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Abstract: We experimentally map the transverse profile of diffraction
limited beams using photon-number-resolving detectoesoéerve strong
compression of diffracted beam profiles for high detecteoktqi number.
This effect leads to higher contrast than a conventionatliemce profile
between two Airy disk-beams separated by the Rayleighrimite
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1. Introduction

There is widespread interest in improving resolution angsi@ity in imaging and metrology
applications[1, 2, 3, 4, 5]. Many of the proposed improvetaéor precise phase measurements
and high-resolution imaging employ highly nonclassicadtoin states such as photon-number
(Fock) states and path-entangled photon-number (NOOREssthue to their shorter de Broglie
wavelength or squeezed states due to their suppressed[#p&e Unfortunately, such non-
classical states are highly sensitive to loss [7], and teekemes usually require the ability to
resolve photon number efficiently [8, 9], which has only r@bebecome feasible in a research
setting. This has led to interest in combining loss-tolecaherent states with photon-number-
resolving detectors, to realize some improvement ovedstahclassical techniques and avoid
the immense challenges associated with generating exadittgm states [10, 11, 12, 13, 14].

In the context of imaging, much attention has focused on avipg resolution beyond the
Rayleigh limit [15]. This limit is imposed by diffraction ther than by quantum fluctuations of
the light [14]. In particular, Giovannettt al. proposed that photon-number-resolving strategies
could result in high-resolution images beyond the stan&ayleigh criterion [16]. They note
that using a coherent source and a photon-number-resehgagurement compresses the point
spread function of an image but does not lead to improvedémasplution. This compression
could also be accomplished by classical post-processirigeoflata; however, it is not clear
whether post-processing has an advantage in the presenc@sef Near the single-photon
level, the presence of stray light degrades the utility afhspost-processing, and classical
detection itself becomes challenging. Nonetheless, ditetection of fringe compression can
be used to improve the contrast between closely spacedat#il beams.

2. Experimental Results

21, Setup

Here, we report two experiments using photon-number-vesptetectors to study the spatial
irradiance profile of diffracted laser beams. The main comepds of our experimental setups
are a laser source, a photon number resolving detector aimgjle slit, or pinhole. We first
diffract a Gaussian beam at a single slit and observe thectegbaarrowing of fringes with in-
creasing detected photon number. We then use this fringpi@ssion to demonstrate increased
contrast of two beams with Airy disk profiles separated bg tean the separation given in the
Rayleigh criterion.

Our photon-number-resolving detector, the transitioreesnsor (TES), is a microbolome-
ter capable of distinguishing photon number for a monoctatimsource based on the amount
of energy deposited on its superconducting tungsten filne. &rfergy deposited causes a tem-
porary change in current whose integral is proportionah®sdnergy absorbed. Thus, output
photoresponse pulses from the TES can be integrated tothieldumber of photons absorbed
in each pulse. Clear discrimination of photon number gretaten ten has been observed for
1550 nm photons [17]. Our 1550 nm laser diode source hasilitlew 0.1 nm, is modulated
at 50 kHz, and is pulsed with 100 ns-wide pulses.



2.2. Fringe Compression

In our first experiment, we study the photon-number-resbbiatial profiles of a single-slit
diffraction pattern. In the experimental setup, a beansex#tingle-mode fiber and is collimated
to generate a Gaussian profile with a beam waist severahmiidirs in diameter. It is then
diffracted through a singlez250 um-wide slit. We scan a standardpn core single mode
fiber coupled to the TES detector across the diffraction lgrafi 50 um stepsx~23 cm from
the slit, and detect a mean 3.6 photons per pulse at the position of maximum irradiance.
At each fiber position, we resolve photon number by integgaiES photoresponse pulses
and placing them into histograms to reveal the photon nurdiséiibution [17]. The detected
photon numbers can be extracted from these histogramsnahid iexperiment, we distinguish
up to nine photons (higher photon numbers are neglectedadlmsvtcount rates). Thus, the
spatial diffraction patterns of different photon-numbtes are extracted.
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Fig. 1. (a) Reconstructed classical spatial distributidti it. (b) Full width at half maxi-
mum of the central fringe vs. photon number. Expected widsiisg reconstructed classical
and conventional single-photon detectors shown for raefexe(c) Spatial distribution of the
diffraction pattern for up to nine photons with fits.

