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Abstract

In this work | present the first experimental demonstration of efficient interaction of
multi-kilo-electron—volt heralded single x-ray photons with a beam splitter. This beam
splitter and the experimental setup were used to show the sub-Poissonian statistics of a
single photon state of radiation. | was the first author in a paper that describes these results
and which was published in Physical Review Letters [1]. In addition, | presented these
results in an oral talk at CLEO conference [2].

Beam splitters are fundamental components in quantum optics that are used to
demonstrate superposition of photon states and light intensity correlations and are
routinely used in a broad range of wavelengths [3]. However, even for the most promising
sources of single x-ray photon, the existing beam splitting devices are very inefficient,
due to the broad spectral and angular spread of the generated single photons. In my work
I utilized an efficient beam splitter with a mosaic crystal. A ‘mosaic’ crystal is a name of
a model for crystal imperfections. According to this model, a real crystal is made of a
mosaic of small misoriented crystal blocks [4]. For estimation of the efficiency and for
the comparison with the theory | modeled it by an analytical function and estimated
numerically the required parameters for efficient interaction with our single x-ray photon
source. The source is a nonlinear crystal that | used for the generation of pairs of photons
by using the effect of spontaneous parametric down conversion. The model predicts that
the ratios between the rates of the reflected and transmitted heralded photons and the rate
of heralded photons in the absence of the beam splitter are rg_yoqei=0.13 and r_ppo4e1=0.17,
respectively. | measured and compared the count rate of the incident broadband heralded
photons in the absence of the beam splitter and after its introduction to find its efficiency.
| found that the measured heralded photon rate at the outputs of the beam splitter is about
0.01 counts/s which is comparable to the measured rate in the absence of the beam splitter
- 0.0583%0.0099 counts/s. The count rates that | measured after the beam splitter show
that it is efficient enough to measure single photon statistics.

After | showed that the mosaic crystal beam splitter is efficient, | used it to demonstrate
the quantum statistics of heralded photons. | verified that the beam splitter preserves the
sub-Poissonian statistics by showing that the degree of correlation at both its outputs is
zero. Finally, I performed the fundamental demonstration of quantum optics - single

photon interaction with a beam splitter. | obtained the well-known result that a photon



cannot split by measuring 2264 heralded single photons while all of them were either
transmitted or reflected by the beam splitter but never both.

My experiment demonstrates the major advantage of x-rays for quantum optics — the
possibility to observe experimental results with high fidelity and with negligible
background. The practically noiseless measurements were possible due to the high energy
of the x-ray photons and the commercially available silicon drift detectors (SDD) that not
only have a very low dark current but are also photon number and energy resolving. While
I did not show yet fields interference but intensity correlations, a major challenge for
performing quantum optics experiments with x-rays was an efficient beam splitter and

my work shows its implementation.



1. Introduction

The extension of quantum optics to x-ray energies would have a tremendous impact,
but till now it was limited by the absence of efficient optical components [5]. The x-ray
regime could introduce nearly perfect detectors while quantum optics would make it
possible to reduce the x-ray ionizing radiation doses. However, despite the pronounced
potential, the utilization of optical components has never been demonstrated with x-ray
quantum light sources. My work focuses on beam splitters, which are essential
components for quantum optics. The main challenge is finding beam splitters that can
facilitate the broad spectral and angular widths of the generated quantum states of x-ray
radiation.

The combination of x-ray regime with quantum optics is beneficial for both fields.
Quantum optics could take advantages of the commercially available x-ray detectors that
reach nearly 100% efficiency with low dark current and real photon number resolving
capabilities over a very broad spectral range. Moreover, in the last decade, 2D x-ray
detectors with similar performances are becoming available [6,7]. The benefits for the x-
ray regime from concepts of quantum optics are a significant reduction of radiation doses
used for imaging [8-10], an enhancement of the sensitivity [11], and the improvement
of the signal-to-noise ratio (SNR) of measurements [12-17] — which are all very
important since x-ray energies are ionizing radiation, hence there is a possibility of
radiation-induced damage. Photons in x-ray spectral region have sufficient energy to
break chemical bonds and ionize atoms, which can cause chemical and structural damage,
potentially affecting critical function [18].

