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Protective measurements of photon polarization using a temporal pointer
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We experimentally demonstrate protective measurements by weakly coupling the polarization of a single-
photon-level field to a measurement pointer that corresponds to the arrival time of the photon. By using an
optical loop, we implement a variable, controlled number (1-9) of protection and measurement stages. We
demonstrate the measurement of expectation values of photon polarization by measuring arrival times while
simultaneously protecting the polarization state. No knowledge of the initial photon state is required or available
in our experiment, demonstrating that protective measurements provide a genuine information gain that cannot
simply be reduced to a priori information about the protection procedure.
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I. INTRODUCTION

Weak quantum measurements with postselection have be-
come an essential tool in quantum metrology and the study of
quantum phenomena [1-4]. Protective measurements (PMs)
[5-13] are a type of weak measurement in which a procedure
is added that prevents the state of the system from changing
appreciably during the measurement. The result of the PM
on a single system is the expectation value of an arbitrary
observable. PMs can provide better estimates of expectation
values (lower uncertainties) than could be achieved, using
comparable resources, with strong measurements (SMs) on
an ensemble [12]. Measurements with state protection also
provide an avenue for beating the Cramér-Rao bound [14].

A common version of a PM uses a state-protection proce-
dure based on the quantum Zeno effect [ 15-18] and is referred
to as a Zeno PM [6]. The system interacts repeatedly and
weakly with an apparatus, and between each interaction the
system is projected back onto its initial state, thus protecting
it. We refer to this combination of a weak interaction followed
by a protection step as a Zeno stage. The Zeno stages amount
to a series of identical weak measurements on the same sys-
tem, with the pre- and postselected states being the same, such
that the weak value [1,3] reduces to the expectation value.
The performance improves as the number of Zeno stages is
increased while the interaction strength for each stage is weak-
ened [6,12]. The expectation value is read off from the accu-
mulated pointer shift after all Zeno stages. This scheme does
not require knowledge of the initial state. It is only needed
that the state preparation and protection procedures project
onto the same (but potentially unknown) state. The first, and
previously only, experimental realization of a PM, based on
the Zeno scheme, was reported by Piacentini et al. [12,13],
using seven Zeno stages implemented as individual units.

Here, we report on the experimental realization of a Zeno
PM of photon polarization in which the photons are cycled
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through a loop constructed from an optical fiber, such that a
given photon will pass an adjustable number of times through
the same Zeno stage [19]. This loop configuration is advan-
tageous because (i) we do not need to physically implement
several individual Zeno stages and (ii) we can easily control
and adjust the number of stages. Furthermore, the partic-
ular state-protection method we use does not require, and
indeed precludes, knowledge of the initial photon state, even
in principle. Thus, our experiment explicitly demonstrates that
a Zeno PM can provide genuine information gain. (If the
protection necessitated knowledge of the state, the measured
expectation value could, instead, be simply calculated from
this information.)

In contrast to the spatial pointer shift used in Ref. [12],
we encode the measurement result in a temporal degree
of freedom. The temporal pointer shift is generated by a
polarization-dependent differential group delay (DGD) be-
tween the horizontal and vertical polarization directions, and
the shift of the pointer is obtained by measuring photon arrival
times. An advantage of a temporal pointer is that it is compat-
ible with the use of single-mode fibers, which eliminate the
spatial degrees of freedom available to free-space optics. The
use of DGD to realize general weak measurements of pho-
ton polarization was described in Ref. [20], and realizations
of such weak (but not protective) measurements in the time
domain were reported in Refs. [21,22].

This paper is organized as follows. Section II provides the
theory of a Zeno PM, applied to our experimental setting.
Section III describes our experimental apparatus and data
acquisition. Experimental results are presented in Sec. IV. We
offer a concluding discussion in Sec. V.

