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In experiments requiring extreme darkness, such as experiments probing the limits of human vision, assessment of
the background photon flux is essential. However, direct measurement thereof with standard single-photon detec-
tors is challenged by dark counts and their fluctuations. Here we report an experiment and detailed statistical analy-

sis of a direct measurement of darkness in a dedicated dark chamber suitable for human vision experiments, only
using a standard single-photon detector and a mechanical shutter. From a Bayesian analysis of 616 h of data, we find
substantial to decisive evidence for absolute darkness (depending on the choice of prior distribution) based on the
Savage—Dickey ratio and alight level <0.039 cnt/s (posterior 0.95 highest density interval).
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1. INTRODUCTION

In psychophysics, the study of human perception, one of the
parameters of interest is the smallest signal creating conscious
perception. For the human visual system, it has been shown that
photopic (color) vision mediated by cone photoreceptor cells
is sensitive to photon states with order of 100 photons [1]. On
the other hand, scotopic (low-light) vision using rod cells has
been shown to be sensitive to few-photon states [2—4] using
sources of Poissonian light. By using a source of spontaneous
down-converted (SPDC) light, it was found that humans might
even perceive single photons [5]. Given the noisy environ-
ment of the brain, and the low efficiency of the eye, this is quite
remarkable. To increase our understanding of human vision in
the few-photon limit further, we have recently proposed to study
the perception of one- and few-photon states using quantum
detector tomography [6].

In such studies, a dark chamber is of utmost importance. A
common approach is to construct a dark chamber within a dark
lab to null the background light that would add to experimental
noise, which, apart from arising from a possible background,
mainly originates from spontaneous activation of the pho-
toreceptors. In rod cells, e.g., the number of dark activations is
(3.440.8) x 1073 s7! [7], implying approximately 50 dark
activations per second if the experiment is performed using a
Maxwellian view (light pulses focused on the eye lens [8]), in
which the light pulses are directed to the area of the retina where
the rod cell density is highest (1.6 x 10 rods/ mm? [9]) with a
half-opening angle of 0.4° and assuming a lens—retina distance
of 24 mm. These dark activations directly compete with the
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weak few-photon signals to be perceived, and this task becomes
even harder if any background light is present. However, to
the best of our knowledge, measurements of the actual level of
darkness during these experiments and other studies on human
visual perception at low light-level [10-13] are typically not
reported.

Assessment of darkness to levels below 0.1 photons/s/mm
is not easy due to dark counts in detection systems. For instance,
standard single-photon detectors show 10-1000 dark counts
per second. Therefore, one might attempt to measure the level
of darkness of the lab environment, measure the attenuation
of the dark chamber using a bright light source, and take the
darkness level as the quotient of those values. Although this gives
an estimate of how dark the dark chamber is, some important
interpretation difficulties arise, especially when the goal is to
measure absolute darkness. First, since the light source used
in this “environment-attenuation” (EA) approach is spatially
and spectrally different from the actual light sources that give
rise to background light in the environment, one only esti-
mates the attenuation of the dark chamber. Second, and more
importantly, this method does not take into account the light
generated inside the dark chamber, e.g., due to fluorescence,
phosphorescence, or even low levels of radioactivity in the

2

chambers’ walls.

These issues can be overcome by using a direct measurement
of the level of darkness, without using additional sources of light
and from within the dark chamber itself. To this end, we place
a single-photon detector in our dark chamber and connect it
to a shutter. As such, we can study differences in the detector’s
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count distribution, dependent on whether the shutter is open
or closed. In Section 2, we elaborate on the general method
and describe the experimental setup of the dark lab and dark
chamber, and in Section 3, the method is applied to assess the
level of darkness in our dark chamber. We analyze the data using
a Bayesian approach, which, contrary to frequentist approaches
based on p-values [14], can be used to quantify both the pres-
ence and absence of evidence supporting the null hypothesis of
absolute darkness. Our results from using the the EA approach
are presented in Section 4, after which we provide a general
discussion and conclusion in Sections 5 and 6, respectively.

