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ABSTRACT

In the last years we have operated two very similaafast photon counting photometers (Iqueye Agdeye+) on
different telescopes. The absolute time accuratiyria tagging the detected photon with these ins¢nts is of the order
of 500 ps for hours of observation, allowing uskdain, for example, the most accurate ever lighte in visible light of
the optical pulsars. Recently we adapted the tvaiqgrheters for working together on two telescopessago (Italy), for
realizing an Hanbury-Brown and Twiss Intensity ffégeometry like experiment with two 3.9 km distaatescopes. In
this paper we report about the status of the agtand on the very preliminary results of our fiastempt to measure the
photon intensity correlation.

Keywords: Quantum Astronomy, High Time Resolution Astrophgsiintensity Interferometry, Photon counters

1. INTRODUCTION

The large majority of present astronomical instratagon gets information about remote objects leyahalysis of some
properties of electromagnetic radiation. For examnpy the measurement of the photon arrival divestthrough imaging
systems, information can be retrieved about redativotion of stellar objects; from stellar intensmyriation as measured
by photometric systems, it is possible to inferttia@sit of exo-planets; from the energy of theoiming photons obtained
with spectroscopic systems, it is possible to ustded the type of the light source, and so on. Wewehere is other
information somehow “hidden” in the light streanmieing from a stellar object. For example, indivadyphotons may
carry various amounts of orbital angular momentanaddition to their “regular” angular momentum asated with
circular polarization [1][2]. Moreover, laboratoaynd theoretical studies in quantum optics [3] ldemonstrated that both
individual photons and groups of photons may cadgitional information encoded in the (normalizedyrelation
functions of the electric field or the quantumdielescribing the photon gas [4],[5],[6], such aspihysics of light emission
(e.g. stimulated emission, as in a laser) or opagation (e.g. whether photons have arrived diréatim the source, or
have undergone scatterings on their way to thectiedg7][8].

In principle, also light coming from celestial soes contains such an information: on this respeeproposed some year
ago to develop guantumfield in astronomy, with the aim of measuring the®t yet fully exploited properties of light
[9]. The instrument we proposed was named Quant&YE|[12], the “quantum eye”, to be applied to tarest telescope
under study at the time, the ESO 100 m OverWhellpihgrge (OWL) telescope. In fact, one of the neédjuantum
astronomy is to have very large collecting aremseswhat has to be measured is a high order eiadta huge amount
of photons is necessary to have a significant $ignaoise ratio.

For realizing quantum astronomy, it is requestedh&masure the statistical properties of the timaraial of photons
coming from the same target with the best posdibieng accuracy. Ideally, the time resolution slibgkt as close as
possible to the Heisenberg’'s uncertainty princifiiat corresponds to ~1 ps for a spectral bandwatithe order of 1 nm.
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Unfortunately, reaching such a stringent time netsoh and accuracy is not possible with presentigilable photon
counting detectors: in fact, with the fastest comuiad single photon avalanche diodes (SPADs), aftradew tens of ps
can be obtained as minimum time jitter on the phatetection [13]. Arrays of SPADs are now entetimg market, but
they are not a feasible solution to solve thiseéssince they just allow to increase the total coatg, but not actually the
detector time resolution [14]. In any case, workinghe nanosecond or sub-nanosecond regime lkbisaato measure
significant second order effects, so the proposednfEYE was designed to work in the sub-nanoseocegithe at GHz
photon counting rates. Now OWL concept has beerrsepled by the more affordable 39 m European Exisebarge
telescope (E-ELT), but our study still maintairsvalidity also if applied to E-ELT.