II. THEORY

A measurement interaction of duration At between a quan-
tum system S and an apparatus .4 may be described in terms
of a unitary operation

U = exp[—i£(0 ® P)At], (1)
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FIG. 1. Principle of a Zeno protective measurement. After each weak interaction with the measuring device, the system is projected back

onto its initial state |v). Each dashed unit represents a Zeno stage.

where £ is the coupling strength, O is an arbitrary observable
of S, and P generates the shift of the pointer of A in the
conjugate variable g. We make the usual (and experimentally
appropriate) assumption that A starts out in a Gaussian of
width A in ¢, ¥(q) = W exp(—%). In a weak mea-
surement, the coupling strength is small in the sense that
the shifts of the pointer induced by Eq. (1) for the different
eigenvalues of O are small compared to the width A. A
weak measurement consists of three stages: (i) the preparation
(preselection) of the initial state |vg) of S, (ii) the interaction
described by Eq. (1), and (iii) the postselection of S in a state
|/p). Then one can show [1] that following postselection, the
pointer of A shifts by an amount £ O,, Af, where

_ (¥,101¥0)
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is called the weak value of O.

The Zeno stages in a Zeno protective measurement [6]
effectively amount to a series of identical weak measurements
on the same system, with the pre- and postselected states being
the same (Fig. 1). Then the weak value (2) reduces to the
expectation value (O) = (¥|O|¥o), which can be read off
from the pointer shift accumulated over multiple Zeno stages.

We now consider the case relevant to our experiment, in
which the pointer shift is produced by temporal DGD. Con-
sider the passage of a photon prepared in a polarization state
[Y¥0) = cosO|H) + sin §e'®|V) through a birefringent material
of length L. Let the group velocities be v,z and v,y for the
ordinary (H polarization) and extraordinary (polarization V)
rays, with corresponding travel times #; = A i=H,V. Let

the pulse entering the material be descnbed by a Gaussian of
duration g,

E(t,z=0) = Ee W, 3)

and let us associate a quantum state |¢(0)) with this pulse.
After passage through the birefringent material, the pulses
corresponding to the ordinary and extraordinary rays are

TG

t—47°
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where i = H, V. Define the average travel time t,, = [ty +
ty]/2 and the relative delay 7 =ty — ty. Also, express all
times in terms of a dimensionless time variable 7 = ¢ /7. Then
we can write

En(T, L) = Eyexp{—I7 — (g — T/2)1), (&)

Ev(T, L) = Eyexp{—[f — (favg + T/2)1%}, (6)

and we denote the associated quantum states by |¢p(£7/2)).
The interaction is assumed to be weak in the sense that
T L 16, 1.e., T =1/176 < 1 (this means that the separation
of the temporal wave packets associated with the orthogonal
polarizations is incomplete). In analogy with Eq. (1), we can
model the relative temporal displacement £7 /2 in terms of a
unitary operator

U(%) = exp [—i;@ ®A:|, (7

where O = |[H)(H| — |V)(V] is the linear polarization observ-
able, A generates shifts of the temporal Gaussian wave packet,
and T = t /75 plays the role of an interaction strength.

After passing through the birefringent material and subse-
quent projection onto |Y), the (un-normalized) photon state
is

[W1) = [¥o) (Yol exp [_%o ®A]|wo>|¢<0)>. (8)

Since the interaction is weak, we can expand to second order
in T [6]:

(Yol exp [_%o ®A:||1/f0>

(0)A Lz 2(0)2A2 L(Z 2A02A2 9)
2\2 2\2 ’
where (0) = (¥|0|¥) = cos 20 and AO* = (0?) — (0)? is
the square of the uncertainty in O. Reintroducing the exponen-
tial function (and again working to second order in %) gives

(6]

%
2

(ol exp [_%o ®A}|1ﬁ0>
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After £ Zeno stages, the final state is therefore of the form
1 2 ‘
AO*A?
3(5) 20
T A
X exp [—17<0> }Itb(o))
N2 ¢
1/% 3 0 oA
=|Wo)|:1 - §<§) AO"A } lp(£T{0)/2)). (11)

We see that the temporal shift of the pulse wave packet is equal
to £7(0)/2. Thus, the birefringent material delays the arrival

NIHz

[We) = |vo)

N |
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TABLE 1. Photon-survival probability P [Eq. (12)] and accu-
mulated pointer shift for different input states |yo) = cos6|H) +
sin #|V) as a function of the measurement strength 7 and the number
¢ of passes (projections). The value ¥ = 1 corresponds to a strong
measurement that completely resolves the H and V components in a
single pass. The last column represents the expectation value of the
polarization observable O = |H)(H| — |V)(V|.