2. METHOD

In order to test for absolute darkness, we use the following
method. First, we darken the lab by applying sheets of 5 mm
thick black foam board (Budget foamboard 5 mm 70 x 100
zwart) to all lab windows, which we fixate to each other and
the window frame with 50 pm thick aluminum tape. A layer
of black neoprene (Celrubberplaat EPDM zk 2 mm) with a
thickness of 2 mm is applied as a weatherstrip to the inside of
the lab door frame, thus preventing light from leaking in from
the left, right, and top side of the door. The gap between the
lower side of the door and the floor is covered with neoprene
and a draught excluder. For the other doors in the lab, the gap
between the door frame and door is closed with aluminum tape,
whereas the lower gap is covered by neoprene. Other light leaks
are covered by aluminum tape upon inspection.

Within the darkened lab, we additionally place two cham-
bers (inverted grow tents [Phantom 90 x 150 x 200 cm
(W x L x H)]). The white outer side of the chambers reflects
impinging light, whereas the black inner side absorbs photons
that have entered or are created in the chambers. The first cham-
ber, the control chamber, contains the apparatuses controlling
the experiment and prevents light produced by these devices
from entering the lab. The latter chamber is our dark chamber.
Both chambers are connected to a ventilation system to provide
fresh air. Using a bended black hose, we prevent light from
leaking from the control chamber into the dark chamber. A
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schematic overview of the lab is presented in Fig. 1(a), and some
photographic details can be found in Supplement 1, Section S1.

To measure light levels in the dark chamber and lab, we
use a single-photon counting module (SPCM, PerkinElmer
SPCM-AQRH-14). This SPCM is located on a desk table in the
dark chamber and detects single photons (A ~# 400—1060 nm)
using a silicon avalanche photodiode with a 180 um diameter
circular active area. The detector has a (time-varying) dark
count rate of approximately Ry =200s"". The SPCM is con-
nected to a shutter (Uniblitz VS14 with D122 shutter driver)
positioned approximately 35 mm in front of the photodiode
using an in-house built adapter. With a shutter diameter of
14 mm, this implies the effective SPCM half-opening angle
equals arctan(0.5 - 14/35) = 11.3°. One side of the shutter is
black, whereas the other has a metallic finish, and we mount it
such that the black side faces the SPCM. This setup allows to
measure counts while the shutter is open (Cp, measuring dark
counts plus light-counts) or closed (C, measuring dark counts
only). The counts from the detector are collected and the shutter
is controlled from a data acquisition (DAQ) card (National
Instruments NI-6341) connected to a computer in the control
chamber.

In this work we are concerned with measuring differences in
Co and Cg, which we evaluate using the difference distribution
A ~ Co — Cg. To this end, we count the SPCM’s TTL pulses
during 1 s intervals in consecutive blocks of 10 s in which the
shutter is open or closed using the internal 80 MHz clock of the
DAQ card for timing. Hence, we measure for 10 1 s intervals
with the shutter open, 10 intervals with the shutter closed,
10 intervals open, etc.; see Fig. 1(b). The shutter opens/closes
during the first interval of the respective open/close blocks.
These intervals are discarded for further analysis, in order to
prevent the shutter motion from influencing C and C¢ in any
manner. By alternating the open/close blocks, the effect of time
variations in dark count rate R4 can be mitigated. The difference
distribution A is obtained by subtracting the number of counts
in the 7™ interval of Co and Cec. Although these intervals are
10 s apart in time, Ry is not expected to vary within such a short
time frame.

1000 4@

800 1

600 4

counts per 1s — interval

Shutter door
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Fig. 1.

