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Abstract 

A hologram was recorded with two-dimensional scanning of an optical fiber connected to a single-photon 
counting detector under ultra-weak illumination. The object image was clearly reconstructed in a computer from 
the hologram. The dependence of hologram quality on the illumination light intensity was estimated. 
 
1. Introduction 
Holography is an imaging technique based on 
recording and reconstructing a complex-amplitude 
light field. [1] In the recording process of a 
hologram, it is assumed that the illumination light 
has little or no influence on an object. However, if 
the object is a biological organism or a material with 
a light response, the influence of the light irradiation 
should be prevented. There are two methods of 
achieving this. One method is to select a wavelength 
that has a small influence on the object. The other 
method is to reduce the irradiation intensity as much 
as possible so as not to affect the object. In addition, 
a combination of careful selection of the wavelength 
and the use of weak illumination is also possible. A 
single photon is the ultimate weak illumination. 
 It is difficult to record a hologram under ultra-
weak illumination using a conventional holographic 
recording material. On the other hand, digital 
holography, [2-4] involving recently developed 
optoelectronic sensors have high sensitivity and high 
quantum efficiency (QE), electronic storage, and 
electronic reconstruction in a computer, can be 
performed under weak illumination. Pioneering work 
in holography at the photon-counting level has been 
performed. [5]  
 In this paper, we demonstrate digital holography 
under ultra-weak illumination at the photon-counting 
level. [6] When the light intensity reached the 
photon-counting level, the number of photons 
counted fluctuated temporally, and a dark level 
originating from thermal and external noise in a 
single-photon detector (SPD) was simultaneously 
counted. We experimentally examined the 
consequences of the photon fluctuation and dark 
count on the recording and reconstruction quality of 
digital holography.  
 
2. Experimental setup 
Fig. 1 shows a Mach-Zehnder interferometer used to 
perform holographic recording of a transparent object  
under ultra-weak illumination. The laser beam from a 
He–Ne laser (λ = 632.8 nm) was reduced in intensity 
to the single-photon level with neutral density filters 
(ND) and a variable attenuator (VA). The light 
intensities of the object beam and the reference beam 

 
Fig. 1 Experimental setup. See text for descriptions 
of components. 
 
were adjusted by VAs (VA2 and VA3, respectively) 
and were set to be the same under about the level of 
µW/cm2. The mean photon number of the reference 
beam is denoted by Im

(ref) as an experimental 
parameter. The mirror in the reference path was 
moved to give a phase-shift φ by a piezoelectric 
transducer (PZT) according to the phase-shifting (PS) 
technique with the four-step method. [7,8]  
 An SPD detects a single photon and converts it to 
a digital electronic pulse with high QE. The 
interference signals composed of 64 × 64 pixels on a 
pitch of 100 µm were detected by scanning two-
dimensionally an optical fiber (OF) with a core 
diameter of 62.5 µm and a length of 110 mm. The 
mean dark count of the SPD was 5.1 cps (counts per 
second). The number of TTL pulses from the SPD 
was counted regularly during a gating time T by an 
electronic pulse counter and stored together with the 
position information of the stage in the computer. 
Finally, a hologram was calculated from four 
interference images, and the hologram was 
reconstructed via a Fresnel transform in a computer. 
 It is well known that an intensity is reduced to the 
single-photon level is described by a Poisson 
distribution. The probability of n counted photons 
under the light intensity I reaching an SPD with 
quantum efficiency ξ in the gating time T is Pn(T) = 
(Im

n/n!)exp(–Im), where Im = ξIT is the mean number 
of photons. Then, the variance (Δn)2 is Im. It is also a 
well-known phenomenon that the SPD outputs an 
electrical pulse corresponding to the dark count, as if 
photons were detected. The detection probability of 
the dark count is expressed by a Poisson distribution.  
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 When the mean photon number of the 
interference signal at a position r is denoted by Im(r), 
and the mean dark count is denoted by Dm, the mean 
number of counted photons per second Ic(r) is Ic(r) = 
Im(r) + Dm. The variance is also Ic(r) because the 
generation processes of the dark count and the 
photons are independent and the count number is also 
expressed by a Poisson distribution. 
 
3. Experimental results 
 Figure 2 shows reconstructions of the digital 
hologram. The images were reconstructed via the 
inverse Fresnel diffraction at a distance of –125 mm. 
When Im

(ref) was 4.4 × 105 cps and T was 0.1 s, the 
object was observed with reasonably low noise in the 
reconstructed image. When Im

(ref) was decreased to 
3.1 × 102 cps, the object was still observed but with 
increased noise. When Im

(ref) was decreased to 4.3 × 
101 cps, the object was faintly discernable in a lot of 
noise. The experimental results shown in Figs. 2(a) 
and 2(c) demonstrate that this holographic imaging 
system had a dynamic range of more than 104. By 
further decreasing Im

(ref) to 9.6 cps, as shown in Fig. 
2(d), the reconstructed image was below the noise 
level and was not observed. 
 Next we investigated the quality of the system 
from the interference signals. The measured 
interference signals were fitted by Im(x) = ξI[1 + 
Vcos(kx)], where I is the number of photons reaching 
the SPD from both beams and k =2π/λ. In the fitting, 
the minimum photon number Imin and the maximum 
photon number Imax of Im(x) were searched, and the 
mean fringe contrast V was calculated by V = (Imax – 
Imin) / (Imax + Imin).  
 Figure 3 shows V versus Im

(ref). T was 10 s (filled 
triangles), 0.1 s (circles), and 0.01 s (filled circles), 
dependent on the light intensity for measuring V in a 
wide light intensity range. When the light intensity 
was low, T was increased to obtain clear interference 
signals. In terms of ξ, I, Dm, we obtained V = V0ξI/(ξI 
+ Dm) = V0(1 – Dm/Ic), where V0 is the fringe contrast 
under a sufficiently strong light intensity. This 
equation indicates that V decreases with a linear 
dependence on the ratio of Dm to Ic. The solid curve 
was obtained from V0 = 0.96 and Dm = 5.1 cps. 
 
4. Conclusions 
Digital holography based on photon counting under 
ultra-weak illumination was demonstrated. A 
hologram was recorded under an illumination level 
of 43 cps. The fringe contrast of the hologram 
linearly decreased with the ratio of the SPD dark 
count to the mean irradiation photon number. When 
the photon number was 11 cps, the mean fringe 
contrast was 0.5. In the present experimental setup, it 
was possible to perform holographic recording and 
reconstruction with illumination of about 100 cps. 
The quality strongly depended on the dark count of 

the SPD when they were performed with ultra weak 
illumination. A reduction in dark count is important 
for improving the quality. An increase in counting 
rate of the SPD is also important for improving the 
dynamic range in holographic imaging. 
 

 
Fig. 3 Reconstructions of the digital hologram under 
illumination with Im

(ref) of (a) 4.4 × 105, (b) 3.1 × 102, 
(c) 4.3 × 101, and (d) 9.6 cps.  
 

 
Fig. 4 Contrast of interference fringes versus the 
mean photon number. T was 10 s (filled triangles), 
0.1 s (circles), and 0.01 s (filled circles). 
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