0 T £ P Pointer shift (0)

0.27% 0.1 10 0.994 0.951 0.951
0.2 5 0.988 0.952
0.5 2 0.972 0.961

0.8% 0.1 10 0.946 0.310 0.310
0.2 5 0.894 0.313
0.5 2 0.753 0.353

L.5% 0.1 10 0.967 —0.708 —0.707
0.2 5 0.940 —0.712
0.5 2 0.859 —0.757

of the photon by At = K% — (tave — %(0)). By measuring
this delay, we can measure (O).

The probability for the photon to survive the projections is
determined by the overlap of the temporal wave packets (the
bigger the overlap is, the higher the survival probability is),
which is related to the ratio T = t /75 (a small T implies a
large overlap). By decreasing the temporal shift induced by
a single pass through the birefringent material (i.e., by de-
creasing 7), the probability of the photon reaching the output
after £ stages can be increased. Doing so, however, will also
decrease the total shift at the output, leading to greater uncer-
tainty in the measured expectation value. To compensate, one
may increase £. Specifically, by increasing £ while propor-
tionally decreasing T (i.e., keeping £ constant to maintain a
fixed amount of total pointer shift and therefore measurement
resolution), the survival probability can be made arbitrarily
close to unity (see also Ref. [23]). It is important to note that
while increasing ¢ (while keeping the measurement strength
constant) will decrease the photon survival probability, the
decrease grows very slowly with £, much slower than the
decrease in uncertainty [12].

We shall give a few explicit values for the photon survival
probability after £ passes. This probability is given by

4
P = Tr[(l_[ |1//0)<¢0|U(f))[|1/;0)(1//0| ® |¢(0)><¢(0)I]],
i=1

(12)

where U(%) is the evolution operator (7). Table I shows
survival probabilities that were numerically calculated from
Eq. (12) for different polarization states and measurement
strengths 7. We chose the number ¢ of passes such that
{7 = 1, so that the pointer shift falls within the range [—1, 1].
We also compare the pointer shift with the expectation value
of the polarization observable, i.e., with the value we would
like to obtain from the pointer shift. The results show that
already for £ = 5 passes we get high survival probabilities and
excellent agreement between the pointer shift and expectation
value. For ¢ = 10, the survival probabilities are > 94%.

I = o : = I
C 1 LP PS AlDGD 1 PC LP C
: (H| (UDUO)y| Up : Uy |H) :
<‘V0|UZ7 lwo)

FIG. 2. The experimental apparatus for a single Zeno stage of
the protective measurement. Abbreviations: circulator (C), linear
polarizer (LP), polarization controller (PC), differential group delay
(DGD), and polarization stabilizer (PS). The circulators multiplex
and demultiplex beams traveling in opposite directions. Individual
photons travel right to left, while the stabilization beam travels left
to right.

Note that these probabilities are obtained solely from the
probability of a photon surviving the multiple projections.
Of course, in practice, additional losses will come from the
fiber-optic elements in the loop. In our experiment, these
losses are ~10dB (90%) per loop, substantially larger than
the losses due to the projections.

III. EXPERIMENT

A. Experimental apparatus

The experimental apparatus used for a single Zeno stage is
shown in Fig. 2. For a PM to succeed, as described above, after
the system interacts weakly with the apparatus, it is necessary
to project back onto the initially prepared state. To accom-
plish this we use a commercial polarization stabilizer (Luna
POS-002).

All of the light in our experiments is derived from a
1540-nm laser, and it propagates through single-mode optical
fibers. We use circulators to multiplex and demultiplex beams
that propagate in opposite directions. In Fig. 2 the single-
photon-level signal beam propagates from right to left, while
a continuous-wave (cw) laser beam travels from left to right.
First, we consider the single-photon-level beam that travels
from right to left. It passes through a circulator, then a linear
polarizer (LP) that projects onto |H). A manual polarization
controller (PC; three loops of fiber that can be rotated) can be
configured to create any state of polarization by implementing
a unitary transformation Uy. The combination of the LP and
the PC prepares the state [yg) = Uo|H). The photons then
pass through the DGD, which imparts 0.5 ns of DGD between
the fast (|V)) and slow (|H)) axes of the fiber. However, the
DGD also shifts the relative phase of the |[H) and |V) states,
affecting the polarization state as well. This state change
is described by the unitary transformation Up. The DGD
is implemented by a long (~250m) length of birefringent
fiber, and the phase shift it imparts is extremely sensitive to
environmental conditions. We passively stabilize the phase
shift by temperature stabilizing this fiber to less than 0.02 °C,
but despite this, the phase drifts slowly in time, necessitating
active stabilization.