Schematic overview of setup and method. (a) A dark lab is created by covering all lab windows and doors using sheets of black foam

board, aluminum tape, and neoprene. Within the lab, two chambers are placed, one control chamber and the dark chamber. A shuttered SPCM is
located inside the dark chamber to assess the level of darkness. (b) Opening and closing the shutter enables us to measure the difference in counts
on the SPCM between the two shutter states. This is an example of data for a light level of approximately 750 cnt/s to illustrate the method. Count

fluctuations are due to detector shot noise.
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3. BAYESIAN ASSESSMENT OF DARKNESS

To perform a Bayesian assessment of darkness, we have written
an analysis program in R [15]. We follow a Bayesian approach
using RStan [16], fitting A measured within the dark chamber
with a normal likelihood A ~ N (4, Ui). Thus, estimates are
obtained for the unknown mean t  and standard deviation o'
of A using Markov-Chain Monte Carlo (MCMC) sampling,.
As such, we sample from the posterior distributions of these
parameters

p(ua, oalA) X p(Alpa, oa) p(a, oa). (1)

Here, p(Alpa, oa) isthelikelihood of the dataand p(pa, 0a)
is the prior distribution for ;£ A and o4, which we will denote as

p (;L(AO) , Uéo)) from now on. Consequently, we will use the short-

hand notation p(ug) , Ug)) for the posterior distribution. s

and 03 are the assigned the priors

0
1y ~N (o, 03)

©2)” ~T (0, Bo)- @

In which the prior mean ptg and variance 0§ of the normal prior,
and the shape parameters oty and S of the gamma prior follow
from the data:

_ _ var(A)N(A) _ N(A)
o = max (0, mean(A)) Bo= 2 fovar(d)? = 2fvard)
o = L) g = var(A) Bo.

3)

In these equations, the variance of the mean [for 002,
var(-)/N(-), where N(-) refers to the total number of mea-
surements performed] and the variance on the variance [for
Bo> 2var(-)2/N(-) [17]] of the normal distribution can be rec-
ognized. Both these variances are multiplied by factor, f, and
[ respectively, to broaden the prior distributions with respect
to their expected distributions. As such, the priors become less
informed. The choice of data-dependent prior parameters was
made to make the analysis program also applicable in situations
in which we do expect to measure an unknown amount of
light-counts. In such a case, it seems a reasonable choice to add
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minimal information to the prior distributions in the form of an
expected value, and to decrease the impact of this information
by introducing prior broadening, thereby directly allowing for
a sensitivity analysis. It should be noted that in the following we
choose the prior broadening factors equal, f;, = f; = f, and
that for our data ;g = 0 (see below).

We assess the darkness in our dark chamber based on 616 h
of measurements. This yields 0.9 -1800-616=997920 1 s
intervals sampling the distribution A. The measurements are
summarized in Fig. 2. Here, in Fig. 2(a), it is observed that the
distributions Co and Cc shift over time as a result of fluctu-
ations in Ry. As a result, these distributions are not directly
comparable to assess the level of darkness in the dark cham-
ber. This issue is no longer observed for A, for which mean
and standard deviation have become constant in time; see
Fig. 2(b). The measured distribution A is depicted in Fig. 2(c).
The measured point mass function (PMF) is overlain with a
PMF drawn from Gaussian distribution with the same mean
(—4.14 x 1073 cnt/s) and standard deviation (21.1 cnt/s),
showing excellentagreement.

In our analysis of the data, we focus on the parameter M(Al) and
quantify evidence for M(Al) =0and ug) # 0. The analysis results
for ug) are shown in Fig. 3. In Fig. 3(a), the prior and posterior
distribution for 1 are depicted for a prior broadening factor
of f=10. These density plots are based on 6 x 10* MCMC
samples drawn from P(MX)) in RStan. The inset of this figure
features the positive part of the distributions, corresponding to
the requirement that the number of photons still present in the
dark chamber must be strictly positive. From the full distribu-
tion, we obtain the probability of positive direction (adapted
from the probability of direction [18] for purely positive effects),
pd+ = p(/L(Al) > 0), as an indication of whether light has been
detected (pd+ > 0.5), and the Savage—Dickey (SD) ratio [19]