In order to test the proposed concept, we decidegctjuire some experience by building two prototysruments:
Aqueye+ (Asiago Quantum Eye+)[15][16], for the Agial.8 m Copernicus telescope, and Iqueye (lt&iaantum Eye)
[17][18], for the ESO 3.5 m New Technology teleseofNTT) in La Silla (Chile). Both these instrumeritave
demonstrated their extremely high time resolutierfgrmance, making the presently best time anabfsiptical pulsars
[19][20][21][22]. Concerning the possibility of maaring second order correlation in stream of ph®tooming from
stellar objects, we already did some precursor rx@ats, in order to validate the technique, wogkim telescope sub-
apertures [23][24]. Since these measurements heere done working with relatively small telescopes simply wanted
to check the instrumentation, and to obtain nottremlictory results with the expectations. What wstéd was the
capability to perform intensity interferometry (easurements working in photon counting regimeaénoptical range
with an essentially null baseline. It is well knotirat I allows to obtain the angular size of theiting source: this was
demonstrated 40 years ago by Hanbury Brown andsT(MB8T) with their intensity interferometer expedamnt [25][26],
so far the only astronomical application dedicatedhe measurement of second-order coherence fuf Myith their
experiment, HBT actually exploited tieavenature of light, measuring the cross-correlatibthe intensity fluctuations
(second order spatial correlation of the elecigtdj of the star signal detected by two photorplittrs at the foci of two
6.5 m telescopes separated by a baseline up t0 enéters. However, a stellar I experiment whicpleits theparticle
nature of the light has not been performed yetsi@wvn in our QuantEYE study, now technology alldavsealize such
a measurement: if applied to a pair of large tepss, or better to an array of large telescopesosking with several
baselines, it is possible to obtain the source emegronstruction with unprecedented spatial resolutdown to
microarcseconds with baselines of the order of K&v3.

In this paper we describe the possibility of tegfior the first time a km-long baseline 1l experimhby detecting and very
accurately time tagging (absolute time) visible oins. This is still a validation test, becauseheflimitation on both the
relatively small telescope areas and the maximummtcoate possible with the present electronics. el@x, the
preliminary results obtained so far are very enagimg, and pave the way for a possible future appiin on a couple of
large telescopes with a more efficient control etatcs.

2. INTENSITY INTERFEROMETRY

Understanding || may not be trivial, because quantptics textbooks are not always very clear, beeaach author has
his own notation, because the phenomenon can Hairag either in terms of classical waves, or ligbherence, or

particles properties, and so on. We are summartzémg the most relevant theoretical aspects optienomenon making
reference to just a few classical papers on tigig{doping to be able to provide a somehow ordesgdianation; then we

will conclude with some practical formulas for tmeasurement of this effect.

Let's start with a pair of classical definitionllewing [28], the cross correlation of two osdiitey electrical fields at
space-time points A{,ta) and B(s,tg) is

T(1a, ta; 1, tg) = (E" (14, t4)E(rp, tp)) (1)

where the(...) operator denotes the “ensamble” average, whictesponds to the time average in the case of station
and ergodic fields. Under these conditions, thetimoss correlation depends only on the time diffeer = t; — t,, and
equation (1) becomes

F(rAerlT) = (E*(rA' t)E(T'B,t + T)) (2)

also known asnutual coherence functioBy suitable normalization, theomplex degree of coherenakthe light at the
two points A and B is obtained as



(E*(rA' t)E(T'B,t + T)) _ F(rA'rB'T)
\/(|E*(rA' OIZKIE (rp, )12) \/(1(7”14' t)I(rg, 1))

An intensity interferometer measures the corretabetween théuctuationsof intensities at two separated points in a
partially coherent field. Following the discussiprovided by [29], it can be found that the corrielatbetween the
intensities is given by

)/(rA' :7 T) =

©)

(I(ra, OI(rg, t + 1)) = (4, OWI (5, 1)) + T2 (ra, 15, 7) = (I (10, NI (5, M1 + [y (14,75, )] 4)
Making explicit the intensity fluctuations(r;, t) = (I(r;, t)) + Al(r;, t), it is easy to show that
(I(rg, ) (rg, t + 7)) = (I(ry, ONI (15, 1)) + (Al (14, )AI (rp, t + 7). (5)

From these two equations, denoting the spatial mdgrece with subscripts for a simpler notation, vstaim that the
correlation between the fluctuations of intensitgesimply

(AL (DAL (t + 1) = (L(OXIs(O)yas (DI (6)

Finally, since this analysis refers to linearly grated light while we are dealing with unpolarideght, a %2 correcting
factor has to be introduced, providing that