The photons pass through a polarization stabilizer (PS)
before passing through a second linear polarizer that projects
onto |H) and a second circulator. The PS implements the

unitary transformation (UDUO)T. The total transformation
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between the linear polarizers is thus equal to the identity, so
photons that are transmitted by the first polarizer will also be
transmitted by the second. This means that the combination
of the PS and the second linear polarizer effectively undoes
the phase shift induced by the DGD and then projects back
onto the initial state |vp), as illustrated in Fig. 2. The PS
implements the proper transformation via feedback derived
from the cw beam that propagates between the polarizers in
the opposite direction of the single-photon-level field. The PS
automatically adjusts the phase shift to maximize the intensity
of the cw beam transmitted by the second polarizer, guaran-
teeing that the total polarization transformation between the
polarizers is equal to the identity operation. We note that there
are also losses in the components between the polarizers,
but as long as these losses are not polarization dependent,
they affect the overall transmission and do not affect the
polarization transformations. We have chosen components
with an eye toward minimizing polarization-dependent losses
and are unable to observe any such losses in our experiments.

To characterize the performance of our PS, we can insert
a beam splitter between the PC and the LP in Fig. 2 and
pick off a small portion of the stabilization beam to send to
a polarization analyzer. (This beam splitter is present only
during characterization, not during our PM experiments.) We
find that when the PS is on, the Stokes vector that describes the
classical polarization has an approximately Gaussian distribu-
tion if it is expressed as a point on the Poincaré sphere. When
the polarization is nearly linear (located near the equator of
the Poincaré sphere), the angular spread in this distribution is
found to have a standard deviation of 0.08 rad. It is reasonable
to assume that the difference between the Bloch vectors that
describe the prepared quantum polarization state and the po-
larization state that is projected onto is described by this same
distribution. Two polarization states whose Bloch vectors dif-
fer by 0.08rad have a fidelity of 0.998, and we believe this
is a good estimate of the fidelity between our prepared and
projected states.

The transformation Uy, which produces the state |1y) we
are measuring, is stable in time. It is the transformation UD
imparted by the lengthy DGD line that is random (indeed, it
varies randomly in time). The PS implements the transforma-
tion (UDUO)T, and this information is, in principle, available
to the experimenter. However, there is no way to separate
the contributions from Up and U, so the experimenter gains
no information about Uy. The polarization stabilization thus
guarantees that the state |1/) is protected but yields no infor-
mation, even in principle, about what that state is.

Despite that fact that the classical stabilization beam yields
no information about |v), information about this state is
retained in the counterpropagating, single-photon-level beam,
and this is why our PM is possible. The transformation U
produces the state |1p) at the input of the DGD. It is the state
at this location that is protected, as described above. It is this
state that experiences the temporal delay that we measure in
our experiment. The phase shift in the DGD does not affect
the relative time delay between the |H) and |V') components of
the single-photon-level pulse. The PS ensures that the relative
phase of these components is adjusted so that they properly
interfere at the final LP, projecting onto |).

- L - -
LP PS DGD PC LP
c C
m = P m = - o
90110 1x1 gppa F 1x1 1x1  2x2 AT SPCM

FIG. 3. The complete experimental apparatus. Abbreviations:
erbium-doped fiber amplifier (EDFA), bandpass filter (F), circulator
(C), linear polarizer (LP), polarization controller (PC), differential
group delay (DGD), polarization stabilizer (PS), variable attenuator
(AT), and single-photon counting module (SPCM). A 90%:10%
splitter is denoted by 90:10. Amplitude modulators are shown as
1 x 1 switches, and a 2 x 2 switch directs light into and out of a
fiber loop containing the single-Zeno-stage apparatus (Fig. 2).

A related point is that the PS affects only the relative
phase of the two polarization components, but the operator
O = |H)(H| — |V)(V| that we are performing a PM of (the
same operator that was measured in the previous PM exper-
iment [12]) is not sensitive to this phase. It is the relative
amplitudes of |H) and |V) at the input to the DGD that the
measurement is sensitive to. We would need to redesign our
apparatus to measure a different polarization operator, which
would be experimentally feasible, in order for it to be sensitive
to the relative phase.

