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ABSTRACT

Single photon counting module (SPCM) has been widely used in quantum information processing
(QIP) to investigate the novel quantum-mechanical phenomena. We analysis the effect of SPCMs on
photon statistics of light fields by mean of Hanbury Brown and Twiss (HBT) configuration. It shows
that the measured second-order degree of coherence g” and Mandel Q factor for different states are
strongly corrected. The total efficiency and background are taken into account. The agreement between
experiment based on the coherent as well as thermal fields and the theory is quite good.
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ITRODUCTIONS

By the development of quantum information science, generation of quantum states, especially
single photon state, plays an important role in implementation of quantum cryptography [1] and
quantum computation based on the physical system of photons[2]. Recently, single atom laser[3] and
deterministic single photon [4] were demonstrated. The most important criteria of characterizing the
single photon state is the second-order degree of coherence g and Mandel Q factor obtained by means
of HBT experiment{3,5]. As the development of techniques, fast and high-efficiency single photon
counting modules (SPCMs), with low dark counts, have been widely used in quantum information
processing (QIP) to investigate the novel quantum-mechanical phenomena at the single-photon level.
In this paper we analysis how such SPCMs affect the photon statistics based on the Hanbury Brown
and Twiss (HBT) configuration. The overall quantum efficiency and the background are taken into
account. The corrected second-order degree of coherence and the Mandel Q factor are obtained. We
theoretically investigate several light fields, including coherent state, single photon Fock state, Fock

state with photon number of 2, i.e., |2> , single mode thermal state and squeezed vacuum state, and it

shows that for different quantum states the corrections of measured g and Mandel Q factors are
different. We also experimentally measure the second-order degree of coherence g of single mode
thermal state and the coherent state, and the agreement between experiment and theory is quite good.
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MODEL OF DETECTION
The basic model is shown in Fig.1. g¢®and O can be determined by well known HBT scheme

which comprises two SPCMs (D, and D,) and a 50/50 lossless beam splitter (BS). ]y/) is the input

field which has intrinsic photon distribution P,,(n). Suppose the overall detection efficiency, including
the optical collection efficiency, propagation efficiency and the quantum efficiency of photon
detectors, is 7. This overall efficiency can be regarded equivalently as an attenuation of the incident
field by an attenuator with intensity transmission of » and then the detectors have ideal quantum
efficiency of unity. The second factor affecting the measured g® is the background, including the
environment radiation and the dark counts of the SPCMs. The background can be taken as a weak

coherent field ] ﬂ) , which has random Poissonian photon distribution P(n) = y” exp(~y)/n!

with ¥ = |Af’ [5,61(see Fig.1).

w)

Fig. 1 Model of detection

The photon number distribution after the attenuator is [7]
P, (m) = Z eyt m ™ B, (n). )

The beam is then mixed with the weak coherent background and the photon number distribution is
given by (8]

i (I—M)

P, (D)= Z 2 T SRR (). @
The joint probability of detecting N photons on D, and (/-V) photons on D, can be written as [9]
n
P(N,/]-N)=———— ! 3
(=N = s P D ®

Since each SPCM gives only one count within the dead time for one or more than one incident photons,
there are totally four measured photon probabilities for' the two detectors: P(0,0), P(0,1), P(1,0)and
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P(1,1). The coincident count probability P, can be expressed as the sum of all the probabilities that
each detector has one count:

P, = P(,1) = iz( ] N'u 5 P @

I=2 N=}

The probability of one count for D, or D, can be written as

P, = P(0,)+ P(L,)) = zz( ) N'(Il‘ w P.(. (5)

And the measured mean photon number of the incident field according to the measured photon
probabilities is <n>=2P, So the second-order degree of coherence can be obtained 7

=(-10i) :) / <i(:))2 =P, /P?, ®)

where ] () is the intensity of the fields in each port of the beam splitter, < > indicates ensemble

average and :: denotes the normal ordering. The Mandel Q factor can be expressed accordingly as [10]

(@)t _p@
T T ™

NUMERICAL RESULTS

M

1. Coherent field

When the incident field is a coherent field with the intrinsic Poissonian photon distribution
B, =a”exp(-a)/n!, the above model gives the second order degree of coherence £29=1 and

Mandel factor 9=0, which are independent of the background and the detection efficiency.