We observe increased compression of the central lobe witkasing detected photon num-
ber, by up to a factor of three over a classical (averageiarae) signal (see Fig. 1). We re-
construct this classical signal from the photon-numbsoied measurements by takifdkny
wherek is the detected photon number amdis the number of counts at a givén(see Fig.
1a). We observe the sif(dsind/A) dependence we expect from diffraction through a single
slit, whered is the slit width,A is the wavelength, an@ is the angle § ~ x /z wherex; is
the transverse position seen in Fig. 1 axd 23 cm is the distance from the diffracting slit to



the detection plane). We then generate a fit to this curve lynmiging the least-squares error
betweenu - sinc® (dsing/A) and the data by varying and 8. We derive the photon-number
profiles straightforwardly from the Poissonian distrilbutof a coherent source with a spatially
varying detected mean photon numpge= i - sinc (dsing/A) (see Fig. 1c).

This result can also be derived using an effective beantespéipproach, as described in Ref.
11. In this case, the diffraction limited beam profile is miedeas a plane wave incident on
a beamsplitter with spatially varying transmission coefit T [11, 12, 18]. The equivalence
between the two approaches can be shown directly in thatalmgplitter expression for the
probability of detecting photons reduces to a Poisson distribution:

pe 2% 2\j—k uIT (“mz)

P =3 g T A ITR) e i (1)
where|T|2 is replaced by the spatial profile of the beam, which in thisecia the single slit
far-field diffraction profile (siné(dsing/A)).

The compression of the central fringe FWHM we observe coldd be obtained by post-
processing of a classically detected signal. However, Uscalassical detection at low inten-
sities is difficult, such measurements are often performifd @onventional single-photon de-
tectors (with no photon-number discrimination). We conepaur results with what we would
have obtained with a conventional single-photon detewatioich records a photodetection event
for every pulse with one or more detected photons. By trgdtie single and multi-photon de-
tection events from all of the photon-number resolved psfih Fig. 1(c) as identical photode-
tection events, we reconstruct the spatial profile obtd@aiith a conventional single-photon
detector and find that our result is compressed by a factoiooéihan four (see Fig. 1(b)). We
note that the fringe width obtained with a conventional Ernghoton detector is wider com-
pared to a classical average irradiance measurement leetteisesponse of a non-number-
resolving detector cannot scale with photon flux, but séésravith the detection of a single
photon. This illustrates the advantage of accessing theehighoton number statistics of the
radiation field to yield higher compression over utilizitngtaverage irradiance or conventional
single-photon detection profile.

2.3. Beam Contrast

In the second experiment, we exploit the fringe compressiimerved above to study improved
contrast of spatial profiles of two overlapping diffractipatterns with approximately equal ir-
radiance, which are difficult to distinguish classicallg. dbtain this profile, we first diffract a
~2 mm diameter Gaussian profile beam through a standapchvpinhole, obtaining a beam
with an Airy disk profile. A 100 mm focal length lens;155 mm after the pinhole, focuses the
diffraction profile. The beam is split and recombined noteiferometrically using polarizing
beam splitters in a Mach-Zehnder interferometer configumgsee Fig. 2b). We approximately
equalize the photon flux in the arms using a fiber polarizatiomtroller and tune the spatial
separation of the two beams by moving one of the mirrors. Ttedation system scans across
the two nearly identical images for several different beapasation values while recording all
photoresponse pulses. The maximum detected mean photdrenper beam for all measure-
ments is~5.3, and we distinguish photon numbers up to twelve.

The Rayleigh criterion defines the classical limit for thenmmum resolvable separation be-
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function of the first kindx andy define the position in the image plarieis the focal length,

tween two imaged, focused Airy disk profilds , WhereJ; is a Bessel



andD is the aperture radius of the diffracting pinhole. This safian occurs where the main
lobe of one beam falls on the first minimum of the other, andathgular separation with respect
to the aperture is given by.242A f /D. The classical irradiance profile of two overlapping Airy
disks is a saddle, and the contrast of this profile is defin€@kasl max— lsaddid / (Imax+ lsaddig,
wherelnax andlsaggieare the intensities at the peak and saddle points (see Hig. 2a
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Fig. 2. (a) Spatial profile at approximately the Rayleiglesion for the reconstructed clas-
sical signal and photon-number detection at selected phaimbers larger than the mean
photon number. (b) Experimental setup. PBS: polarizingvbealitter. (c) Contrast vs.
beam separation (in units of the Rayleigh criterion) forestdd photon numbers larger
than the mean photon number. Contrasts derived from thensecmted classical profile
and single-photon counter profile are shown for reference.