The above mentioned advantages of x-ray regime are extremely appealing for tests of
basic concepts in quantum optics [5,19] however, beam splitters are required. Beam
splitters, which are devices that split electromagnetic radiation, are among the most
important optical components for quantum optics [20-23]. They are the essential
components in almost any experiment aiming at the study of fundamental quantum optics
and serve as the building blocks for almost any optical quantum technology. Indeed,
seminal works showing the quantum nature of light using beam splitters include, for
example, the Hong-Ou-Mandel effect [24], interaction free measurements [25,26],
interaction of single photons with a beam splitter [27], and the generation and

measurements of entanglement [28] and NOON states [29]. The first step towards



exploiting x-ray benefits for these fundamental demonstrations of quantum optics is
finding an efficient beam splitter.

Existing beam splitting devices are inefficient with well-established x-ray quantum
light sources but there are a few possible solutions. The two potential sources for the
generation of nonclassical forms of radiation in the x-ray regime are radioactive sources
with a cascade scheme that leads to the emission of two simultaneous photons and
spontaneous parametric down-conversion (SPDC) in which pairs of entangled photons
are generated [30]. The first has been demonstrated with Mossbauer nuclei [31,32] but
although exhibits a very narrow spectral range, the emission is in all directions, thus it is
challenging to collect a sufficient portion of the emerging photons. In SPDC the spectral
width of the generated photons is in the multi-keV range and the angular width is several
degrees [33-35]. However, in most cases, x-ray optics relies on either Bragg scattering
or on reflection from surfaces [4]. For Bragg scattering from crystals the typical values
for the angular acceptance and spectral width are a few mdeg and eV, respectively.
Accordingly, those devices cannot render the interaction with the broad SPDC signal
efficiently. Reflections from surfaces work well only at grazing incident angles and
cannot be used either. The two conceivable candidates are mosaic crystals [4,36] and
nanoscale multilayer periodic structures [18]. Both can be designed to support acceptance
angles in the several degrees range and with spectral line shapes exceeding several
hundred electron-Volts. However, the parameters have to be selected carefully to

maintain high simultaneous reflectance and transmittance.

In this work I describe how to utilize broad spectral and angular bandwidth x-ray beam
splitters for x-ray quantum optics. | use the broadband heralded photons generated by
SPDC as a quantum state and show that their interaction with the beam splitter is efficient
by comparing the coincidence rates before and after the beam splitter. My approach to
realize efficient interaction is to use a mosaic crystal as a Bragg beam splitter with a wide
rocking curve width and to choose its angular dispersion to match the angular dispersion
of the photon pairs. | prefer the mosaic crystal over multilayers to avoid the loss in the
substrate of those devices. | employ the beam splitter to demonstrate directly and without
background noise that for a single x-ray photon there is nominally perfect anticorrelation
between the events at the output ports of the beam splitter despite the unavoidable loss in
the system. This is in agreement with the prediction of Barnett et al. who considered a

guantum theory for the interaction with lossy beam splitters [37].



2. Background

2.1. X-ray single photons - generation and nonclassical

behavior

The isolation of a single-photon light state is achieved by heralding one photon
from a photon pair. The source of these photon pairs is the SPDC process. In SPDC a
pump photon of frequency w,, is destructed, and two photons (initially in their vacuum
states) are created simultaneously by a spontaneous emission in a nonlinear crystal [3].
The two generated photons are coupled by the nonlinear coefficients and this coupling
is used to calculate the rate of pairs that are leaving the crystal [33]. The photon pair
conserve energy with the pump photon and their momentum conservation with the
crystal (which is also called phase matching) dictates the angles of propagation [38].
Since the photons are always generated in pairs, once we detect one photon (which I
call Trigger), we know with certainty that the second photon exists. This second
photon, that | call Heralded, exhibits all the properties of single photons including sub-
Poisson statistics, which is a clear distinction from classical radiation.

Of interest to the present work is that a true single photon cannot split even when it
interacts with a beam splitter in contrast to classical beams. | use the term 'split' to
describe the division of the input electromagnetic energy. A single photon can be either
transmitted or reflected by a beam splitter thus detected at either of its output ports but
not at both simultaneously [3,22,27,39—42]. This type of experiment is called Brown-
Twiss interferometer [43] and expressed in terms of the quantum degree of second-
order coherence g®. The function g is the normalized intensity correlation between
the two outputs of the beam splitter. For example, in the case of a single mode

electromagnetic field at one of the beam splitter input ports, the normalized correlation

; 2 _ {nzgng) _ (ny(ny—-1))
B934 = tvtng — (m)?

the beam splitter and n, is the photon number at the input to the beam splitter. For a

, Where ns,n, are the photon numbers at the outputs of

single photon interaction with the beam splitter (n, = 1), the correlation is zero, which
means that there will never be a simultaneous measurement at the two outputs. This
result of zero correlation could be also shown for the more general case of a single
photon wave-packet at the beam splitter input [3]. This behavior, which has no
classical analog, is manifested in the coincidence measurements between the two

output ports of the beam splitter, which are null when using ideal single photon sources



and detectors. | note however that beam splitters divide the field operators of single

photons as observed with single photon interferometers [3,27].