(AL (D)AL(t + 1)) = %(IA (ONIEMNyas I @)
2.1 TheHanbury Brown and Twiss approach

In order to understand how this intensity fluctaatcorrelation can be used for the measurementbdisdiameters, we
can take the simplified classical approach desdnb¢26], which refers to the HBT Il experimentthre case of polarized
light. Let us consider two point sourcesdhd B on the surface of a star, emitting white lightapdndently one of the
other, and let us collect some of this light by separate optical detectors, each one having im &marrow band spectral
filter (same passband for the two). We can reptabenwavefront of this light by means of the Feuanalysis as a large
number of sinusoidal components with random amgditend phase. Consider two of these Fourier conmpera# the
light, E;sin(w;t + ¢,) from P andE,sin(w,t + ¢,) from B, with frequencies within the filter band and bathiving
on detectors A and B. The output currdatandig from the two sensors will be proportional to theensity of the light:

iy = Ky[E; sin(w;t + ¢;) + Eysin(w,t + ¢,)]? (8)
ip = Kg[E; sin(wy (t +dy/c) + ¢1) + Epsin(w,(t + dy/c) + ¢,)]? 9)

whereKa andKg are constants depending on the sensordaaddd, are the optical path differences between the two
sensors with respect to the plane wavefront agifiom the star. Developing the square of the §igltlis immediately
found that at the output of the sensors therearedomponents: 1) a d.c. term proportional totttal light flux falling

on the detectors; 2) a second harmonic componefregtiency 2¢; 3) a frequency sum component @t-w; 4) a
frequency difference componemt—ap. Thanks to a low band pass filter installed atdke&ector output, only the latter
passes and reaches a multiplier where the sigmaingpfrom the two sensors are multiplied together. Correlated.
Assuming for simplicity thata = a» = w(thanks to the narrow band filter in front of #ensors) and considering thet
and @ are independent random variables distributed umifp at the end it can be found that these Fourienponents
contribute to the total signal exiting the multgsliwith the following term:

c12(d) = K4;KgEZE2 cos[(w/c)(dy — dy)] = K,KzE2EZ cos(2mdO /1) (10)

whered is the separation between the detect8iis,the angular separation between the two poinenB B on the star,
and/ is the mean wavelength of the light passing thhaihg narrow band filter. This relation shows how torrelation
of the currents relative to the frequency diffeehas intrinsically the information about the algusize of the star, even
if “distributed” over all the possible angular seqtgons&for all the possible couples of pointsdhd B. Integrating this
result over all possible pairs of points on the disc, over all the possible Fourier componentbiwithe optical bandpass
and over all difference frequencies within the lloand pass filter at the output of the sensors [B&§,obtained that the
“global” correlation is

C(d) = ColyAB (T)lzv (11)



wherec, depends on the instrumental apparatus and caetbenined by a suitable calibration. Following éample
[31], it can be found that in the simple case incltlihe aperture of the telescopes is small wisipeet to baseline needed
to resolve a star having a circular disc of unifontensity, it is

2]1(7T0UDd/Ao)]2

cd) = [ Tund/ Ay 42

whereJ, is the first order Bessel functiofiyp is the angular diameter of the equivalent unifalist and/, is the mid
band wavelength of the light, and it has been assuimat the light is monochromatic.

This description shows that the information abdet &angular size of the star can be obtained byng@surement of the
correlation between the light intensity fluctuaom fact, this provides a term which is propartbto the square modulus
of the complex degree of coherence of light atWeesensors, and the latter depends on the statargize. This is what
Hanbury Brown and Twiss did, by using the signavited by two photomultipliers as input to the jalgscribed
correlator. However, as previously mentioned, theralso the possibility of performing the same sugament using a
different approach, based on “counting” the photamiing on the same sensors.

2.2 Measuring coincidences

To find the number of events detected by a photamting sensor when illuminated by a light bearmtgnsityl(r,t), we
can adopt a probabilistic approach, and say tleshtlerage number of events detected in the tireeviatf, t+At] is given
by

p.(r, )AL = n{I(r, t))At (13)
wherep(t) is a probability densityy is the detector quantum efficiency and the intgrisiaveraged over the ensemble of

realization of the field. In case of a stationaisld, (I(r,t)) = (I(r)) andp(r,t) = p(r) = n{I(r)); so the average
number of events detected in a time intefivah detector A or B is given by

t+T

Nyp = f P1.ass(tass t)dt’ = py (T =1,/ (r))T (14)

t

Similarly, we can calculate the number of “simuttans” (i.e. within the same time intervst) events on two detectors
in time intervaldAt respectively, obtaining

D2(Ta, ta; g, tp) At? = n (I (14, ta)I (1, tp))AL? (15)
wherep, (14, t4; 15, tg) is the conditional probability of detecting oneeatper sensor.

