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New tools and approaches of quantum optics offer a unique opportunity to generate light pulses carrying
a precise number of photons. Accurate control over the light pulses helps to improve the characterization of
photoinduced processes. Here, we study interaction of a specialized light source which provides flashes
containing just one photon, with retinal rod cells of Xenopus laevis toads. We provide unambiguous proof
of the single-photon sensitivity of rod cells without relying on the statistical modeling. We determine their
quantum efficiencies without the use of any precalibrated detectors and obtain the value of ð29� 4.7Þ%.
Our approach provides the path for future studies and applications of quantum properties of light in
phototransduction, vision, and photosynthesis.
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The ability to control light at a quantum level can
be extremely useful in addressing biological problems.
Studies of interaction of biological objects with nonclass-
ical (quantum) light allow us to enhance the precision of
biological measurements [1], fosters the development of
more precise models of biological processes [2], and allows
us to reveal the possible role of quantum effects in
neurobiology [3,4] and perception [5,6].
Rod cells of the retina are natural photodetectors, and

they are perfect candidates for studies of interaction of
biological systems with quantum light. Rod cells convert
incident light into electrical currents, which are then sent
to the brain via the optics nerve. They are responsive at the
discrete photon level, and highly sensitive techniques for the
readout of their electrical response are readily available [7,8].
To date, only light sources with classical photon statistics

(lasers, lamps, light emitting diodes, etc.) have been used in
visual studies [9,10]. Quantum mechanics imposes a fun-
damental limit on the stability of such sources. The number
of emitted photons is not fixed but rather follows a defined
probability distribution, depending on the light source [11].
This leaves doubt about the exact number of photons used
to stimulate the rod cell. The impact of unavoidable photon
fluctuations becomes a crucial issue for the experiments
conducted at the discrete photon level. Using the light
source with a “fixed” number of photons would allow for a
more precise and direct characterization of rod cells and
facilitate the development of more accurate mathematical
models for vision and phototransduction processes.
A number of methods for the reliable generation of light

pulses with a fixed numbers of photons (Fock states) have
been suggested [12]. It was theoretically proposed to use
such pulses for the characterization of individual stages
of the phototransduction [2], visual detection of quantum
entanglement [3,4], and precise determination of the visual
threshold [2,13].

In this Letter, we experimentally realize a “noise-free”
single-photon light source and study its interaction with a
biological object. Our experiment allows us to resolve
several problems which cannot be addressed using light
sources with classical photon statistics, including (1) demon-
stration of the single-photon sensitivity of rod cells without
relying on statistical modeling, (2) precise determination of
the parameters of rod cell single-photon responses without
the interference from multiphoton detection events, and
(3) accurate measurement of the quantum efficiency of rod
cells without precalibrated devices.
We exploit spontaneous parametric down-conversion

(SPDC) [14], which is known to be one of the most accessible
andversatile approaches to thegenerationof single photons. In
the SPDC, a photon of a laser pulse (pump), propagating in a
nonlinear optical crystal, is converted with some probability
(≈10−6) into a pair of photons (signal and idler), obeying
conservation of energy and momentum:

ωp ¼ ωs þ ωi; ~kp ¼ ~ks þ ~ki; (1)

whereωp;s;i and~kp;s;i are thefrequenciesandthewavevectors
of the pump, signal, and idler photons, respectively. The
conservation laws [Eq. (1)] guarantee that signal and idler
photons have well defined frequencies and emission direc-
tions. In our experiment, we use aQ-switchedNd:YAG laser
(Crystalaser, λp ¼ 266 nm, pulse duration 30 ns, repetition
rate 25 kHz) as a pump and a nonlinear 5 mm long β-barium
borate (BBO) crystal. Signal and idler photons are emitted
from the BBO in two directions, which form an angle of�3°
to the direction of the pump; see Fig. 1. They have the same
wavelengths λs ¼ λi ¼ 532 nm, which are chosen to maxi-
mizephotonabsorptionbytherhodopsinphotopigment in the
cell [15,16].
Simultaneity in emission of signal and idler photons is