2.2. Calculation of the heralded photon rate

To find parameters that can support high-efficient beam splitter interaction with
single photons I calculate numerically the rate of the heralded photons by using the
second order Glauber correlation function [33] where | consider a Gaussian function
to model the reflection coefficient of the beam splitter.

Since the count rates of heralded photons are actually the coincidence count rates
between the heralded photons and the trigger photons, | need to calculate the
coincidence count rate between each of the output ports of the beam splitter and the

trigger detector. | use the second order Glauber correlation function, which is given by

_Sﬂ o (R8) @ (1) @ (1 )amg(rz,tz)>dudr where S is the area of

the pump at the input of the nonlinear crystal, U=T, -, and 7=1,—1 [33]. Since it

is more convenient to calculate the frequency domain operators than the time-space

8'—.8

operators | use the relation a,(z,r,t) :j a;(2,9,w)exp| -i(q-r-ot)]dgdw,
0 —

where r=(x,y) and = (kx,ky) to transfrom the operator to the frequncy domain (in
time and in space). The relation between w, the photon angular frequency, and the

magnitude of the wave-vector is w; = kjc/n(a)j) and the wave-vector components kx

and ky are parallel to the surfaces of the nonlinear crystal. The operators satisfy the

commutation relations -

[aj(Zl’Q1’w1)’aTk(Zz’QZ’a)z)]:%51',@‘(21_22) (q qz) ( a’z)

(27)
To calculate the frequency domain Heralded and Trigger operators, first, their values

at the output of the nonlinear crystal are calculated by solving the lossless coupled

equations assuming the undepleted pump approximation in the Heisenberg picture

0801, .
gz L= kal,, exp(iAk,z)
oa] )
aT”g = K% 8,0y OXP(-iAK,2)
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Here K is the coupling constant that includes the nonlinear coefficient and the pump

intensity and AK, =K c0S(8,) — Ky oz COS(Ohierar) — Kryig COS(Er,) is the phase

mismatch along the z direction. 6, 6., and O, are the angles between the atomic

planes and the wave vectors of the pump, heralded, and trigger photons, respectively.



3. Numerical Model and Experimental Setup
3.1. Efficiency of the beam splitter with heralded photons

For the efficiency calculation | need to incorporate the expression that presents the
beam splitter. The aim of this numerical simulation is to examine how the parameters
of the mosaic crystal impact its efficiency as a beam splitter for the down converted
photons, which possess broad energy and angular distributions. However, there is no
simple analytical expression for the reflection coefficient for mosaic crystals [4], and
I wanted the model to be as clear as possible, so that the important parameters could
be easily identified and characterized. Therefore, | used a Gaussian model for the
reflection coefficient and neglected the additive quantum noise from the open port of
the beam splitter. The latter is justified since, for the efficiency calculation, | am
interested in the mean output photon numbers of the heralded photons (the correlation
between the trigger and one of the output ports of the beam splitter) and not trying to
calculate the correlation between the output ports of the beam splitter [3]. The

Gaussian function that | chose for the model was -

2

1
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This model incorporates the important parameters and describes reasonably the
dependence of the reflectance of the mosaic crystal on the deviation from the Bragg

angle and its spectral dependence. Here the frequency dependence is originated from

the Bragg’s law for a given incident beam frequency 6, (a)Heral)ZSin_l( 7 J

Opyeral
where c is the speed of light and d is the lattice interplanar spacing. The angular
deviation A& is defined relative to the Bragg angle at the heralded photon wavelength
as described in Fig. 1. The peak reflectivity is denoted by A and b is the width
parameter which is deduced from the Full Width at Half Maximum (FWHM) of the
rocking curve of the mosaic crystal.

In this work | chose to use a Highly Ordered Pyrolytic Graphite (HOPG) for the
beam splitter. The HOPG is a good candidate for a beam splitter due to its availability,

high reflectivity and low absorption [36,44,45]. The numerical calculations for its



performance are shown in chapter 4.1. The peak reflectivity A of HOPG is taken to be
0.5 [36]. The width parameter b is 0.48° and it was calculated form the measured

rocking curve FWHM of the HOPG at our laboratory, which is 0.8°.

