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Enhanced Weak-Value Amplification via Photon Recycling
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In a quantum-noise limited system, weak-value amplification using postselection normally does not
produce more sensitive measurements than standard methods for ideal detectors: the increased weak value
is compensated by the reduced power due to the small postselection probability. Here, we experimentally
demonstrate recycled weak-value measurements using a pulsed light source and optical switch to enable
nearly deterministic weak-value amplification of a mirror tilt. Using photon counting detectors, we
demonstrate a signal improvement by a factor of 4.4 + 0.2 and a signal-to-noise ratio improvement of
2.10 £ 0.06, compared to a single-pass weak-value experiment, and also compared to a conventional direct
measurement of the tilt. The signal-to-noise ratio improvement could reach around six for the parameters of

this experiment, assuming lower loss elements.
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Introduction.—Weak-value [1] amplification has been
successfully implemented in a variety of optical platforms
to sensitively measure a number of system parameters [2].
This method has measured the optical spin Hall shift of 1 A
[3], 4-pm displacement or 400-frad angular tilt measure-
ments [4], frequency measurements of 130 kHz [5],
velocity measurements of 400 fm/s [6], temperature shifts
of 0.2 mK precision [7], glucose concentration of 9 x
107 g/L [8], magnetic field sensitivities of 7 fT [9],
simultaneous multiparameter measurement [10], fine-tuned
beam displacements [11], among many other experiments.
The method is inspired by a quantum effect where the shift
of a quantum meter is amplified by the weak value of an
operator, but with the sacrifice of the count rate by the
probability of postselection on a given result of a sub-
sequent measurement. In an ideal, quantum-limited sit-
uation using coherent laser light, these two effects balance
each other for the purposes of making precision measure-
ments [12]. However, in many practical situations there are
other noise sources this technique can suppress, such as
time-correlated noise [13,14], systematic noise [15,16], and
other assorted sources such as jitter and turbulence [17-19].
These advantages of implementing weak-value amplifica-
tion are all in spite of the fact that the vast majority of events
are discarded. The postselected events can give equal
performance in the quantum-limited case because the
available information about the parameter of interest is
concentrated into the few measured events, so the discarded
events contain negligible information [18]. Nevertheless, in
an optical context, the discarded events are photons that
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could still be used as a resource. Indeed, in metrology, the
resource that is used is typically quantified as the number of
photons used in the experiment. To this end, we can obtain
a further metrological advantage by recycling these photons
by reinjecting them back into the system so they are not
wasted.

In this Letter, we implement the proposal of Dressel et al.
[20], using a Pockels cell and polarization optics to realize
photon recycling with a pulsed light source. To explore the
quantum limit of the technique, our experiment is carried out
at the single-photon level, in contrast to most previous weak-
value-based metrology experiments (with few exceptions
[21,22]). As shown in Fig. 1, the interferometer is designed
to implement weak-value amplification on the light exiting
the system, so that a small tilt of the interferometer mirror
results in an amplified deflection of the light exiting the dark
port (see Ref. [23] for a discussion of deflection measure-
ments). The Pockels cell is designed to fire after the input
photon passes, so that after the polarized pulse leaves the
interferometer bright port, the combined effect of the
polarizing beam splitter and the Pockels cell (which rotates
the polarization by 90° when switched on) reinjects the pulse
back into the interferometer. This process continues, at least
in principle, until a/l the light exits the dark port, each photon
experiencing the weak-value amplification. This results in
the signal-to-noise of the measurement being weak-value
amplified by the photon recycling. A two-round recycle was
demonstrated in Ref. [24].

Theory.—Weak-value amplification is by now a well
understood and increasingly commonly applied
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FIG. 1. Schematic of the experiment. The Sagnac interferom-
eter in the lower right part of the apparatus implements weak-
value amplification. It consists of the 50/50 beam splitter, a half
wave plate (HWP) and a Soleil Babinet compensator (SBC) to
introduce a relative phase shift between the clockwise (CW) and
counterclockwise (CCW) light paths. Once the light pulse passes
into the interferometer, the Pockels cell (lower left) fires, so the
combination of the polarizing beam splitter and the loop on the
lower left part of the apparatus reinjects any light that is not
amplified and measured at the position sensitive detector (PSD),
implemented with a “knife-edge” mirror and two avalanche
photodiodes. Photon detection events are time tagged to inves-
tigate the arrival time statistics. Note: Position of PSD and “dark-
port” lens not to scale.