Our complete experimental apparatus is shown in Fig. 3.
Ninety percent of the light from a cw, 1540-nm laser passes
through an amplitude modulator (1 x 1 switch), which slices
out a 3-ns-long pulse. The pulse repetition rate is 50 kHz.
The pulse is amplified by up to 20dB in an erbium-doped
fiber amplifier and filtered by a 100-GHz bandpass filter to
eliminate amplified spontaneous emission. The pulse then
passes through two more 1 x 1 switches in order to further
decrease cw background light. A 2 x 2 switch directs the
pulse into a fiber loop, where it propagates in the coun-
terclockwise direction. The timing of the switch is set to
allow the pulse to travel a predetermined number of times
around the loop before being switched out. Inside the loop
the pulse traverses the single-Zeno-stage apparatus (Fig. 2)
before once again reaching the 2 x 2 switch. After the pulse
is switched out, it is attenuated to the single-photon level
(<0.1 photon per pulse) before being detected with a single-
photon counting module (SPCM) with a temporal resolution
of 100 ps; the SPCM is gated on for a 15-ns window sur-
rounding the arrival of the pulse. Photon arrival times are
measured with a time-to-digital converter with a temporal
resolution of 20 ps.

Because the pulses travel around a loop, the LP-PC combi-
nation that produces the initial state |y) is the same for each
iteration of the PM. Thus, to high precision, this state is the
same for each iteration.

B. Data acquisition and analysis

For each data run, we fix the polarization of photons
incident on the DGD using the PC and set the timing of
the 2 x 2 switch to realize the desired number ¢ of loops
(see Fig. 3). For each polarization setting and each ¢, we
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acquire data as follows. For one to six loops we acquire
~750 000 total (signal and background) counts, and this
takes about 150 s . Above six loops the count rate drops,
and the signal-to-background ratio becomes smaller, so we
acquire more data in order to have sufficient signal counts.
For nine loops we acquire ~3 500 000 total counts, which
takes about 9000 s . The time-tagged photon counts are sorted
into histograms, with bins denoted by measured arrival time.
To acquire the background, we change the timing to move the
pulse out of the recorded time window. Background counts
are acquired for between 150 and 900 s, depending on the
count rate, and histogrammed using the same bins as for the
signal. For each data set we calculate the total number of
counts in a 2—4-ns window away from the peak in the set,
where we have only background counts. We then calculate
the total number of counts in the same window for the
corresponding background data set. We scale the background
data so that they have the same number of counts in that
window as the data and then subtract the background. We
have found that this background subtraction procedure works
better for subtracting some small structure in the background
(likely due to the behavior of the 2 x 2 switch) than simply
subtracting a constant, average background.

To further reduce the effect of background when cal-
culating the statistics of the arrival times, we truncate the
histograms to remove data in arrival-time bins that are away
from the peak of the histogram and contain only background.
Starting from the histogram peak, we move to shorter (longer)
times and locate the first time at which the background-
subtracted histogram has a negative value. We truncate the
histogram at this point, removing all data corresponding to
this and shorter (longer) arrival times. The histograms now
contain only positive values, and we normalize them to obtain
estimates of the probability P; for a photon to arrive in time bin
t;. Our truncation procedure eliminates nonphysical negative
probabilities in a consistent manner while ensuring that the
relevant probabilities are preserved.

To set the timescale for a given ¢, the mean of the distri-
bution for photons polarized along the fast axis of the DGD is
used to define the zero of the scale, and arrival times for other
polarization settings P are expressed in terms of the relative
delay 7(P) = ty(P) — tor(V'), where 7,,(V ) is the mean arrival
time for photons polarized along the fast axis.

IV. RESULTS

A. Arrival times as a function of the number of Zeno stages

Figure 4 shows probabilities of measured photon arrival
times for different numbers of loops and for two polarization
settings: polarization along the fast axis of the DGD and
polarization along the slow axis. The relative shift of the
center of the photon distribution is clearly seen. The data
for one loop verify the weak-measurement regime: The shift
of the distribution is much smaller than the width. Figure 5
shows measured values for the maximum shift t,x, set by
the mean arrival time 7,.(H) for photons polarized along the
slow axis of the DGD, as a function of the number of loops.
A linear relationship is observed, and the slope is found to be
0.483 4 0.001 ns/loop, which we use as a calibration for our
polarization measurements.

