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Abstract

Optical sources that deterministically produce single photons with a high suppression of
multi-photon emission and a negligible background component are promising candidates for
standard sources for quantum metrology, quantum communication and foundations of quantum
mechanics. In this paper, the photon number distribution of non-classical light emitted by
nitrogen vacancy (N'V) centres in nano-diamonds is studied by three different experimental
techniques. The photon number resolving transition edge sensor (TES) detector and the On/Off
detection method are applied to determine the diagonal elements of the optical density matrix.
From the data measured by the two methods the second order correlation function at time delay
zero is calculated and compared with the g2(0)-values obtained by Hanbury Brown—Twiss
(HBT) interferometric measurements. Among the g>(0)-values evaluated with the three
techniques, we found good agreement in the results for a single photon emitter with a
g%(0)-value close to zero and a multi-photon source with a g?(0)-value of approximately 0.5.

(Some figures may appear in colour only in the online journal)

1. Introduction

One key element of quantum technologies is the ability to
prepare true single photon states, whose applications range
from quantum key distribution (QKD), yielding high photon
rates without diminishing communication security by multi-
photon events that an eavesdropper could exploit [1-3], linear
optics quantum computation [4] to quantum metrology [5-7]
and studies on foundations of quantum mechanics [8]. In
particular, in optical quantum metrology there is increasing
interest in the preparation of such states for redefining the
candela unit in terms of single photon counting [9, 10].

In practice the use of attenuated laser light with Poissonian
statistics can represent a reasonable compromise for QKD.
But for other applications it could be only an inadequate
solution, e.g. metrological studies require the use of a non-
classical light beam of a single photon source (SPS). On
the other hand, present SPSs are imperfect, as witnessed by
their non-vanishing autocorrelation gz(O)-Value at zero time
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delay, implying residual multi-photon emission [11], and the
presence of a significant vacuum component.

The ability to resolve the photon number distribution of
light pulses can be achieved by a detector with true photon
number resolution such as the transition edge sensor (TES)
device [11-13] or by combining single photon detectors
through temporal or spatial multiplexing [11, 14]. Alternative
methods are e.g. the On/Off detection technique [15, 16] or
homodyne detection [17].

In this work we report on, to the best of our knowledge,
the first analysis of the photon number distribution of light
emitted by nitrogen vacancy (NV) centres in nano-diamonds.
The investigated solid state vacancies provide photon rates up
to 10° counts per second (cps) together with an excellent photo-
stability at room temperature, which makes them useful for
metrological characterization of single photon detectors in the
appropriate spectral range. In order to assess the accuracy of
our analysis, we determine the diagonal elements of the optical
density matrix by a TES detector and through the On/Off

S156



Photon number statistics of NV centre emission

XYz SPS
piezo scanner
" Nitrogen vacancy
Objective ﬂ (NV) centres
L

NA=0.9
Dichr.

BS FC
SMF
Filter D 4pm
A=700 + 38 nm FC L
Notch 532 nm
L
SF
5

|120 mK|
TES

Laser
532 nm
o= 740 kHz

Delay
generator

Gate y
Stop Start Stop Start
TCSPC TCSPC
HBT On/Off

Figure 1. Experimental setup of the SPS based on NV centres used
for the three different measurement techniques: HBT, TES
measurements, On/Off detection (FC: fibre coupler, dichr. BS:
dichroic beamsplitter, L: lens, SF: spatial filter, SMF: single mode
fibre, MMF: multi mode fibre, MMFS: multi mode fibre splitter,
ND: neutral density filter).

detection method, which is assisted by maximum likelihood
estimation, and compare the values with those obtained by
the second order correlation function at zero time delay from
Hanbury Brown—Twiss (HBT) interferometric measurements.

2. Experiment

Our source of non-classical light is the emission of pulsed
laser excited single NV centres in nano-crystalline diamonds,
which are addressed using a scanning confocal microscope
setup [11], shown in figure 1. To generate a proper Gaussian
mode, the irradiating laser light at 532 nm generated by a mode-
locked Nd : YVOy4 laser (LYNX-SHG, Time Bandwidth) is first
coupled into a single mode fibre and finally into the microscope
objective, see figure 1. A pulse picker device (AOM Driver
Model 64388.5-SYN-10.5-1, Gooch and Housego) reduces the
initial laser repetition rate by a factor of ten to fi, = 740 kHz.
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The fluorescence light of the NV centres is collected by the
same objective (NA = 0.9), which focuses the laser beam on
the nano-crystals and is coupled into an optical fibre that acts
as a spatial filter (SF) to ensure that only light from a narrow
focal volume is observed. To suppress the excitation laser
line as well as to narrow the fluorescence spectrum centred at
Ac = 700 nm, the emitted fluorescence light passes a 532 nm
Notch filter (Melles Griot), a 560 nm long pass filter and a
(700 £ 38) nm band pass filter. In our setup, schematically
shown in figure 1, it is possible to connect the fibre output
of the SPS to different experiments, e.g. HBT interferometer,
On/Off setup, etc.