FIG. 1. Description of the angles of the beam that hits the beam splitter.

Finally, I multiplied the heralded operator | found by solving Eqg. 1 by the
expression in Eqg. 2 and calculated the coincidence count rate by numerically
integrating over photon energies in the range of 9.5 keV to 11.5 keV and an angular
range of 5 mrad centered at the phase matching angle, which covers an area of about
20 mm? on the detector (further details are described in chapter 3.2).

I show below that the important parameter is the Bragg angle that for a given input
wavelength is determined by the lattice interplanar spacing, thus can serve as a guide
for the selection of the material and the crystallographic orientation of the beam
splitter. In Fig. 2 | show the theoretical dependence of the heralded photon count rate
on the Bragg angle of the beam splitter for my experimental parameters (which are
described in chapter 3.2). From Fig. 2 | concluded that we need to choose the smallest
possible Bragg angle to enable the largest energy bandwidth as can be estimated also
by calculating the differential of Bragg’s law. This conclusion is general and
independent of the details of the experiment. In addition, for a fixed lattice spacing,
there is a linear dependence between the rocking curve width of Bragg scattering of
the beam splitter and the count rate of the heralded photons. For example, for the
parameters described above, increasing the rocking curve width by a factor of a
hundred leads to an enhancement of the count rate by about 90.



Of importance, although the mosaic spread deteriorates the reflectivity, it should be
sufficiently broad to accommodate the broad angular and spectral distributions of the
SPDC process. This tradeoff is important for the design of further x-ray quantum optics
experiments with mosaic crystals. Another consideration is the loss in the transmitted
beam, which increases when the incident angle of the photons impinging upon the
beam splitter decreases. Using a thinner crystal could reduce the absorption but at the
expense of the reduction of the reflectivity [36]. Finally, | also note that x-ray
fluorescence should be considered when choosing the material for the beam splitter.

Its characteristic energy must be sufficiently separated from the heralded photon

energy.
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b
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FIG. 2 Simulation results: normalized counts of the heralded photons that are Bragg scattered by the
beam splitter as a function of the Bragg angle of the beam splitter. The vertical axis is normalized by
the coincidence counts at the output of the SPDC crystal and is corrected for absorption in air assuming
a 10 cm of air path between the SPDC crystal and the detectors.

3.2. Experimental setup

The setup I used in this work and that is based on the standard scheme for generating
and detecting heralded photons [33] is depicted in Fig. 3. In this scheme a pump beam
at how, = 21 keV hits upon a nonlinear crystal, which is a diamond crystal, to generate
photon pairs both at a central photon energy of 10.5 keV by SPDC. The reciprocal
lattice vector normal to the C(660) atomic planes was used for phase matching, and
the detectors were silicon drift detectors (SDDs) [38]. The dimensions of the diamond

crystal were 4 mm x 4 mm x 0.8 mm. The theoretical value of the Bragg angle of the



C(660) atomic planes is 44.61°. For the beam splitter 1 used HOPG with the
dimensions of 20 mm x 20 mm x 0.7 mm. | used its (002) atomic planes where the
Bragg angle is 10.1° for the central photon energy (10.5 keV). The SDDs have an

active detection area of 25 mm?. For each photon pair, one photon at hor,g is denoted

as the trigger photon and was measured directly by the detector Drrig. The second
photon at Zmy., 1S the heralded photon and hits upon a beam splitter. It was collected
by either Dref Or Drans, Which were the detectors for the reflected and transmitted
beams, respectively. For the generation of the photon pairs, | rotated the angle of the
diamond crystal by 0.008° from the Bragg angle and set the angles of the trigger
detector and the beam splitter with respect to the diamond atomic planes to 43.63° and
45.59°, respectively, according to the phase matching condition.

The experiment was performed at beamline P09 [46] of the PETRA I11 synchrotron
storage ring (DESY, Hamburg). The distance between the detectors and the diamond
crystal was 1000210 mm where a helium tube of 90010 mm length and 200%5
mm diameter was used to reduce air absorption and scattering. The synchrotron beam
dimensions were about 2 mm and 0.2 mm in the vertical and horizontal directions,
respectively.

