7z/3 by a single ancilla
photon transmitted through the cavity detuned from the
atomic resonance [17]. In the current realization, we
observe an anomalous and large conditional phase shift
of the signal state in a near-resonant regime where the
average phase shift is almost zero. The amplitude of the
signal state can also be substantially changed by small
changes to the conditioning polarization of the ancilla
mode of a few degrees.

In each iteration of this experiment, we use an ensemble
of laser-cooled '3*Cs atoms to create a two-mode weakly
entangled state [Figs. 2(a) and 2(b)]. The atoms are held
inside a high-finesse (F = 7.7 x 10%) cavity by a far-off-
resonant dipole trap [A/(2z) = 32 THz], and prepared in
the electronic ground state, |g) = |}/, F = 3, mp = 3).
(F and mp are the hyperfine and magnetic quantum
numbers, respectively.) A weak optical coherent state with
typical mean photon number (n,) = 0.2 (the signal light),
resonant with the |g) — [c) = |P3/,,3,3) transition, is
stored in the atoms through electromagnetically induced
transparency by adiabatically reducing the power of a near-
copropagating coupling laser which is resonant with the
|d) = [S1/2.4,4) = |c) transition. The signal-mode input
coherent state |a)g is thus mapped onto a collective atomic
excitation in the |d) state [25]. The cavity is then probed
with linearly polarized light (ancilla light) simultaneously
resonant with the cavity and the |d) — |e) = |P3,.5.5)
cycling atomic transition. (The o~ -polarized component of
the ancilla light interacts only weakly with the atoms on the
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FIG. 2. (a) Schematic of the experimental setup and basic idea
for HIC. An ensemble of cesium atoms is held in a high-finesse
cavity. A weak signal coherent state is stored in the ensemble
via electromagnetically induced transparency. For the cavity
resonant with the atomic transition |d) — |e), weak ancilla light
is sent through the cavity. The atomic excitation associated with
a signal photon blocks the circularly polarized ¢ component of
the cavity light, but has little effect on the 6~ component. The
transmission of the cavity light is measured in some chosen
polarization basis |),, decided by the angle of the half- (HWP)
and quarter- (QWP) wave plates and the polarizing beam
splitter preceding the detector D4. The signal state |¥)g is
then retrieved from the atom ensemble and measured. (b) Level
diagram of the system. Atoms are prepared in state |g) =
IS1/2. F = 3, mp = 3). The signal light is stored as collective
excitation on |d) = |S),.4,4) via resonant coupling to excited
state |c) = |P3;,,3,3). The cavity is resonant with the |d) to
le) = |P3/2.5,5) transition. (c) Changes in the ancilla mode
polarization |f), have a large effect on the signal mode, as
illustrated in (1) for 6 = 64°, ¢ = 180° and (2) for 6 = 118°,
@ = 180°. The plot shows the Q representation for the signal
state from numerical calculation with mean input photon
number (n,) = |e|* = 0.1.

|d) = |f) = |P3/2.5,3) transition.) Therefore the signal
light stored in |d) blocks the transmission of ¢* ancilla
photons through the cavity due to the vacuum Rabi splitting
[26], while ¢~ light is transmitted. The joint state of the
light transmitted through the cavity and the retrieved signal
light is a two-mode (weakly) entangled state,

W) = 167)a(10)s + all)s) +167)a(10)s + tall)g), (1)
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where the input weak coherent signal state is approximated
as |a)g=~1[0)g+ a|l)g in terms of photon Fock states,
and ¢ is the transmission amplitude for ¢t -polarized light
in the presence of a stored signal photon. We project the
output cavity light onto a chosen polarization |3), =
cos (6/2)|67) 4 + sin (6/2)e'*|6") 4, which we experimen-
tally adjust by tuning the angles of half- (HWP) and
quarter- (QWP) wave plates before the polarizing beam
splitter in our detection path [Fig. 2(a)]. When this
projection of the ancilla photon into state |f), succeeds,
we measure a photon click on the detector D,.
Simultaneously, we measure the amplitude or phase of
the signal mode [see Supplemental Material (SM) [27]].
When we operate on cavity and atomic resonance, ¢ is
given by t = 1/(1 +#), where n = 8.6 is the single-atom
cooperativity [24].