used for the generation of single-photon pulses [17]. The
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signal photon is addressed to a single-photon avalanche
photodiode (APD, Perkin-Elmer). The APD output is used
as a trigger for an acousto-optical modulator (AOM, Gooch
and Housego) in the idler beam; see Fig. 1. Once the signal
photon is detected by the APD, the AOM is activated for a
period of 100 ns, during which it diverts the idler photon to
an optical fiber pointing at the rod cell. An idler photon is
optically delayed by a 45 m long fiber to compensate for
incurring delays. Details of the experiment synchronization
are shown in Fig. S1 of the Supplemental Material [18]. If
the APD does not detect a signal photon, the AOM remains
inactive, and no light pulse is sent to the rod cell.
Ideally, each photocount of the APD in the signal beam

heralds a single photon in the idler beam, which is directed
to the rod cell. However, inefficiencies of optical elements
in the idler beam lead to losses of some of the idler photons.
We measured that the probability of a heralded idler
photon to reach the rod cell is about 22%. The detailed
analysis of optical losses is presented in the Supplemental
Material [18].
Single-photon sources are conventionally characterized

with the second order correlation function gð2Þ

gð2Þ ¼ 1þ VarN − hNi
hNi2 ; (2)

where hNi and VarN are the mean and the variance of the
number of photons, respectively [20]. For Poissonian light

sources, gð2Þ ¼ 1, while for an ideal single-photon source,
gð2Þ ¼ 0. We measure gð2Þ of light in the idler beam in the
independent experiment, using a 50=50 fiber beam splitter
(Thorlabs) and two gated APDs (Perkin-Elmer). APD signals
are addressed to a coincidence circuit (CC) with a time
window of 120 ns (Phillips Scientific). Then, gð2Þ ∝ Nc=
ðN1N2Þ, where N1 and N2 are the numbers of APD
photocounts and Nc is the number of photocount coinci-
dences [20]. Our measurement yields gð2Þ ¼ 0.08� 0.06.
Thus, the probability of emission of more than one photon
is about 12 times smaller, compared to the Poissonian light
source with the same mean photon number. Details on the
characterization of the single-photon source are described
in Fig. S2 of the Supplemental Material [18]. The obtained
value of gð2Þ compares favorably to the ones typically
obtained with alternative single-photon sources [12].
Our light source also provides the possibility of meas-

urement of the quantum efficiency of rod cells [21–23]. The
quantum efficiency η characterizes the ability of rod cells to
respond to the impinging light, and it is defined as

η ∝ R=NAPD¼1; (3)

where R is the number of rod cell responses and NAPD¼1 is
the number of incident photons, which is proportional to
the number of photocounts of the APD in the signal beam.
In contrast to the conventional approach, it is a direct
method of measurement, which does not require calibration
of the photometer or optical standards, and it does not rely
on the choice of any particular model of rod cell response.
Methods of cell preparation, electrophysiology record-

ings, and light coupling are similar to the ones we described
previously [24,25]. Rod cells are obtained from dark-
adapted adult male frogs (Xenopus laevis) [26]. Rod cells
are loaded into a chamber of the inverted microscope placed
in a light-tight Faraday cage. The microscope is equipped
with an IR lamp and a CCD camera. The membrane current
of the rod cell is measured with the electrophysiological
technique of a suction pipet [7]. Pipets are pulled from a
glass capillary, and their tips have openings in a range
between 6 and 7 μm. The pipet is connected to the amplifier
(Heka). Current waveforms are recorded with 100 Hz
bandwidth, and, along with trigger pulses from the APD,
they are saved to the computer for subsequent analysis.
The rod cell is held in a glass pipet, and a taper of an

optical fiber (Nanonics) is positioned next to it; see Fig. 1.
The light from the fiber propagates axially to the rod
cell. Such an arrangement allows us to maximize photon
absorption by the rod cell and mimics the way light travels
in the eye [24]. The taper has a working distance of 22 μm
and a spot size of 4 μm, chosen to match the size of the cell.
The selection of the responsive rod cells and control of their
functionality are described in detail in the Supplemental
Material [18]. The experiments are conducted at room
temperature (20° C). Results obtained from ten rod cells
from ten different animals are presented.