0.04' (a) i
s
0.03 £

0.02-

Probability

0.01-

O ]
0.04  (b)

0.03 £
0.02

Probability

0.01

0.04 (c) Hen,
0.03
0.02

Probability

0.01 -

-25 0 25 5 7.5
Time (ns)

FIG. 4. Probabilities of photon arrival times after (a) one loop,
(b) five loops, and (c) nine loops for polarization along the fast
(orange circles) and slow (blue squares) axes. Vertical lines represent
mean arrival times. The fast-axis polarization is defined to have a

mean arrival time of 0, while the mean arrival time of the slow-axis
polarization is (a) 0.49 ns, (b) 2.43 ns, and (c) 4.33 ns .

B. Measuring photon polarization

Figure 6 shows the measured arrival times of photons af-
ter eight loops for five different polarization angles 6. Here,
starting from polarization along the fast axis of the DGD, we
used the PC (Fig. 3) to rotate the polarization entering the
DGD in steps [24] , until we reached the setting in which

N W b

Tmax (ns)

2 3 4 56 7 8 9
Number of Loops

o
—_—

FIG. 5. The circles are measured differences 7., in mean arrival
times between photons polarized along the slow and fast axes of
the DGD, plotted as a function of the number of loops. Error bars,
corresponding to the standard deviation of the mean, are smaller than
the circles. The line is a linear fit to the data that is constrained to pass
through the origin.
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FIG. 6. Probabilities of photon arrival times after eight loops.
Each curve corresponds to a different polarization. Orange circles
(a) correspond to polarization along the fast axis of the DGD, blue
squares (e) correspond to polarization along the slow axis, and curves
(b)—(d) are polarizations along intermediate angles. The dashed lines
correspond to the mean arrival time for each polarization (given in
Table II).

the photons were polarized along the slow axis. We observe
the expected behavior for the PM: The temporal shift consis-
tently increases as the polarization is rotated from the fast axis
to the slow axis, and this shift is therefore indicative of the
expectation value of polarization (O). (We note that because
our experiment did not allow us to independently measure
the prepared polarization with any degree of confidence, we
cannot compare (O) as obtained from the PM shift to (O) as
predicted by the input state.) Measured delays are shown in
Table II, together with values of (O) calculated from these
delays by rescaling the delay to the interval [—1, 1]: (O) =
2— — 1, where ty.x = (3.864 4+ 0.008) ns is the expected
defay for polarization along the slow axis of the DGD after
eight loops.

C. Measurement uncertainties

It is natural to ask to what extent a Zeno protective
measurement may offer advantages (whether practical or
fundamental) over a standard strong measurement for de-
termining expectation values. The task of providing a fair
comparison is far from straightforward. First, the exper-
imental arrangements are rather different for these two
measurement schemes. The prototypical arrangement for a
strong measurement may simply consist of a polarizing beam
splitter with a pair of single-photon detectors placed at the two
output ports, such that the expectation value can be obtained
from the measured photon counts Ny and Ny at those ports via
(0) = (Ng — Ny) /(Ng + Ny). A protective-measurement ex-
periment such as ours or that of Piacentini et al. [12] requires
significantly more components than an SM. For example, our
experiment uses a 2 x 2 switch and a polarization stabilizer,
while the experiment of Piacentini et al. requires multiple
measurement-and-protection stages and a two-dimensional
single-photon-detection array. Thus, it is clear that the amount
of required experimental resources differs greatly between the
SM and PM.

TABLE II. Data for the arrival time distributions labeled (a)—(e)
in Fig. 6. Shown are (i) measured delays t relative to the zero defined
by the mean arrival time for photons polarized along the fast axis,
with uncertainties given by the standard deviation; (ii) corresponding
expectation values (O) of linear polarization; (iii) uncertainties opy
for the PM obtained from the uncertainties in the arrival times 7,
rescaled to the range [—1, 1] of the expectation value; (iv) uncer-
tainties osy for the strong measurement obtained from Eq. (13);
and (v) relative measurement performance R = :}f—ﬁ [see Eq. (14)],
assuming the same number of detected photons in both the strong
and protective measurements.