2. Single photon state

If the input state is an ideal single photon state with P,=1, thus we get the second order degree of
coherence and Mandel parameter similarly. Fig.2 is the numerical results of g® and Q for single photon
state. It shows in Fig.2 (a) that the measured g for an ideal single photon source is strongly affected
by the background and overall efficiency, on the contrary, in Fig.2 (b) the Mandel Q factor is not
sensitive to the background. But in the case of zero background, g keeps zero and is independent on
the efficiency whereas for Mandel Q factor, it decreases linearly as overall efficiency increases, O=-7.

The star in Fig.2 corresponds to the experimental data in reference [5]. In the experiment, the
corresponding background is about y=0.0022 and the overall efficiency is around 77 =4.55%, which

gives the measured g¥=0.09 and (=—0.04 for ideal single photon source. If the overall efficiency
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Fig. 2: The measured second-order degree of coherence g® (a) and Mandel Q factor (b) of
single photon state as a function of overall efficiency 7 under different background: y=0,
0.0022, 0.01 and 0.1. The star represents the experimental data in reference [5].

improves to 50%, the best quantum efficiency of present SPCM that we can get at §50nm, then the
results can reach to g=0.009 and 0=—0.5 accordingly.

For the low overall efficiency, such as 5% in actual experiment [4,5], the Mandel O factor is very
close to zero. This Mandel Q factor cannot provide a distinct criterion to distinguish a single photon
field from a coherent source, on the other hand, the second-order degree of coherence is more
convenient to distinguish a single photon source when the overall efficiency can not be effectively
improved but the background is relative low.

3. Fock state |2>

If the incident field is a Fock state 12> which gives incident photon distribution P,=1, using the

above-mentioned procedures we get the detected g®

and Q. Fig. 3 is the numerical results of the
detected g and Q as a function of detection efficiency. Compare to the single photon state the most
interesting point is that even there is no background (solid line in Fig.3 (a)) the detected g is larger
than the theoretical value of 0.5 and reaches 0.89 for perfect detection, which is because that when both

photons are incident on the same SPCM, the SPCM gives only one count. We can also see that for the
Fock state |2> the detected g and Q is always larger than that of single photon state while smaller

than that of coherent state.
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Fig. 3  The measured second-order degree of coherence g@ (a) and Mandel Q factor (b) of

Fock state l2> as a function of overall efficiency 1 under different background: y=0, 0.0022,

0.01 and 0.1.

4, Thermal field

n

_c
(I+a)"’
the results are shown in Fig.4. We can see that when the background is diminished g is close to the
ideal value 2 at low 7, and if =1, g® reaches 1.5. As the background always exists, so g is close to 1
when 7 is very low. But when # is becoming higher, g® will increase rapidly to a maximum and then
drops slowly. For a certain 7 the second-order degree of coherence is smaller for a higher background.

For a incident single mode thermal field, which has a Bose photon distribution P, =
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Fig.4 The measured second order degree of coherence g as a function of total detection
efficiency (a) and the detected mean photon number (b). In (a) we set the incident mean
photon number of the thermal field is 1.
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From Fig.4 (b) we can see that the measured g depends the mean photon number even for
perfect measurement, that is #=1 and y=0, because of the correction of SPCMs themselves. It decreases
from 2, the well-known result for a single-mode thermal state, when the mean photon number

2 is close to 2. At a=1 we get g¥ =1.5. But for real

increases. For low mean photon number, g
experimental situation, such as 7=0.05 and y=0.0022, the result is quite different. In this case, g®
increases from 1 as the mean photon number increases from zero. Since for a=0, the detected field is
only the Poissonian distributed background and consequently g¢”=1. When a is becoming larger, g? is

getting closer to 2.

5. Squeezed vacuum state (SVS)

tanh r)”" (27)!
The squeezed vacuum state has a photon distribution P, = (——)—(’12)
coshr(n2™)

[11], where r is
the squeezed factor. We can also get the measured g® as shown in Fig.5. The bunching effect is clearly
obtained for SVS and the measured second-order degree of coherence g2 is always higher than 2 and
is becoming small when r is getting larger. g is very sensitive to the efficiencies and backgrounds for
lower squeezing, while for large squeezing it is not sensitive and the correction is very small. But in all
these cases, the measured g® more or less reflects the real g% of the input SVS itself. This indicates
that we can measure the squeezing of the SVS by measuring the g® on certain conditions when the