To measure the second order correlation function g2(¢) of
different NV centres, the light coming from the SPS is sent to
a HBT interferometer consisting of an optical fibre splitter and
two fibre-coupled silicon single photon avalanche detectors
(Si-SPAD) (SPCM-AQR-14, Perkin Elmer). Their signals are
recorded by a time-correlated single photon counting (TCSPC)
module (PicoHarp 300, PicoQuant) for durations of 100 s.

The photon number distribution of different NV centres
has been experimentally measured by a TES detector fabricated
at INRIM. This type of detector is a microcalorimeter
based on a superconducting thin film working as a very
sensitive thermometer, which is able to discriminate several
photons per pulse. The employed TES consists of a bi-layer
of superconducting Ti on Au films [19] with a transition
temperature 7, = 121 mK and a transition width AT, =
2mK. The fluorescence light coming from the SPS is sent
through a 9 um core single mode optical fibre to the detector
surface. Using a stereomicroscope, the fibre is aligned to the
20um x 20 pm active area of the TES device [12]. Since
the SPS is operated at the laser repetition rate of 740kHz,
which is higher than the maximum TES count repetition rate
(fe ~ 200kHz), the oscilloscope acquiring the data is armed
by the current trigger event only if the TES device has not
detected photons at the previous laser trigger. Therewith, itcan
be ensured that the measurements are not affected by a pulse
pile-up induced by the laser repetition rate. The TES read-
out is performed by a dc-SQUID (superconducting quantum
interference device) current sensor producing a current pulse,
whose amplitude is proportional to the absorbed energy, and
if the single photon energy is known, also to the number
of absorbed photons. The energy resolution of the TES is
AE = 0.41eV at 690nm. The SQUID output is addressed
to an oscilloscope (400 MHz, Le Croy) performing the data
acquisition, first elaboration and the storage of the data. More
details about the characterization and the operation of the TES
detector are published in [12, 13].

On/Off detection measurements are performed using a
conventional non-photon-number-resolving SPAD (SPCM-
AQR-14, Perkin Elmer) sending a logic output signal while
one or more photons impinge on its surface. The probability
of ‘no-click’ events for a quantum efficiency 7, is given by

p(n) =Y (1=n,)"pn, (1

n

where p, is the probability of finding n photons. This
probability increases with diminishing detection efficiency 7,
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Figure 2. Coincidence histogram of a single NV centre measured
by a HBT interferometer.

of the setup. Lower detection efficiencies are simulated by
inserting calibrated neutral density filters (NDs) in the optical
path [15]. Information on the photon number distribution
of the investigated light is gained from the number of ‘no-
click’ events for N different detection efficiencies 7y, ..., ny
in relation to the total number of experimental runs. For a
low quantum efficiency, one can expand equation (1) up to the
second order in 7 as (for the derivation, see the appendix)

p(m) =1—n(n)+in*(n)>g*(0) + O(n?), 2)

from which the values of the mean photon number (n) and of
the g® (0)-value can be obtained using a maximum likelihood
estimator or a best fit.

Because the SPS operates in the pulsed excitation mode,
the total number of runs is given by the number of laser
shots per time interval. In the experiment the number of ‘no-
click’ events is determined within a time frame of 100s. To
suppress photons generated by background radiation between
two consecutive laser pulses, the single photon detector is
gated. This leads to additional associated fake detection signals
occurring less than 2 us before opening the detection gate.
Such spurious events can be inhibited by a gate width of
80ns as well as an appropriate time delay of 1.33 us between
the open gate time and the sync signal of the pulsed laser
using a time delay generator (DG535, Stanford Research). In
order to consider the in situ transmission of the calibrated ND
filters, which varies sensitively with their spatial alignment
on the beam path and the wavelength used, we verified the
transmission of each filter by absorption measurements using
the light coming from the investigated NV centre.

3. Results and discussion

Figure 2 shows the correlation function of a given single NV
centre (centre 1) measured by the HBT interferometer. Due to
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Figure 3. TES histogram of a single NV centre (centre 1).

the laser excitation rate of 740 kHz the peaks of the function
are clearly separated by regions where no coincidences at all
are detected. According to [20,21] the correlation function
consisting of / peaks is fitted by

l
t—j-T|
@ =A+B-§ =Tl
g7 @) j:_leXp .

b i
~D-exp(——). 3)

where T is the time between two subsequent laser pulses, A
is the offset, B is the height of the peaks at non-zero time
delay, D is the relative peak reduction of the peak at zero
time delay, j is the peak number and t is the luminescence
lifetime of the investigated NV centres, which is calculated to
be 26 ns by the fitting procedure. A g (0) = 0.06 & 0.06 is
determined by the ratio (B — D)/ B, indicating the presence
of a single photon emitter. This residual amount of the g® (0)-
value can be attributed to the timing jitter of the SPADs
and the background emission from the nano-diamond [21].
A comparable result is determined from the photon number
distribution measured by the TES detector, which is pictured
in figure 3. The histogram is obtained by counting the number
of events with the measured pulse height as a function of the
pulse height. The area underneath each peak corresponds to
the probability that the detector absorbs no, one or two photons
per laser pulse. The g (0)-value is then calculated directly
from these probabilities:

Zn(nan - nPn)
(Zn nP”)2

where P, is the probability that n photons strike the surface
of the TES detector [22]. For the investigated NV centre, a
zero-photon component Py = 99.9 x 1072 and a one-photon
component P; = 2.2 x 10™* are determined from the data.
Due to the absence of multi-photon components, this gives
an estimated experimental value g®(0) = 0.0+ 0.1, which
is comparable to the HBT measurements, see table 1. The

g?(0) = : )
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Table 1. Summary of the experimental results obtained by the three measurement techniques.

TES: photon number components

(2) 2 (2)

Py P P, 8TES 0) 8 oN 0) gHBT(O)
OFF
Centrel 999x102 24x107* 0 0.0+0.1 0.024+0.02 0.06 +0.06
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Figure 4. Coincidence histogram of a multi-photon NV centre
(centre 2) measured by a HBT interferometer. The luminescence
lifetime 7 is calculated to be 9.6 ns by the fitting procedure.

measurement uncertainty results here from the uncertainty
in the determination of the probabilities of photon number
components, see discussion below for centre 2. The latter
might also be caused by the low overall efficiency of the whole
setup, which is approximately only 0.02% (calculated from
the ratio of the probabilities P;/(P; + Pp)), thus suppressing
significantly multi-photon events due to photon number
redistribution.

The experimental data measured by the On/Off technique
are fitted by equation (2) considering the overall efficiency of
the setup 0.00740.001, which is experimentally determined by
dividing the measured photon count rate by the laser repetition
rate. This leads also to a g (0)-value of 0.02 % 0.02. The
uncertainty arises from the uncertainty in the determination
of the overall efficiency. However, all results for g (0) are
compatible with each other, see table 1.

The applicability of the TES and the On/Off methods
for the determination of the photon statistics for centres
with higher g® (0)-value was also tested. For centre 2, a
significantly higher g (0)-value of 0.53 £0.06 was measured
by the HBT interferometer, see figure 4. This high g®(0)-
value is understood in terms of the presence of a second NV
centre contributing to the emission. With the TES, zero-,
one- and two-photon probabilities of 0.999, 1.1 x 10~ and
3.2 x 1077, respectively, were observed, see figure 5, resulting
in a g®(0)-value of 0.5 & 0.1. Analogous to the single
photon centre, here the uncertainty of the TES measurements
mainly results from the uncertainty in the determination of the

Metrologia, 49 (2012) S156-S160

-0.020.00 0.02 0.04 0.06 0.08 0.100.12
Amp/V

Figure 5. TES histogram of a multi-photon NV centre (centre 2).

probabilities for each photon component. These probabilities
are determined from the peak areas in the histogram. As can
be seen in figure 5; however, the peaks overlap and exhibit a
signicant shoulder, giving rise to an uncertainty.

For the On/Off technique, a g (0)-value of 0.5 +0.1 was
found, determined from an overall efficiency of 0.025 4 0.005
for the whole setup. Also here, the uncertainty in the overall
efficiency determines the uncertainty of the g (0)-value. Also
here, all techniques for the determination of the g (0)-value
are practically compatible.

4. Summary

For the purpose of obtaining a standardized metrological
characterization of non-classical light emitters, three methods
have been applied to study the photon number distribution
of a SPS based on the light emitted by NV centres in nano-
diamonds. The results from the well known and established
HBT interferometric method used to measure the normalized
second order intensity correlation function g (¢) have been
compared with those obtained with photon number resolving
TES measurement and with the maximum likelihood assisted
reconstruction based on the On/Off detection technique.
Concerning the comparison among the g®(0) parameters
evaluated with the three different methods, we found good
agreement in the results, although a high zero photon
component is observed. Therefore, further measurements
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will be performed investigating NV centres providing brighter
emission and higher multi-photon components in order to
discuss in detail the applicability of the TES and On/Off
methods for the investigation of the photon statistics of single
and nearly single photon sources.
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Appendix

Derivation of equation (2) from equation (1) [23]:

P = (=n)"py=3_Y" (Z) (=) pu

n=0 n=0 k=0
o0 n
=y (’,:) (=) pu
k=0 n=k
[o.¢] oo 1 o0
=D =Y nput i Y nn— 1D, +00r).
n=0 n=1 n=2

(A1)

For pulsed excitation it is appropriate to define a normalized
photon correlation function as follows.
With the electric field density operator

p=>_ pualm)inl,
m,n
the second order correlation function g(z) (0) can be rewritten as

(n(n —1)
(n?)

Inserting this g™ (0)-value into equation (A.1) one can obtain

g2 (0 =

1
p() =1—n(n)+ §n2<n>2g<2><0) +0().
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