Distribution T (ns) (0) OpM  OsMm R
(a) (orange circles) 0.00+0.79 —-1.00 041 0 0
(b) (red diamonds) 1.07£0.87 —-045 045 089 20
(c) (black asterisks) 2.07 £ 0.89 0.07 046 1.00 22
(d) (brown triangles)  3.04 £0.85 0.57 044 082 19
(e) (blue squares) 3.87 £0.81 1.00 0.42 0 0

Another resource-based argument that one may consider
concerns the required amount of a priori information about
the photon state for the measurement scheme to work. While
for the SM no such information is needed, it may seem
that in order to implement the protection, we must have
information about the initial photon state since we need to
ensure projection onto this initial state at each protection
stage. This is arguably indeed the case in the experiment
by Piacentini et al. [12] since there both preparation and
protection are realized through a series of physically sepa-
rate polarizers, which must be manually dialed to the same
setting. Therefore, the prepared (and subsequently protected)
state is effectively known to the experimenter. In our exper-
iment, however, the situation is different. As described in
Sec. IIT A, not only do we not know what the prepared and
protected state is, but the particular experimental arrangement
we use also ensures that we cannot know this state, even in
principle.

An additional important consideration in comparing pro-
tective and strong measurements is the issue of intrinsic
photon loss. In an ideal SM where optical imperfections can
be neglected, there is no such loss: Every photon entering the
beam splitter will also be detected. In the Zeno PM, however,
there is a fundamental photon loss even in the absence of
optical imperfections because the probability of a photon sur-
viving the protection stage is less than 1. Previous studies of
the performance advantage of protective measurements [12]
focused on the fact that this intrinsic loss is small (see the
estimates given in Sec. II) and that even when taking these
intrinsic losses into account, the uncertainty in the expectation
value obtained from the PM is smaller than for the SM for the
same number of initial photons.

In a practical setting such as ours, however, such intrinsic
losses are drowned out by the losses from the fiber-optic
elements in the loop. As stated in Sec. II, in our experiment
these losses are ~10 dB (90%) per loop. Thus, if we compared
the PM to the SM for the same number of initial photons, the
uncertainty of the PM would be far greater simply because
the number of detected photons would be so much smaller
than in the SM. Alternatively, we may therefore choose to
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provide a comparison between the PM and SM for the same
number of detected photons. Such a comparison can be jus-
tified by noting that the fiber-optic losses in our experiment
are merely practical constraints that may be overcome with
an improved experimental implementation. In principle, then,
only the intrinsic losses will be left and, as already mentioned,
are small enough that they do not significantly influence the
photon numbers.

A final difference between the PM and SM concerns the
source of the uncertainty in the measured expectation value.
In the PM, the pointer shifts deterministically, and the un-
certainty is due to the measured width of the pointer wave
packet. We can therefore estimate this uncertainty from the
standard deviation opy; of the distribution P; of arrival times
(Table II) for a given polarization state and number of loops.
While making the pointer wave packet narrower will decrease
this uncertainty, there is a trade-off involved because doing so
will also make the measurement less weak since the overlap
between the pre- and postmeasurement wave packets will
become smaller.

In an ideal PM, the measurement interaction shifts the
pointer without changing the pointer wave packet, and the
arrival-time distributions in Figs. 4 and 6 show that this is
true to a good approximation also in our experiment. The
measured widths opy; are similar to the width of the pre-
measurement wave packet and are largely independent of the
expectation value (O).

In an SM, the wave packets corresponding to orthog-
onal polarizations become fully separated, and thus, their
width and shape are irrelevant. Instead, the uncertainty in the
expectation value is now due to the fundamental quantum
uncertainty of |),

oy = \/<02)_(0>2 = \/1_(0)2 = |sin(20)], (13)

associated with the standard deviation of the linear polar-
ization for the observable O = |H)(H| — |V)(V| in the state
[Y0). Using Eq. (13), we can estimate osy; from the measured
expectation values (Table II).