as a Bayes’ factor for absolute darkness. This ratio is given by

rsp(0) = p(uy) =0)/p(uy) =0), where p(uy’ =0) is

obtained from a logspline-fit of the MCMC samples’ density
using the logspline library available for R [20]. p(M(AO) =0), on
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Fig.2. Measured results for distributions Co, Cc, and A after 616 h of measurement. (a) and (b) Mean and variance of distributions C and C¢
per 1 h dataset. These values vary as a result of fluctuations in Ry. (c) and (d) Mean and standard deviation of A per 1 h dataset. These values are found
to be constant. (e) Distribution of A. The hatched measured PMF is overlain with a PMF of samples drawn from a normal distribution with the same

mean and standard deviation as the data.
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Fig.3. RStan fit results for pa. (a) Prior and posterior distribution for /"= 10. These distributions are analyzed in terms of the probability of posi-
tive direction, HDIs, and Savage—Dickey ratios. The inset shows the positive part of the distributions, stemming from the requirement that the num-
ber of photons still present must be strictly positive. (b) Posterior distribution as a function of f visualized using the indicated HDIs. For f > 10, the
posterior is constant, indicating f = 10 is the minimum value for obtaining a posterior independent of the prior. (c) Savage-Dickey ratio for the null
result (no light present) as function of f. Data points for f* > 10 are fitted using a power function.

the other hand, follows directly from the prior distribution. We
perform two hypothesis tests using the SD ratio:

* Hy:ua =0versus Hy:pupa # 0 (using full discributions—
evidence for p o notdifferent from 0, given A can be positive or
negative), and

* Hy:pa =0 versus Hij:jup >0 (using positive part of
distributions—evidence for p not different from 0, given pta
is strictly positive).

Finally, from the positive part of the distribution, highest den-
sity intervals (HDIs) are obtained as an upper limit to the light-
counts detected.

In Figs. 3(b) and 3(c), the results of these measures can be
observed for fits with different prior broadening factors f.
Figure 3(b) depicts the posterior distribution for pa using
the indicated HDIs for both the full distributions as well as
its positive part. As can be seen, the distributions become
constant for f > 10, indicating that for lower f, the fit is
influenced by the choice of prior, which leads to an under-
estimation of HDIs. Therefore, we will not consider these
fits in the following. From the full distribution, we find
MX) =(—4.19421.0) x 103 cnt/s (mean =+ standard
deviation, 0.95 HDI [—4.50, 3.71] x 1072 cnt/s), and we
obtain a pd+ of 0.42, indicating uncertainty in the direction of
,ug) [18]. Taking the 0.95 HDI as an upper limit to the number
of light-counts detected, the positive part of the posterior yields
the number of light-counts <0.039 cnt/s. On the other hand,
as observed in Fig. 3(c), the SD ratio depends on f by a sqrt-
dependence, as follows from a fit of the form rsp(0) = zzfé.
Based on these results, the evidence for absolute darkness is
substantial (rsp(0) > 10'/2), strong (rsp(0) > 101), very
strong (7sp(0) > 103/2), or even decisive (rsp(0) > 10?) [21],
depending on the choice of f..

To assess the robustness of our results, we performed an
alternative analysis using a Cauchy prior as proposed by,
e.g., Refs. [21]-[23]. The advantage of such a prior is that

the Bayes’ factor can be calculated analytically. We use a loca-
tion parameter of 0 and a scale parameter of 0.707, which is
the default prior in the popular Bayesian analysis software
package JASP [24]. This choice is comparable to setting
f=0.707N(A) =705529 in our own analysis program.
Results indicate that the Bayes’ factor supporting the hypoth-
esis that ua =0 (given ua > 0) equals 1029.59, which is in
agreement with rsp(0) ~ 1011 given by our analysis. This
indicates that there is decisive evidence in the data supporting
the hypothesis that ua = 0.