metrological technique. Consisting of a system and a meter,
a continuous meter degree of freedom x is displaced by the
amount gA,,, where g is the coupling constant between
system and meter, and

A, = (flAID/{(F1D) (1)

is the weak value [1] of the system operator A, which has
been prepared in state |i) and postselected in state |f), with
probability p = |(f]i)|>. In the limit where the overlap
between initial and final state goes to zero, the weak value
can be arbitrarily large, but the probability then vanishes.
This effect can be seen as a signal amplification of the
coupling constant g, a parameter we wish to measure. We
can quantify the precision of the measurement of g with the
signal-to-noise ratio (SNR) R defined as

)
K= Nalx] @

where Xy = (1/N)>"¥_,x; is the net meter signal
acquired over N events. The signal mean is (Xy), once
the g = 0 background is subtracted, and Var[Xy] is the
variance of the measured signal. The meter is assumed to be
in a Gaussian state characterized with width o. In the
postselected meter state for standard weak-value amplifi-
cation, the width of the meter remains the same, simply
undergoing a shift in position. Since we are considering a

coherent state of light, the variance of the signal is given by
the inverse number of photons detected Np times the
squared width 62, while the signal is the shift gA,, on the
detector. Consequently, the SNR is given by R =
gA,/pPN/o = gv/N(f|Al|i)/o. The last factor (f|Ali)
can be made to be 1 for two-state systems, so the SNR
is given by R = gv/N/o for a quantum-limited system.
Note that this is the same SNR as without weak-value
amplification, as discussed in the introduction.

The main effect we are investigating in this Letter is that
of recycling the events that would usually be thrown away.
By resetting the initial state, each round of recycling
subtracts a fraction p from the remaining light while
keeping the signal and noise the same as above, but
replacing N with the remaining number of input photons.
Assuming p < 1, the amount of light remaining will decay
exponentially with round number j as N; = N(1 - p)/,
where j =0, 1,2, .... The number of photons detected in
round j is then typically pN ;, resulting in exactly the same
signal and noise as before, but with a new total photon
number of Z}?‘;O pPN; = N, in the limit of no losses. Thus,

the SNR R = gA,,v/N/c is itself weak-value amplified,
giving an advantage both over the single-pass weak-value
case as well as the direct standard method.

Experiment.—Our weak-measurement interferometer
builds on the design of Dixon et al. [4], whereby photons
entering the Sagnac interferometer (lower right corner of
Fig. 1) from the left experience nearly complete constructive
interference of the CW and CCW paths, so that they are
nearly all returned to that same port—now an exit—of the
interferometer. In terms of (1) the initial state inside the
Sagnacis |i) = (e/?/2|CW) + ie="/2|CCW))/\/2, where ¢
is the relative phase produced by a Soleil Babinet compen-
sator. The interferometer upper “dark port” projects onto
(f] = ({CW| + i(CCW|)/+/2, with postselection probabil-
ity [(f]i)|> = sin*(¢/2). A slight difference to the above
theory discussion is that the weak value is imaginary,
resulting in a shift in the complementary meter variable
(the transverse spatial coordinate of the beam instead of its
angle), but the above discussion is otherwise applicable.

In the bright port we added a low-loss recycling loop
with a polarization switch (implemented with a Pockels
cell) that traps the pulses for up to 27 passes before another
pulse is timed to enter the interferometer. A position
sensitive detector (PSD) designed for low-photon-number
detection measures the beam displacement from tilting a
mirror in a piezocontrolled mount, oscillated at a rate of
500 Hz (see Fig. 1), inside the Sagnac interferometer. Thus,
the parameter to be measured is the mirror tilt angle. We
choose a beam width at the tilt mirror of ¢ = 86 um,
corresponding to an angular width of 0.94 mrad; the
maximum applied angular mirror displacement is only
7.5 prad, so the usual weak-value derivation approxima-
tions are well satisfied.