Upon projection of the two-mode entangled state |¥)
onto the polarization state , (f|, the unnormalized final state
A(B|¥) is given by [28]

cos€+s'ng i 110)s + cos€+s'n€ 0t )|1)
5 +sinje sta 5+sinje s
cos (0/2) +sin (0/2)e't

< [0)s +a cos (6/2) + sin (6/2)e'*

[1)s = 10)s + a'[1)s.

(2)

We see that depending on the ancilla detection basis, as
determined by the angles € and ¢ on the Poincaré sphere
describing ancilla light polarization, a weak coherent state
|@)g is transformed into |o')g with & = a(cos(0/2) +
sin (0/2)et/ cos (0/2) + sin (6/2)e'?) in the limit of
la|> < 1 and |/|* < 1. In this weak-coherent-state limit,
the power gain of the projected coherent state is then
G = |d/al*. Recalling that transmission amplitude ¢ €
(0,1) (as determined by the interaction strength, i.e., the
single atom cooperativity), and @ and ¢ are angles chosen
by the measurement basis, we see that the amplitude and
phase of the projected coherent state can take on any value.
If we project the ancilla photon’s polarization onto |67),
(60 = 0), the signal coherent state is unchanged. If instead
we project the ancilla mode onto vertical polarization
(0 = n/2,p = n), the signal state is maximally amplified,
with the amplification attainable in the experiment set by a
combination of signal-to-noise ratio and the higher-photon-
number components that we have ignored in Eq. (2). In
addition to modifying the amplitude, the choice of 6
modifies the phase of the coherent state, changing it by
up to z. In particular, when ¢ = x and ¢ < tan(0/2) < 1,
the phase of the projected signal state is changed by 7. In
the absence of technical noise sources, this method can
prepare a photonic state with strongly modified amplitude
and arbitrary phase. Even if there is no phase shift onto the
ancilla-signal system after the resonant interaction, by
detecting the ancilla photon in a basis with a relative phase
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FIG. 3. Measured power gain (a) and reconstructed phase (b) of
the final signal state as a function of conditioning angle 6 of the
ancilla mode for ¢ = z. The solid lines are predictions that
include the effects of loss and nonuniform atomic coupling. Error
bars in this and subsequent figures are +1 s.d. The insets show
the predicted gain (a) and phase (b) as a function of the Poincaré
sphere coordinates € and ¢, respectively, of the conditioning
ancilla polarization for an ideal system.

shift between its two polarization components, a nonzero
phase can be mapped onto the signal coherent state.

The measured projected phase of the signal state is
shown as a function of the conditioning angle € in Fig. 3(a).
In our experiment, the maximum observed phase is limited
to z#/2 due to inhomogeneous coupling of atoms to the
cavity light as well as dark counts of the detector. In the low
photon limit, the gain of the projected signal state approx-
imates the cross-correlation function ¢'® (see SM [27]),
between the signal path and the cavity projection port
shown in Fig. 3(b). Its maximal value is limited by
background counts, which in turn limits the maximum
gain in our system to G =3.2. To account for the
inhomogeneous coupling of atoms to the cavity light we
model the spatial distribution of the atoms (see SM [27]).
This model takes into account the fact that our atomic cloud
extends beyond the cavity mode’s Gaussian waist and that
atoms are randomly distributed between the nodes and
antinodes of the cavity standing wave. These imperfections
reduce the purity of the initial weakly entangled state |¥),
and limit both the phase and gain observed in the experi-
ment. Moreover, background counts tend to decrease both
the reconstructed phase and measured magnitude of the
state [solid lines in Fig. 3(a) and 3(b)]. When these
experimental imperfections are included in the theoretical
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FIG. 4. Probability of a given interaction and signal modifica-
tion. (a) The maximum theoretical probability for signal gain G
and phase shift ¢p;. The input state is indicated as a white square.
A selection of the output states we produced are overlaid (circles);
in particular, we produce states with both positive and negative
phase shifts ¢, and both gain G > 1 and attenuation G < 1. This
probability of state creation in our experiment is shown for
(b) constant amplification (where 6 > 7/2, ¢ = ) as a function
of the conditional phase shift ¢, and (c) constant phase shift
(where 0 < 7/2, ¢ = ) as a function of the gain G of the signal
state obtained from the measured correlation function, g(2> (see
text). The solid lines in (b) and (c) represent a theoretical model
taking into account the experimental imperfections. The blue
dashed lines are predictions for an ideal system (i.e., one without
background counts or inhomogeneous coupling) for an input state
with (ng) = 0.2. In (b) and (c), the vertical statistical error bars
are less than the symbol size. Systematic error bars from the
possible imbalance between the fiber-coupling efficiencies of the
two single-photon counting modules in the measurement (see SM
[27]) are plotted.