FIG. 1 (color online). Experimental setup. Photon pairs are
produced via the spontaneous parametric down-conversion in the
BBO crystal pumped by a UV laser. The signal photon is detected
by the APD, and its output triggers an AOM. The idler photon is
delayed by the fiber and then diverted by the AOM to a fiber taper
pointing at a rod cell. Electrical currents of the rod cell are
measured by the technique of the suction pipet. Single photons in
the idler beam are characterized in a separate experiment by
measuring gð2Þ using a 50=50 beam splitter, two APDs, and a CC;
see the inset. A microscope (20×) image shows the rod cell in the
suction pipet and the fiber taper in the recording configuration.
Their positions are carefully aligned to ensure optimal light
coupling.
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Initially, a shutter blocks the pump beam, and the
membrane current of the rod cell in the dark is recorded
for 600 ms. The shutter is opened for 100 ms, and the
current is recorded for 5 s. The waveform amplitude is
calculated as a difference of the time-averaged membrane
current at the peak of the response and at the baseline. The
positions of time windows are defined individually for each
rod cell by analyzing responses to pulses of an auxiliary
laser. For each opening of the shutter, the APD may or may
not produce a photocount. Waveforms accompanied by
only a single APD photocount are used to analyze single-
photon responses. Waveforms accompanied by zero photo-
counts are used to analyze the dark noise. Single-photon
responses and the dark noise are measured concurrently.
The probability distribution of waveform amplitudes for

the case when the APD heralds a single photon is shown in
Fig. 2(a). It has an asymmetrical shapewith the mean 0.07 pA
and the variance 0.1 pA2. A nonresponse peak, centered at
0 pA, corresponds to events when the rod cell fails to detect a
photon or the photon was lost in the idler beam. A single-
photon response peak, centered at 0.58 pA, corresponds to
successful single-photon detection events. The histogram is
fitted by a sum of two Gaussian peaks centered at 0 and
0.58 pA; both have a full width at half maximum (FWHM)
of 0.5 pA. The fit yields a coefficient of determination
R2 ¼ 0.92. The peaks partially overlap due to the exper-
imental noise, which includes contributions from continuous
and discrete components of the physiological noise of the rod
cell [27,28] and the Johnson noise in the seal resistance.
Because of relatively small amplitudes of single-photon

responses forXenopus laevis toads [29,30], itwasnot possible
to clearly separate them from the experimental noise. A more
clear separation of the single-photon peak would be possible
with Bufo marinus toads [9]. At the same time, the use of
controllable single-photon stimulation guarantees that the
observed asymmetry in the response histogram is caused by
single-photondetection, even in a case inwhich signal photon
signals are not clearly separated from the noise.
In Fig. 2(a), multiphoton responses are not observed, and

their statistics follows the statistics of light with a single-
photon precision [25]. Note that in order to minimize the
contribution of multiphoton responses using light sources
with classical photon statistics, it would be necessary to
adjust its light strength in accordance with the quantum
efficiency of each cell. The latter is not known in advance
and may vary significantly due to biological factors. The use
of our light source allows us to exclude bias in assessing
single-photon responses for different cells, since it always
provides strong suppression of the multiphoton component.
The distribution of dark noise amplitudes, shown in

Fig. 2(b), has the mean 0 pA and variance 0.07 pA2. It
shows convolution of the physiological noise of the rod cell
with the noise of the recording system [27,28]. The curve is
fitted by a single Gaussian peak centered at 0 pA with
FWHM ¼ 0.59 pA (R2 ¼ 0.97).

A criterion-based method is used to identify single-
photon responses. Waveforms with amplitudes higher than
the criterion level are categorized as single-photon re-
sponses, and those that are lower than the criterion level are
categorized as nonresponses. Based on the measurement of
the noise of the amplifier—see Fig. S3 of the Supplemental
Material [18]—the criterion level is set at 0.45 pA.
We apply the amplitude threshold criterion (> 0.45 pA)

and sum all the probabilities for responses satisfying
the criterion. The probability of the occurrence of single-
photon responses is higher when the APD heralds a single
photon, compared to the dark noise; see Fig. 2(c). The
hypothesis is tested with Welch’s unpaired t test [31]. The
one-tailed P value is 0.028 for cell 1, 0.00015 for cell 2,
0.039 for cell 3, 0.006 for cell 4, 0.0001 for cell 5, 0.053 for
cell 6, 0.0005 for cell 7, 0.005 for cell 8, 0.003 for cell 9,
and 0.006 for cell 10. Therefore, the responsiveness of the
cells to stimuli produced by the single-photon source is
justified. Thus, we provide a model-independent proof of
the single-photon sensitivity of rod cells, which was never
attempted before. The cell-to-cell variations are mainly
attributed to the intrinsic differences of cells to respond to
single photons because they originated from different
animals and were obtained from different parts of the retina.
The averaged waveforms of single-photon responses and

nonresponses for cell 5 are shown in Figs. 3(a) and 3(b). It

(a)