4. ENVIRONMENT-ATTENUATION APPROACH

Additionally, we assess the level of darkness in our dark cham-
ber using the EA approach. In this approach we measure the
light level in the lab, Ay, as well as the attenuation of the
dark chamber, A, using a bright light source. As such, an esti-
mate of the light level in the dark chamber can be obtained as
App =~ Alab/Ac~

For our EA measurements, the SPCM is rotated by 90°
with respect to Fig. 1(a), such that it can detect light com-
ing from the lab. In this position, the darkness level of the
lab is assessed, while the dark chamber is open and found to
be App=1.82=+0.03 cnt/s during 246 h of measurements
(398520 samples).

Second, we estimate A.. To this end, a bright 530 nm light-
emitting diode (LED, Lumileds LXZ1-PMO01) is mounted
outside of the (still open) dark chamber, pointing toward
the SPCM. At a current of 800 mA, the light level of this
LED was measured to be 10719901 cne/s, as detailed in
Supplement 1, Section S2. Thereafter, the light level of the
bright LED on the SPCM is measured while the dark chamber
is closed. This level was found to be 0.47 = 0.09 cnt/s, based
on 36 h of measurement (58320 samples). As such, we find that
A~ 10%10F001 /(0 47 4 0.09) = (2.8 £ 0.6) x 10°.
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From Ay, and A, we expect the light level in the dark
chamber to be Apa~1.8240.03/[(2.8£0.6) x 10°] =
(6.94+1.8) x 107'% cne/s.

5. DISCUSSION

The EA approach gives an estimate of the level of dark-
ness orders of magnitude lower than the direct method
[(6.9+£1.8) x 1070 ¢cnt/s  (FA)  versus  <0.039 cnt/s
(direct)]. This discrepancy is inherent to the methods: in the EA
approach, a (low) light level in the lab is divided by the (large)
attenuation of the dark chamber, whereas the direct method
relies on reducing the standard deviation on . However, as
mentioned before, difficulties in interpretation arise for the for-
mer method, most importantly because it is insensitive to light
generated inside the dark chamber itself. To clarify: we measured
adarkness level of 0.47 £ 0.09 cnt/s in the closed dark chamber
while the bright LED outside the chamber was switched on (see
Section 4). However, within the EA approach, one cannot know
whether a// detected light originates from the bright LED. The
light might as well be (partly) emitted from within the chamber
itself by, e.g., phosphorescence. This problem of interpretation
is circumvented by the direct method.

Yet, a similar argument can be made for the direct method.
As shown in Supplement 1, Section S3, we infer a likely nega-
tive value of ,u(Al) = (—4.48+2.31) x 1072 cnt/s (0.95 HDI
[—9.0 x 1072, 6.0 x 10™%] cnt/s) in case the other (metallic-
finished) side of the shutter faces the detector. We attribute this
result to the reflection of SPCM-emitted flash photons from the
shutter. This implies that the results shown in Section 3 might be
offset by an unknown amount, e.g., if the detector would meas-
ure 10.000 cnt/s when the shutter is open due to background
light in the dark chamber, and it would detect 10.004 cnt/s
while the shutter is closed as a result of flash photons, we would
obtain the same result. In Supplement 1, Section S4, we provide
a simple model taking the contribution of reflected flash pho-
tons into account and find that the mentioned offset is absent if
the black side of the shutter faces the detector.