To separate the photon pairs from the background we used logic gates to register
only coincidental detection events in which Drig clicks together with either Drans OF
Dret. The time window of the coincidence recording was about 800 ns (except for the
results in Fig. 7). To distinguish the down-converted pairs from accidental coincidence
counts | post-selected photons according to their energies using the photon energy
resolving capability of our detectors. | recorded only photons with photon energies in
the range from 7 keV to 17 keV and that the sum of their photon energies was within
an energy window of 1 keV around the energy of the pump photon in accord with the
conservation of energy and the resolution of our system. | collected also data with
wider energy ranges, which is presented in Fig. 7 and Fig. 8. | used various energy

ranges in order to compare the heralded photons with the classical beam.



Diamond

Digitizer and
Logic Gates

FIG. 3. Experimental setup. The photon pairs are generated in the diamond crystal. The trigger
photons are collected by detector Drrig and heralded photons hit the HOPG crystal that is utilized as
a beam splitter (BS). Drans and Drger are the detectors for the transmitted and reflected (Bragg
scattered) photons, respectively.

3.3. Coincidence electronics and data acquisition

Here | provide further details on the coincidence electronics, which was used to
verify that the photon pairs arrive simultaneously and to reduce background radiation.
The detectors generate two types of signals for each detected photon: analog voltage
pulses with height that is proportional to the photon energy of the detected photons
and logic pulses with a fixed height of 1.4 V. The pulse duration of the analog signal
is 200 ns and the pulse duration of the logic signal is 1000 ns. The logic pulse is
generated only when a photon within a predefined energy range is detected (functions

as an output of a single channel analyzer).
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| Logic pulse trigger
Digitizer

Analog pulses

FIG. 4. Schematic of the coincidence electronics.

As can be seen in Fig. 4 | used logic gates to trigger a digitizer when the logic pulses
from detector Drrig and at least one of the detectors Drans Or Drer OVerlapped. The
overlap point is determined by the beginning of overlap between two logic pulses. |
used logic gates triggering since otherwise the raw count rate of the detector would
lead to overflow of the buffer of our digitizer. These logic gates reduced the number
of the event rates that were registered by the digitizer to less than 200 events per
second. After the measurement | scanned the data and used a software filter to register
only events that their analog pulses were within a time window of +800 ns around the
overlap point. This procedure improved the signal-to-noise ratio as can be seen from
the background free results presented in chapter 4.3. However, if two photons were
separated by 800-1000 ns they still could trigger the digitizer (due to the length of the
logic pulses), but one of them is partially outside the time window of the software
filter, which restricts the detection window to 1600 ns, as shown in Fig. 5. In this case
only the photon in the window that was allowed by the software is registered, thus the
system registers an event with only one photon and not a pair of photons. | can of
course use the software to filter out events that are not the detection of pairs of photons,

but I used it to demonstrate the reduction in ¢ as it is shown in Fig. 7 of chapter 4.2.

11
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FIG. 5. An example for measured digitizer traces when only detector Drig was recorded. In this example
detector Dryig detected a photon at about 20 keV. Detector Drer also detected a photon in the photon
energy window allowed by our system and the digitizer was triggered to record the analog signal.
However, the temporal separation between the two analog signals was larger than 800 ns, and the analog
signal of detector Drer Was not registered.
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4. Results
4.1. The efficiency of the beam splitter

| first show that the interaction between the heralded photons and the beam splitter
is efficient by exploring the count rates of the heralded photons at each of the output
ports of the beam splitter. Figures 6(a) and 6(b) show the spectra of the measured
heralded photon counts for the reflected and the transmitted photons, respectively. For
the comparison | show the measured spectrum of the trigger detector and plot the
numerical calculations for the two spectra. The total heralded photon count rates of the
reflected and transmitted photons are ng=0.0093+0.0003 photons/s and
nt=0.0164 +0.0004 photons/s respectively and were measured for 88010 seconds.
These rates are only slightly smaller than the heralded photon count rate that were
measured before | inserted the beam splitter, nz=0.0583 =0.0099 photons/s, and are
comparable to the measured coincidence rates in the previous experiments with similar
input beam parameters where the photon pairs were measured directly after the
nonlinear crystal [33,35,38]. The total beam splitter efficiency is about 50% and
this is a clear indication that the interaction of the heralded photons with the
beam splitter is efficient. For these experimental parameters the model (that is
described in chapter 3.1) predicts that the ratios between the rates of the reflected and
transmitted photons and the rate of the photon pairs in the absence of the beam splitter
are TR-Moder=0.13 and rryoqe=0.17, respectively. These values also quantify the
inefficiency of the beam splitter, which originates from the differences between the
acceptance angle of the mosaic crystal and the angular spread of the SPDC effect as
well as the absorption. An additional effect that was not taken into account is Compton
scattering since it is orders of magnitude weaker than reflection. The ratios | measured
- rg=0.159£0.027 and r;=0.2817%0.048 - are slightly higher, suggesting that the
interaction with the beam splitter is more efficient than predicted. However, this
discrepancy can be explained by the improvement in the alignment of the detectors
between the two measurements and by a nonlinear response of the detectors due to the
strong background in the absence of the beam splitter.