2

correction is considered. Fig.5 (b) gives the change of g as the detection efficiency varies, which is

very similar to that of the single-mode thermal state.
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Fig.5 The detected second order degree of coherence g as a function of detection
efficiency (a) and the squeezed factor of the incident squeezed vacuum state (b). In (b) we

set the squeezing factor r=1.
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EXPERIMENT

We have done an experiment by using thermal field and coherent field to verify the model. The
experimental setup is shown in Fig.6 (a). The thermal field is obtained by sending a coherent laser
beam onto a rotating ground glass disk, and observing the random superposition of the diffracted
contributions within a coherence time and a coherence area[12,13]. The coherent light is generated by a
free-running grating-external-cavity diode laser with wavelength of 848 nm. The output light is focused
by Lensl with a 12.7mm focal length onto the ground glass disk driven by a small motor. The
produced thermal field is a Gaussian field which has a coherent time related to the rotating speed of the
ground glass disk[13]. The thermal light then hits onto a PBS (polarization beam splitter) with a A/2
plate used to change the total efficiency of the system. After a pinhole the light is focused by Lens2 and
split by a beam splitter (BS) and eventually received by D1 and D2 (SPCM-AQR-15, PerkinElmer),
which have typical dead time about 40ns. The outputs of the SPCMSs are fed into the data acquisition
system. The band-pass filters used before the detectors have a transmission of 0.57, and the quantum
efficiency of SPCM at 848nm is 0.5. So when the produced thermal field is completely transmitted
through the PBS the overall detection efficiency of the system is 0.16. Background count rates of D1
and D2 are 0.95kHz and 1.19kHz, respectively. They are measured when the beam is blocked. This
background count rate includes 40Hz of the dark count for each SPCM. The time resolution of the
detection system is 32ns, which is used all the way in the experiment, and this gives the mean photon
number of the background 6.9x10°.

Lensi s i | Daa
aser li PBS Fijter Dl
Laser light . l 2 ‘ d 2: BS : - n
| l l_N. ] f . Filter { : Acquisition g
Motor (= A2 Pmhole! v
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Fig.6 Setup of the experiment (a). Second-order degree of coherence of the thermal and
coherent fields versus time delay of the two detectors (b). The count rates of D1 and D2 are
55.7kHz and 58.5kHz and the count rates of the background are 0.95kHz and 1.19kHz
respectively. The number of starts is 10° and the sweep range is 128binsx32ns while time
resolution (bin width) is 32ns.

The measured second-order degrees of coherence for coherent light and thermal light are shown in
Fig.6 (b). The maximum courit rates of D1 and D2 are 55.7kHz and 58.5kHz, respectively, which give
the collected mean photon number of the thermal field 0.022. The output of D1 is set as start signal and
output of D2 is set as stop signal, and we get the coincident counts of D1 and D2 on the time range of
4096ns (128binsx32ns). The solid line for thermal light is a Gaussian fitting. At zero time delay we get
g(2)=1.83, which is less than 2 and is reasonable as mentioned before. The coherent time of the thermal
field is about 1.8us in present status.
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Rotating the A/2 to change the overall detection efficiency, we get g@ for different efficiencies, as
shown in Fig.7 (a). The dashed line is the theoretical result when the produced field is an ideal thermal
field and the measured mean photon number is <n>=0.022 with background -y=-0.000069. The results
give a relatively higher values of g than the experimental data (square points in Fig.7 (a)). But if we
consider the measured light is a mixture of 1% of coherent light and 99% of thermal light, that is, y=
0.000068+0.01x<n>x1, then we get the solid line in Fig.7 (a) and this agrees with the experimental
results. The triangles in the figure are the experimental data for the coherent light and the dotted line is
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Fig.7 The second-order degree of coherence of the thermal and coherent fields versus the
total efficiencies (a) and the mean photon number (b).

the mean value which leads to g? =

1, as expected.

When we change the intensity of the input light to vary the detected mean photon number, we get
¢? at different mean photon number. The results are shown in Fig.7 (b). The dashed line is the
theoretical curve when the light is thought as a pure thermal field with a background y=0.000069,
similarly to above, the solid line corresponding to the case of 1% coherent light pius 99% thermatl light.
Again, agreement between experiment and theory is apparently quite good. The detected g? for
coherent field (triangle points) is ailways around 1 which is not affected by the change of the input

intensity.
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