It should be noted that the Bayesian approach is a slow
method. After hundreds of hours of measurement, the upper
limit on the light-clicks detected is still in the order of 1072
This is a direct result of the variance in the rate of dark counts
produced in the SPCM in combination with the V' N-law
governing the width of the posterior distribution for pa. In
absolute darkness, the 0.95 HDI length for the upper limit of
the level of darkness will be given by

2var(Ry)
dark
L§ss =1.96 /—( ) (4)

where the factor 1.96 is the Gaussian z-score for the 0.95 HDI,
and the variance in dark count rate is multiplied by 2, because
we are subtracting two distributions to obtain A, Cc from
Co. From this equation, it is evident that using a detector with
smaller var(Ry), such as a superconducting nanowire single-
photon detector (SNSPD) [25], is more beneficial for reaching
a lower upper limit for the number of light-counts. For such
detectors, dark count rates of 1074s™! have been reported.
Assuming Ry of these detectors to be of the same order, our

result could be reproduced with only 0.5s of measurement
time. The disadvantage of SNSPDs, however, is their oper-
ation at cryogenic temperatures, which greatly increases the
experimental complexity. Still, it should be noted that even
with such devices, an upper limit of zero will never be achieved.
Alternatively, single-photon sensitive cameras, such as an
electron-multiplying charge-coupled device (EMCCD) [26],
could be utilized to study positional variation in background
light, such that remaining light sources can be discovered and
mitigated. This method also comes with the cost of increased
experimental complexity, however.

Still, since the probability of positive direction pd* = 0.42
is uncertain as to which direction p(,u(Al)) favors, and rsp(0)

yields substantial to decisive evidence for ug) =0, our results
suggest the dark chamber to be absolutely dark. Note that
rsp(is) would also give evidence for ps > 0, but for our data,
the result clearly peaks for p5 = 0; see Fig. 3(a). The amount of
evidence for absolute darkness depends critically on the prior
broadening factors f,, and f;. In analyzing the data of this and
similar experiments, the choice for these factors could be based
on prior knowledge, e.g., from previous experiments. If such
knowledge is absent (as in the present study), we recommend
using f'=0.707N(A), so that the resulting (uninformative)
prior is comparable to the default prior in JASP. However, it is
recommendable to conduct a sensitivity analysis, similar to our
analysis in Fig. 3(c), in order to study the robustness of the result.

In terms of the human eye, these results can be understood
as follows. The shutter diameter and position with respect to
the SPCM photodiode are such that the half-opening angle
is approximately equal to the half-opening angle of the retina
due to the pupil (a pupil diameter equal to 10 mm and pupil-
retina distance of 24 mm yields a half-opening angle of 11.7°,
only slightly larger than the 11.3° for the SPCM). Neglecting
the quantum efficiency of the SPCM, the loss in the vitreous
body, and the sensitivity of the retina’s rods and cones, our
results compare directly to the number of 400-1060 nm back-
ground photons reaching an area of 7 - (180 um/2)? of the
retina. Hence, if during actual psychophysical experiments,
light pulses reach the retina within a circular area of diameter
d, the upper limit to the number of counts caused by back-
ground light within this area is 0.039 - 4/(180 pum)s~". Thus,
if the light pulses enter the eye under a Maxwellian view with a
half-opening angle of 0.4° (4 = 0.34 mm; see Section 1), this
implies that the upper limit of background photons is given by
0.074 cnt/s.

6. CONCLUSION

We have assessed the level of darkness in a dark chamber for
psychophysical experiments using a single-photon avalanche
photodiode. By placing the detector behind a shutter, we could
compare the detector shutter-open and shutter-closed count
distributions, thus providing a direct measurement of the level
of darkness. From a Bayesian fit of the data taken over 616 h, we
found the light level to be below 0.039 cnt/s (0.95 HDI), while
the posterior distribution exhibited a probability of positive
direction of 0.42 (uncertain whether an effect is present) and
substantial to decisive evidence (based on the Savage-Dickey
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ratio) for absolute darkness depending on the prior distribu-
tion chosen. On the other hand, we estimated a light level of
(6.94+1.8) x 107'% cnt/s from an environment-attenuation
approach, in which the light level in the lab and the attenuation
of the dark chamber were evaluated. The exact interpretation
of this last number, however, is problematic. Although we have
conducted this work in light of psychophysical experiments, the
method is directly applicable to all experiments in which a null
background is of high importance.
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