Figure 6 also indicates that, as expected, the measured spectrum of the reflected
photons is narrower than spectrum of the transmitted photons since they are Bragg
reflected and the agreement between the experimental results and the theory is within

the experimental uncertainties. The theoretical dip in the curve of the transmitted beam

13



(Fig. 6(b)) is attributed to Bragg scattering at the energy corresponding to the Bragg
angle and cannot be seen in the measurements due to the insufficient energy resolution
of the setup. Moreover, the calculated reduction of the transmitted beam counts (Fig.
6(b)) at lower energies arises from the larger x-ray absorption. The histogram binning
and the energy resolution of the detection system smear the sharp decrease in

absorption at the higher end of the spectrum.
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FIG. 6. Photon energy histograms of the counts of the heralded photons at Drer (a - dark) and Drrans (b
- dark) in 88010 seconds and with an energy conservation window of 1 keV. The spectrum of Drig
(light) is shown for the comparison. The blue lines are calculated from theory and scaled vertically to
match the total coincidence counts of Drgef.

4.2. Nonclassical statistics of heralded photons

Next, | turn to confirm that the generated radiation is nonclassical. | first show that
the correlation between the trigger photons and the photons measured by either Drans

or Dref, within the experiment time window exhibits sub-Poissonian statistics. |

(°(N,=N,))

(N, +N,)

the variance and the average ( > is over the ensemble of detections by Drrig and , Nt

calculate the degree of correlation o = , where (57x) = (x*)=(x)" is

and N, are the number of the trigger photons detected by Drrig and the heralded
photons, measured at either Drrans OF Drer, respectively. The results plotted in Fig. 7
clearly show that o approaching zero when applying either short time windows or
narrow energy windows. This is a conclusive evidence that the generated radiation
exhibits sub-Poissonian statistics, hence it is nonclassical. When the energy window
Is opened, o increases with the time window, but it is always smaller than 1. This is

because the rate of the accidental coincidences is increased but the probability to

14



measure two photons in the short time window is still low. o decreases also when |
narrow the time window but leave the energy conservation window open. When the
energy conservation window is narrowed, o is nearly zero for any time window that is
used.

The functionality of the electronics that was described in chapter 3.3, explains also
why the degree of correlation, o that is presented in Fig. 7 is not identical to zero even
when the stringent conditions for time windows and energy conservation were used.
In order to show the gradual decrease of o with the time window, | included detection
events where the peak of one of the analog pulses was outside the maximal time
window that was set for the software filter, as shown in Fig. 5, which is considered as
a detection of only one photon (detector Drrig in this example). These single detections
can be within the energy conservation window if the energy of these photons is close
to the energy of the pump photon. Such events contribute a non zero values to the

average calculation at the numerator of O .
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FIG. 7. The degree of correlation versus the coincidence time window for events satisfying the energy
conservation within a tolerance of 1 keV (filled circles and rectangles) and for the total events (hollow
circles and rectangles). The circles are for Drrans and the squares are for Dger.

4.3. Single photon statistics

Now | turn to show that when the single photons interact with the beam splitter,

they do not split in the sense | define in chapter 2.1. To verify this nonclassical nature
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of the heralded photons and to ensure that despite the loss in the beam splitter, the
quantum nature of the single photons is preserved, | measured the coincidences
between the trigger detector and each of the output ports of the beam splitter. 1 applied
the energy conservation to the sum of the photon energies of all three detectors since
it is known that the sum of the photon energies of the trigger and heralded photons at
the input of the beam splitter is equal to the photon energy of the pump photon. As is
clearly seen in Fig. 8(a), when the energy conservation window is narrow (1 keV),
only heralded photons are observed, and no simultaneous clicks at both outputs
of the beam splitter were measured. This is therefore the confirmation that the
heralded x-ray photon cannot split. For the comparison, | show measurements
without imposing the photon energy window but for the same number of total counts
in Fig. 8(b). Under this condition accidental coincidences were also measured, which
are originated from stray radiation. Here we see simultaneous clicks at both outputs,
which is an indication that more than one photon interacted with the beam splitter
during one detection cycle. To verify that this observation is not fortuitous | show that
the number of simultaneous clicks increases with the number of total counts in Fig.
8(c), which represents measurements with the same energy windows as in Fig. 8(b),

but the total counts are higher by a factor of 100.