The expected classical contrast for two equal intensityriseat the Rayleigh limit is 15 %.
We observe contrast values greater than 80 % for detectadiphambersk >> u at a sepa-
ration of the Rayleigh limit (see Fig. 2c). At the smallegp@etion value studied, 90 % of the
Rayleigh limit, a contrast of over 60 % is obtained ko 12. We note that the contrast value
of 13 % obtained from the reconstructed classical profileetow the Rayleigh limit matches
closely with the theoretical Rayleigh limit value of 15 %. Aspected, the contrast of recon-
structed profiles assuming the use of a conventional singiom detector is poor<( 5 %),
because it does not exploit the full photon statistics. Wnsé sample set of measured photon-



number-resolved profiles for a separation near the Rayl@ighalong with a theoretical fit
derived analogously to the fit used for the single-slit canfigion. Fitting parameters used ac-
count for the intensity difference of the two beams and tlieidince in optical path lengths.
We show good agreement between the fits and data.

3. Discussion

We have thus far demonstrated an improved contrast betweeiiry beam profiles at the
Rayleigh criterion, using a coherent source which obeysd@oiian statistics. This raises the
guestion of the effect of a source’s statistical propexiethe fringe compression and contrast
measured with photon-number-resolving detectors. Wetpitithat the compression of the
central fringe is merely a consequence of the beam’s phdtiistics in combination with
photon-number-resolved detection rather than a consequeina particular aperture. Thus,
this compression effect can be observed for any photon-ewm@solved, diffraction-limited
beam. To this end, we simulate photon-number-discrimthgpatial distributions of Gaussian
beam profile fields with coherent, thermal, and Fock statisiVe use the effective beamsplitter
approach described above with a Gaussian profile replaﬂfiﬁgn Eq. 1 and the appropriate
photon statistics. As shown in Fig. 3 far= 10, the Fock statelrf) = 10) shows the highest
degree of narrowing of the central fringe.

u=10

Fig. 3. Calculated spatial distribution of (from left to ity a classically detected Gaussian
profile coherent beam with a mean photon number of 10, a 1@pluetection of the same
coherent state, a 10-photon detection of thermal light antgesmean photon number, and
a 10-photon detection of N=10 Fock state.
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This narrowing can translate directly into improved costtidwe add two coherent states
or thermal states near the Rayleigh limit without interfexe as in our setup. The reason is
that the compression from photon-number-resolved deteettts on the sum of the irradiance
profiles of the beams [16]. Thus, for these cases, the congrakictated completely by the
amount of compression, which results in higher contrasttfier Fock state profile over the
thermal or coherent state profile. We note in this case thairammease in contrast can only
occur for separations larger than the Sparrow limit).8 of the Rayleigh criterion, where the
two overlapping beam profiles combine to form a flat top [19je Teason is that the photon-
number-resolving detection amplifies the dip feature ifi®between two beams. In the case
of two beams separated by less than the Sparrow limit, nofeattire can be exploited. Ref. 16
describes strategies employing “incoherent mixtures’obfarent states or Fock states in which
compression from a photon-number-resolving detector@tisradiance profiles individually.
Using such strategies, the Sparrow limit could potentib#ysurpassed.

As mentioned earlier, some fringe compression can be dddaiea post-processing of a
classical irradiance signal. Since this post-processagg only the irradiance profile, it is not



dependent on the photon statistics of the field and moving souace with thermal, Fock,
or other statistics has no effect. The amount of compressi@ncan obtain via this method
depends entirely on the signal to noise ratio of the detesigakl, which is the reason it is
difficult at low light levels. In addition, because classipast-processing can only amplify
existing features in the profile, it can never resolve twanbheaofiles separated by less than the
Sparrow limit.

In conclusion, we have experimentally observed the photonber resolved transverse pro-
file of diffracted beams. We directly observe fringe compi@s of the diffraction pattern that is
not possible with classical detectors or conventionallsipgoton detectors. We further demon-
strate that this fringe compression allows increased ashtf two nearly overlapping Airy disk
profiles and discuss the effect of the source statisticsingdrcompression. These studies may
be useful for designing better metrology and imaging teghes.

4. Acknowledgements

A.J.P. acknowledges support from the Intelligence ComiguPostdoctoral Research Associ-
ateship Program. We would like to thank Sergey Polyakov andChen for helpful discussions.