Since we use a PS to perform the PM, it is worth consider-
ing whether such a stabilizer would improve the performance
of an SM. Indeed, such a stabilizer would, in principle, trans-
mit all of the photons through one of the output ports of the
polarizing beam splitter performing the SM, and the uncer-
tainty in the measurement would then be zero. If there are no
random phase fluctuations added to the prepared state, reading
out the transformation induced by the PS would determine
(O) with little or no uncertainty. However, if there is some
source of random phase fluctuations that disturb the initial
state, as described above in Sec. I A, it is not possible to
separate this randomness from the state preparation. In this
case the SM yields absolutely no information about (0) (the
SM has no uncertainty, but there is no available information
about what polarization states are actually being measured by
the detectors), so the PM is clearly superior if there is added
phase noise.

To compare the PM and SM uncertainties, we shall here
take the aforementioned approach of considering the same
number of detected (rather than initial) photons for both
measurement schemes. That is, we scale both the values

opm and ogy by 1/ /N for N recorded photons to get the
standard deviation of the mean, upy = opm/ VN and Uspm =
osm/~/N. Adopting the approach of Ref. [12], we can then
assess the measurement performance of the PM relative to
the SM as the ratio of the uncertainties for each measurement
scheme, i.e.,

1-(0)?
R = UM _ OsmM # (14)
upM  OpMm OPM

Results are shown in Table II. If R > 1, then the PM provides
a lower uncertainty estimate of the expectation value than the
SM, given the same number of detected photons for both mea-
surements. Table II shows this is the case for all input states
used in our experiment except the “extreme” states polarized
nearly entirely along the fast or slow axes of the DGD. Of
course, for the reasons discussed above, such an observation
does not imply the conclusion that our experiment provides a
method for measuring expectation values that is superior to an
SM. The experimental resources and the optical losses (which
are here effectively ignored by considering only the number of
detected photons) for the PM are simply far too great to allow
for a fair comparison.

As discussed in Sec. II, since the uncertainty of the PM is
related to the temporal width of the photon wave packet, it
may be reduced by decreasing this width. However, the width
must be kept longer than the amount of DGD per loop to
remain in the weak-measurement regime. For a fixed ratio of
DGD to pulse width and for a sufficient signal-to-noise ratio
(SNR), the performance of the PM increases with the number
of loops and is essentially independent of other factors. In
our experiment, we are limited to nine loops because of two
issues: background and loss. Our high loss rate of ~10dB
per loop (due primarily to losses in the 2 x 2 switch, the
circulators, and the polarizers) means that not many photons
survive large numbers of loops. After eight loops our SNR
(defined as the ratio of the number of counts in the peak of
the histogram to the number of counts in the background) is
~20, whereas after nine loops it is ~2. Background photons
come from cw light that makes it through the 1 x 1 switches
(due to finite contrast of those switches) and from the cw
light used to stabilize the polarization. It may be possible to
find another way to stabilize the polarization without using
cw light, and this would eliminate a source of background,
as well as eliminate the need for the circulators. It may also
be possible to find lower-loss polarizers and switches. This
would allow us to increase the number of loops and improve
the performance of our measurements.

V. CONCLUDING DISCUSSION

We have demonstrated an experimental implementation of
a protective measurement based on the quantum Zeno effect.
Our approach is different in two ways: We use a temporal
pointer in the form of polarization-dependent photon arrival
times, and we implement a loop configuration in which we
let the photon repeatedly cycle through a Zeno stage for up to
nine stages. This approach offers enhanced flexibility because
the number of stages can be adjusted easily without having to
physically modify the arrangement of the optical elements.
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We have experimentally confirmed the theoretically ex-
pected behavior for a PM, namely, that the pointer wave
packet (represented by the distribution of recorded photon
arrival times) shifts proportionally to the number of loops
(Figs. 4 and 5) and that for a given number of loops this
shift changes in response to changes in the polarization state
(Fig. 6).

A noteworthy feature of our experiment is the fact that no
knowledge of the initial polarization state of the photon is
required to realize the state protection, which is implemented
using a polarization stabilizer. Moreover, not only do we not
need to know the state in order to protect it, but indeed, it is
fundamentally impossible in our experiment for the experi-
menter to know what the state is. Thus, while on the surface

it may appear as though one would always need to know what
the state is in order to protect it, our experiment shows that
this is not so. Because no state information is available, the ex-
pectation values measured in the Zeno PM indeed yield fresh
information.
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