3 . 5
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s 1 2 1 1 2 1 1
%, LRI Ve o O

FIG. 8. Count histograms of the photons at the outputs of the beam splitter. In (a) | registered only
heralded photons by using photon energy and time filters. In (b) and (c) | registered all the detected
photons. In (a) and (b) the total number of events is 2264 and in (c) is 226400. The horizontal axes are
the number of counts at each detector in one detection event. The zero-photon column is for events
where only the trigger detector detects photons with photon energies in the selected range (since in (b)
and (c) the energy window is wide open there are no counts in the zero-photon columns).
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5. Discussion

To quantify the purity of the quantum state, | use the anticorrelation

criterion [27,47,48],
a= NrigNrigra (3)

N gt Nrigr

Here Nrrig is the total number of trigger events, in which Drrig and at least one of the
detectors Drrans Or Drer measure photons within a predefined energy window for each
detector. Ntrig-t and Nrrig-r are the numbers of coincidences of Dtrig With Drans and
Dref, respectively. Ntrig-1-r is the number of triple coincidences between Drrans and Dret
and Drrig. According to this criterion, for single photons, & is smaller than 1 while for

classical beams is larger than 1.

For the heralded photons (Fig. 8(a)) & was found to be nominally zero, which is
the indication of background-free quantum behavior. This is in contrast to most analog
quantum optics experiments in the visible range in which & is smaller than 1 but
finite [49,50]. Such high fidelity can be achieved thanks to the energy resolving
capability and the negligible dark count rate of x-ray detectors. These superior
characteristics, together with the nearly ideal efficiency are enabled by the high photon
energy of the x-rays. This is a clear demonstration of the ability to perform

background-free quantum optics experiments with x-rays.

Interestingly, a is smaller than 1 even when most of the detected photons are
originated from stray radiation. The reason is that even with this radiation during a
single measurement interval, only one photon interacts with the beam splitter on
average and the probability that two photons interact with the beam splitter is much
lower. This is because of the short coincidence time windows that were used to reduce
the background in these experiments. Consequently, since a single photon is a single
photon that cannot split regardless its origin, at most events there will be no
simultaneous clicks at both output ports of the beam splitter leading to a < 1.
However, there is always a small probability that two simultaneous photons arrive,
hence for the stray light « is not zero (for example « is 0.02£0.006 and
0.0165=20.0006 for Figs. 8(b) and 8(c), respectively. Further details are given in the

table below). These results highlight that the anticorrelation criterion does not imply
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that every measured photon was a single photon but only that on average single

photons were measured.

In the following table | provide the measured counts that | used for the calculation

of a:
Flgure NTrig NTrig—T NTrig—R NTrig—T—R a
Fig. 8(a) 8082 1443 821 0 0
Fig. 8(b) 2264 908 1367 11 0.02+0.006
Fig. 8(c) 226400 90702 136602 904 0.0165+0.0006

In summary, | showed in this work the direct evidence that x-ray photons are
undividable quanta and it is a proof of principle experiment demonstrating efficient
interaction of x-ray single photons with a beam splitter. Further improvements of the
efficiency can be obtained by improving the match between the angular dispersion of
the Bragg scattering of the beam splitter and the angular dispersion of the SPDC. This
can be done by tuning the phase matching angles of the SPDC and by choosing a small
Bragg angle and broad angular acceptance for the beam splitter. For interference
experiments a more careful work is required in choosing the beam splitting crystal due
to the random phases that a mosaic crystal might introduce. Nonetheless, this work
shows an x-ray optical component that preserves quantum statistics and highlights the
important parameters for an efficient beam splitter with x-ray single photon state. The
single photon statistics that were observed, exhibit high fidelity despite the existence
of loss and background noise in the setup. This work opens new possibilities for x-ray
qguantum optics by enabling experiments, which rely on beam splitters and single
photon interactions. Further generalization of my work can lead to the development of
novel sensitive and precise measurement techniques based upon x-ray single photon

interferometry or NOON x-ray states.
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8PN
D>TTI2 DNVId MN1AY W (beam splitter) NMIONR Y89 HW NNWNIN NNITHN NN W NTIAY