220801-2



PHYSICAL REVIEW LETTERS 126, 220801 (2021)

Our light source is a greatly attenuated 690-nm diode
laser, pulsed at 200 kHz with approximately 600-ps pulse
width; we attenuate the laser such that only one photon at a
time is likely to be detected (i.e., our count rate on each
detector is 20 kHz or less). Although of course weak-value
measurements could also be made at the classical level,
e.g., with a quad-cell photodetector and an unattenuated
laser, we choose to work at the single-photon level
so our system operates in a regime where the SNR is
quantum-noise limited, i.e., dominated by photon shot
noise. This allows for a direct test of the efficiency of
recycling without the added complication of other system-
atic errors.

The source photons are coupled through a single-mode
fiber with a microscope objective and adjustable beam-
expander at the fiber output, allowing us to control the input
beam waist and position. A horizontal (H) polarizer is also
placed at the fiber output. A 4f-imaging system prevents
the beam from expanding as it traverses through the
1.2-meter loop, up to 27 times; a 300-cm focal-length lens
is placed at the optical center of both the recycling loop and
the interferometer. In order to maximize the weak-value
SNR, a dark-port lens is added to image the surface of the
tilting mirror (where the beam waist is located) onto the
PSD; due to space constraints, a 50.2-mm focal-length lens
was placed 263 mm from the tilting mirror, and 62 mm
from the PSD (resulting in a demagnified beam waist of
¢’ =20 ym). The PSD consists of a “knife-edge” mirror
that divides the optical beam onto two Si avalanche
photodiodes (APDs), with efficiencies -~ 65% and dark
counts < 250 cps; position information for the exiting
photons is thus registered in the relative count rate
differences between the two detectors. Photon arrival
timing information is recorded using a time tagger
(quTools quTau) to make a cycle-by-cycle analysis. We
measured that light hitting a -~ 3.75 ym-wide stripe at the
very edge of the knife-edge mirror is scattered or absorbed,
i.e., not detected by either APD; however, detailed model-
ing shows this PSD “dead” zone reduces the measured PSD
signal by less than 0.5%.

The number of round trips in the recycling system is
limited by the postselection probability and the loss from
scattering on optical components. We chose a postselection
probability of p = 0.03, corresponding to a relative phase
¢ = 0.35 rad between the CW and CCW paths in the
interferometer. Unlike the theoretical limits of this tech-
nique discussed above, loss from our optics is approx-
imately 16%, resulting in a total per-pass loss of about 19%
including the postselection to the detector. The total loss
was determined by fitting the intensity transmission versus
pass number until less than half a percent of the light
remained in the interferometer, showing an excellent
exponential fit with the above loss-per-cycle.

Results.—We see approximately 3000 counts per second
in the first pass on each detector, and about 20,000 counts
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FIG. 2. Data taken for single-pass weak-value amplification
and multipass recycling weak-value amplification experiments.
Panel (a) shows the signal increase from multiple recycling
rounds. Panel (b) shows that the noise decreases as the inverse
square-root of the number of detected photons, indicating the
experiment is shot-noise limited. The solid line shows the
theoretical prediction for a 1/v/N scaling of the relative noise,
which appears linear on a log-log plot.

per second on each detector in all passes. Time tags are
divided into 100-us bins (corresponding to 20 laser pulses
or an average of about 2 photons per bin). The signal at the
500-Hz drive frequency of the piezodriven mirror is
extracted with a discrete Fourier transform of data taken
over approximately 300 s, corresponding to a frequency
resolution of 3.3 mHz. The noise, dominated by photon
shot noise, is determined from the FFT, averaging over 100
frequencies—with 3.3-mHz spacings—centered around the
central mirror frequency. See Supplemental Material [25]
for more information.

Figures 2-3 show our primary results. Figure 2(a) shows
the mean weak-value signal for both the single- and multi-
pass cases. The average increase in counts with recycling
was 5 times that without recycling, so we expect our
recycling signal to be 4.35 times the signal without recy-
cling, when beam-reshaping effects are accounted for in our
theoretical model; see Supplemental Material [25]. We see a
slope of 4.0 £ 0.1/urad (0.91 £ 0.04/urad) for multipass

220801-3



PHYSICAL REVIEW LETTERS 126, 220801 (2021)

20 4
= conventional measurement
e single-pass WM
A multi-pass WM

x
z [
(%]
8_
s 4
0 T T T T T d
00  2.5x105 5.0x106 7.5x106 10x106 12.5x106 15x10
(a) input photon number
45
40-
35+
%
Z 30-
@ 25-
&
= 204
3
E 5]
104 .
5
0 T . T . T - T . :
0 5 10 15 20 25
(b) single-pass SNR
FIG. 3. Data taken for conventional measurement, single-pass

weak-value amplification, and multipass recycling weak-value
amplification experiments. Panel (a) compares the SNR for the
different experiments, showing scaling as the square-root of the
photon number for all experiments. Panel (b) plots the multipass
experiment SNR vs the single-pass experiment SNR, demon-
strating improvement by a factor of 2.10 & 0.06.