description, the model agrees well with the experimen-
tal data.

Although we can prepare photonic states with different
amplitudes and phases, we do not prepare every such state
with equal probability, and states corresponding to a large
change of the signal mode, or a large associated ancilla-
probe interaction, are prepared more rarely. If we normalize
the states , (f| and |¥), the preparation probability is simply
the magnitude |, (B|¥)|?, or the probability of observing a
conditioning event before path and detector efficiency
losses.

The ideal probability of projecting into a signal state with
coherent amplitude ' is plotted in Fig. 4(a) as a function of
phase and relative amplitude of the final coherent state
|o) . Overall, the state preparation probability decreases as
the projected state is displaced further from the original
state (shown with a square symbol). We note that due to the
blocking nature of the interaction, causing a reduction in
signal transmission when averaging over the ancilla mode,
the gain that maximizes the success probability is smaller
than unity. Several experimentally projected states are

shown in this figure to illustrate that we are able to produce
states with different amplitudes and phases. Figures 4(b)
and 4(c) represent experimental success probability along
with the theoretical prediction for a noiseless system
(dashed line), and our system with experimental imperfec-
tions (solid line), as a function of phase and gain of the final
signal state, respectively. A gain G = 3.2 is achieved with a
success probability of 3%. Because of limited quantum
efficiency of 0.3 of the detector, for an input signal state
with a mean photon number (n,) = 0.2, the detected
amplified state is still within the weak coherent state limit.
Thus, the main deviation of the data from the theory is from
higher-order excitations of the atom ensemble caused by
the signal light. Provided weak enough input signal state
(G(ns) < 1), by confining atoms in the antinodes of the
cavity standing wave and minimizing the background
counts, it should be possible to achieve a conditional phase
shift of 7z and gain of 40 with success probabilities of 25%
and 1%, respectively.

In summary, we have demonstrated HIC for modes of
light: the coherent transformation of photonic states by
measurements on an ancilla mode that had previously
been weakly entangled with the signal mode. The dem-
onstrated scheme provides a powerful tool to engineer
quantum states of light by, in principle, arbitrary manipu-
lation of their phase and amplitude. Such coherent trans-
formation of optical states has potentially important
applications in quantum communication, computations,
and sensing. For example, the scheme can be used for
remote state preparation [29,30] in quantum communica-
tion, which relies on entanglement preparation of a distant
qubit conditional on the measurement outcome of another
qubit without the need for Bell state measurement. The
coherent amplification of optical coherent states observed
here may be used to develop an optimum nondeterministic
noiseless amplification [31,32] for applications in quan-
tum key distribution [33], state discrimination [34], and
entanglement distillation [35-37]. The anomalous phase
shift observed on atomic resonance can also be explained
in terms of weak-value measurements [38,39] that further
our understanding of fundamental concepts in quantum
mechanics [40,41], and have found applications in met-
rology [42]. In the latter realm, weak-value methods have
been demonstrated as a means of overcoming technical
noise [43-47]. The scheme can be also generalized to
systems of massive particles and spin systems
[13,15,48,49]. Finally, this experiment illustrates a general
paradigm that enables the heralded transformation of a
quantum state that could otherwise only be accomplished
by strong interactions.
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