.DYOYIMIVPIHN-IDIP 1901 DY 1IN NNV *oya X nyapa (heralded single photons) o’vom
NONIIO-NNN NPPVDIVLON NN NMININY YTD NT NPIDN HNINA XAVNNYN MDY NNIIN INND
X N»apa o711 DIV HY NPIP I8N NIY
NHTININD HY MNXTNY DIVHWNN MOVIMP NPIVIIN DITID? D237 DN NN PININ
DY TN .93 TN HY DNV DININN 27 WY DN NYY) 191 ,NNXIY NPIONPI DIV I8N
TMIONN Y9N X -N NP DINN TN ODWN DXTTIAN DNVION MNPN N 1IN, NN3
AN NYNPHRN DXINNN DIVIDN DY ITINITN OVININD 2NN D92 DI RO TIND PTY DM»PN
INNN (DDDI) MNP YWAY NN DY DN IX9NI ONTIN YA YINOY D)X 1T ONTIaYa
DNLP DY) HY DDIN 25N STPNN VI ,NT DTN 29D .¢O2IN HY NPONITN 10N DY 5TIN
NN INYNDY DT NMIYR DN MDY DX TIYND YT STINN NYHI MPNX 10N ¥ DdP2
JPVIDIN TINPN MYNNNI VY NIINNN NP NN 21PPAOINNRVI D NNIND DY N0 MININ
N9 TPNPIVIN NYAPD DIYITTN DMIVNION NN NIV Y9N NN T MISPNI NANN YT DY
DAPNN DN DTN DINVIDN .AMIINN Y391 PAD O TNAN X -N NPIP MV P2

VNN X NNIPA AN PNVI HY MILIADN NPIVNIN NINNN VPRI DIINNY DIMNVID MM
DXIONN OXTTIAN DMNMVIdN PAXP PA DXONNY KA MINNN DIWNN DINPD-ND ¥

Y TR_Moder = 0.13 DN A0 DNOY 2PN PAD NMIDRN HN9NI OMANNM DMIIMND

Y8913 YH2) DY D191 DY TTIAN OINVIFN YAXP NN OANVNOINTTI .INNNNA T _poder = 0.17
ININD TIY NI NITY 7IWO NN 0.01 -5 DN IMYND DS MINONI DXANPNIY ININSD) NN
DXANPN .MYO NI 0.0583+0.0099 NINY NMINN DX9N NXOD TTNIV ANPN DY YTNN 1TO
NPPVDXOLO KV MNITN WX NTTNHD PIADN DY RINY DINRIN NMIINN DN INKD INTTNIY
.DYTTI2 OV

MOMPN NPIPVDYOLVLON NN DXNTNY YT I ONVNINYN ,NMITNN DN HY MDY NTITN INKD
NNONID-NNN NPPODYVVON NX VYN NMIRN ININY SNIRTI ,NIPNN .DXIDNN DINVIAN DY
L1917 INNRD .NODANRNN HNNT NN YNYA DI OINVION DY MSONPN NTNRY NP> TA>T DY
T2 PNV DY TPIPIVIN — NPVINP NPPVAINL OO TIDN DNDMIN TR HY NNXITNN X SNYNI
MINOY ONY P2 DNINND 9137 KD TTIA NVIVY NNDNINN NIRIIND NN SNYDP .NMON HN9N DY
ND TN D891 TIT 12y IN IIMN 091D JWND ,D3I101)0 DXTTIA DNVID 2264 dNTTHN — DNINN
NN NV NPINT-ID YTTNI

YN NN — MOVMP NPPVNIN N2Y X NPIP HY S MYNWNN NI NN DTN DY NDNN
TN IVANNN SYYNN WYIN MIDN MTTHN .0NT YPI OWYN M) PrT mdya mmm
.(silicon drift detectors) 0»n¥9>0n NNON PRON X -1 NPIP MIVID HY NMN I NIND
DOWNAN OMVIAN 1I90N DY NTTH NI D) NONX ,TII TIND YPI WY PRI W DX DINDND
,2OW DN HXN 7PN X NP NPVIMP NPPOVAN D) VXA TONN PONN .DNYY NPINNM
ANNOUN X NNNTN IOW NTIAYM
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