(single-pass) measurements, representing a signal boost of
4.4 4+ 0.2, in good agreement with our expectations.

Figure 2(b) plots the noise floor, \/Var[Xy], as a
function of the number of detected photons. As expected,

this noise floor scales as 1/ /N, where N is the number of
detected photons, in both the single-and multiple-pass
experiments; this verifies that the experiment is operating
in the photon shot-noise limit. Note that although the noise
scaling is the same for the single- and multipass configu-

rations, the actual noise will be ~+/5 times higher in the
latter, due to the higher number of counts.

In order to properly evaluate the relative sensitivity of the
weak-value measurement, we compare it directly with the
results of a conventional measurement of the mirror tilt,
using the same wavelength, number of photons, and beam
waist on the mirror (the only factors to affect the conven-
tional measurement SNR). To do this, we effectively
blocked one path through the interferometer by placing a
polarizer between the 50/50 beam splitter and the half-wave

plate (see Fig. 1). The dark-port imaging lens was replaced
with an f = 300 mm focal-length lens placed 300 mm in
front of the PSD, so that mirror tilts were converted to lateral
displacements at the PSD, e.g., our maximum 7.5-urad tilt
angle produced a shift of 2.25 ym on the 280-xm beam waist
at the PSD; note that since both the waist size and
displacement at the PSD are proportional to f, the SNR
is independent of f. We then applied the same data analysis
procedure as with the weak measurements.

Figure 3(a) plots the SNR, R, for three different experi-
ments: the conventional measurement of the mirror tilt,
using all the input photons, is plotted in purple squares,
while the single-pass (multipass) weak-value measurement
is plotted using blue circles (green triangles). We can
clearly see that all scale as /N, where N is the input photon
number, as expected for a quantum-limited experiment
[12]. However, the multipass data displays substantially
larger SNR than the single-pass weak-value case and the
conventional measurement, which have nearly the same
SNR, as expected.

Figure 3(b) plots the SNR of the multipass experiment
versus the SNR of the single-pass experiment. A good
linear fit is observed, with a fitted boost 2.10 = 0.06, to be

compared with /Ny passes/ N1 pass = V/5 = 2.4. Our mea-
sured value is slightly lowered due to a predicted beam-
reshaping effect (see Supplemental Material [25]); the
resulting modified theoretical prediction is 1.95, in rea-
sonable agreement with our measurement.

Discussion and outlook.—Using photon recycled weak-
value amplification, we have demonstrated a > 2 X boost
in the SNR of an optical mirror tilt measurement compared
to conventional, quantum-limited measurement. Our
method scavenges the wasted photons of a standard
weak-value amplification measurement in order to use
them as a resource. Our current experiments were limited
by loss in the optical elements of 16%, with a postselection
fraction of 3% per cycle. If the optical loss were made lower
than the postselection fraction, this experiment would have
a SNR boost of about 6.

In our current implementation the photons are only in the
system for up to ~100 ns, but the existing switch-in Pockel
cell could only be fired every 5 ps, due to high-voltage driver
limitations, limiting our duty cycle to 2%. However, there
are other switch methods (e.g., relying on nonlinear optics
[26]) which could enable switch repetition rates exceeding
10 GHz, and switching times below 1 ps (thereby allowing a
much shorter recycling loop, assuming the loss in these
switches could be minimized); thus, one can envision a
system operating at rates some four orders of magnitude
beyond our current demonstration. Note that the technique
we presented here is a kind of power recycling (see, e.g.,
[27]), based on discrete pulse trapping; a complementary
method of doing the same thing uses passive optical cavities
to boost the number of photons undergoing weak-value
amplification [28-30]. Our proof-of-principle experiment
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shows a promising way forward to further improve on the
already excellent performance of weak-value amplification
experiments.
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