(c)

(b)

FIG. 2 (color online). (a) Probability distribution of amplitudes
of rod cell responses when the APD in the signal beam heralds
a single photon (n ¼ 195) and (b) for the dark noise (n ¼ 157).
Solid lines are Gaussian fits. The vertical dashed lines indicate
the criterion level for the categorization of single-photon re-
sponses. (c) Overall probability of the occurrence of single-photon
responses, satisfying the criterion, when the APD heralds a single
photon (red bars) and for the dark noise (white bars). The total
number of experimental trials is 402 for cell 1, 435 for cell 2, 342
for cell 3, 273 for cell 4, 352 for cell 5, 353 for cell 6, 816 for cell 7,
449 for cell 8, 333 for cell 9, and 197 for cell 10. Error bars in
(a)–(c) show �s.d. Plots in (a) and (b) correspond to cell 5 in (c).
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is fitted with the impulse response of the Poisson
filter iðtÞ ¼ A0½t=t0 expð1 − t=t0Þ�ðm−1Þ with the amplitude
A0 ¼ 0.58 pA, number of stages m ¼ 4, and time to peak
t0 ¼ 1.75 s [32]. The waveform parameters for all the
studied cells are shown in Fig. S4 of the Supplemental
Material [18]. The responses have the amplitude ð0.59�
0.01Þ pA, time to peak ð1.8� 0.2Þ s, and duration at the
full width at half maximum ð2.2� 0.2Þ s (mean� s.e.m.,
n ¼ 10). The mean values are close to the ones observed in
experiments with conventional light sources and rod cells
from the same species [29,30]. However, due to the use
of the controllable single-photon source, the dependence
of the observed fluctuations of response parameters on
the number of incident photons is excluded. This opens the
opportunity to directly assess the intrinsic noise of the
phototransduction process in rod cells, which is hindered
by the presence of multiphoton events in experiments using
light sources with classical statistics [2,33].
The quantum efficiencies of rod cells are calculated from

data in Fig. 2(c) by taking into account optical losses in the
idler channel and the rod cell dark noise, according to
Eq. (S2) of the Supplemental Material [18]. The result
yields η ¼ ð29� 4.7Þ% (mean� s.e.m., n ¼ 10). In earlier
experiments, the rod cell of a Bufo marinus toad was
illuminated by a transverse stripe of light [9]. The prob-
ability of photon absorption was measured as 11.9%, and
the efficiency of the response to the absorbed photon was
measured as 50%, which together result in η ¼ 6%. Our
results are consistently (≈5 times) higher than this, since we
use an axial geometry of photon delivery and the proper
single-photon source, which excludes the presence of
multiphoton events. It is interesting that our result is close

to the estimate of Ref. [10] for human rod cells, obtained
from behavioral experiments. Note that in SPDC, the
wavelengths of signal and idler photons can be tuned in a
very broad range [14]. Hence, it is possible to use this
approach for measurement of the spectral dependence of the
quantum efficiency. Moreover, since the results obtained
by the method do not depend on the used equipment, its
implementation would ensure the integrity and credibility of
the relevant biological data emerging from different labs.
In conclusion, we performed an experiment, where we

send light pulses from a true single-photon source, based on
the SPDC, to the rod cell via an optical fiber, and measure
the rod cell responses. We provide a direct and unambigu-
ous proof of the single-photon sensitivity of rod cells,
characterize their single-photon responses without any
interference from multiphoton events, and measure their
quantum efficiencies without using any precalibrated devi-
ces. Our approach is universal and direct, as it is not based
on any particular statistical model of the cell response and it
does not involve any indirect assumptions.
The approach canbe directly extended to study responses of

the whole visual system to controllable multiphoton stimula-
tion; see the Supplemental Material [18] for details. Such
an experiment will allow precise determination of the visual
threshold [2,13] and address a fundamental question about
the manifestation of quantum effects in neurobiology [3,4].
The presented approach opens a way for exploiting

quantum light in studies of other photoinduced processes,
such as photosynthesis. The ultimate control over photon
statistics could lead to new clues about the manifestation of
quantum coherence in such processes [34–36]. From an
engineering standpoint, it could help to define the pro-
perties required for a single-photon detector, mimicking
natural detection, with retinal rod cells forming the basis.
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