In this case, the average numbkg of coincidences in the same time interval is gilegn

t+1 [ t'+At/2 At/2
Nyg = f f po(ry, t';1g, t' + T)dT |dt' = f Nang{ly(O)Ig(t +1))dt |T (16)
t t'-At/2 —At/2

We can now make use of equation (4) in the cas@pdlarized light (that is introducing a %2 factofiont of the modulus
of the complex coherence) and of equation (14iting

At/2 At/2
1 1. NN 1 ,
Mg =17 | (ONI @) 1+ 5 s @P|dr =42 [ [14 3 s @F] e an
—At)2 —At)2

It has been shown [32] that in many physical situestthe coherence possesses a “cross-spectrf’putiich makes the
complex coherence reducible to the product of tiwgpker functionsy,z (1) = v45(0)y44(7). It can be noticed that this
simplification transforms the complex coherencethtia product of the “spatial” coherence at the tvatedtors (i.e.
measured at null time delay, which is equivalenh&we the two telescopes on the same stellar wavgfwith the
“temporal” coherence of the light.

By means of equation (17), and moving to countsrate N /T, we get



At/2
1
Nup = Ny |At +§|VAB OIE f [Vaa(D)]?dT (18)
—At/2

Finally, if the sampling time interval is much I@rghan the coherence time of the lightAt > 7, = 1/Av, this equation
simplifies as

1
Nyp = Nynplt [1 + 5 |Yas (0)|2T0/At] (9)
Inverting equation (19), we obtain
2 [ Nyp
— —At) = 0)|2 20
I (nAnB ) Va5 (0)] (20)

This last equation is the fundamental result fas @xperiment, as it describes that it is posgiblmeasure the modulus
of the complex coherence by determining the coatesrof single events and of coincidences on thectters. Then, by
varying the baseline, it is possible to get moreasneements ofy,5(0)|?, which can then be fitted for example with
equation (12) to obtain the angular size of theeoled object.

It is in some cases more convenient to work with thtal number of events and coincidences detedtethg the
observation timd. In this case equation (19) can be rewritten, iolitg the so-calleg/® function:

Ny T
NNy At

This equation is conveniently used to measgujg(0)|?, since the total counts is typically the first guat of the data
analysis.

@y _ .1 2
9ap(0) = =1+ ElyAB (0)|%1,/At (21)

Equation (19) shows that if there is no cohereratevben the light at the two detectors, the coinuiderate isy ngAt,
which is the value expected for uncorrelated steeafmphotons. However, when there is some coherdheee is an
excess of coincidence rate, which depends on thersaf the coherence function. This excess ofcidémce counts with
respect to those expected for the uncorrelatecdbpkas exactly the “signal” that is necessary t@asoee for making an Il
experiment. The major issue is to be able to disiigh this contribution from the noise, since thgfial” is typically very
small. The standard definition for the S/N in ttyipe of experiment is found considering as mairs@aontribution the
fluctuation in the coincidence rate due to the uredated light: assuming a Poissonian distributibis noise (standard
deviation) equals the square root of the uncomdlatoincidences. Given a total integration tifethe number of
uncorrelated coincidences ignzAtT, so the S/N ratio is

1
nanpAt > |yap(0)|*(1,/A)T 7, |nangT 7, [N4N,
(S/N)yms = A - = |VAB(0)|2_O E = |VAB(O)|2—O 47 (22)
‘/nAnBAtT 2 At 2 TAt

3. EXPERIMENTAL SETUP

To validate the possibility of performing a photwounting stellar Il measurement with a baselintheforder of km, we
are using the two actually most performing photoanter photometers for astronomical applicatiomsnely Aqueye+
[16] and Iqueye [17]. These two ultrafast photometre essentially based on the same instrumantitaiee: the first was
realized for being mounted at the Asiago Coperiétescope, the second was an improved “replicaptedbfor being
used at the NTT in La Silla. The latter is preseatlailable in Asiago too, so it has been a couoplgears ago that we
started thinking about the possibility of usingtbaistruments simultaneously on the two availablescopes: one is the
182 cm Copernicus Telescope at Asiago Cima Eka2Z), ko which Aqueye+ is routinely mounted; theestts the 122
cm Galileo Telescope at Asiago Pennar (T122). Asadly said, these are rather small telescope tmlactrealize a
valuable stellar Il experiment; however, the parfance of the available instrumentation is suchdhaasonable test for
validating the technique is actually feasible.




3.1 Thephoton counting photometers

As previously mentioned, Aqueye and Iqueye are dasethe same instrumental concept. They both west a very
narrow (few arcsec) field of view, so they can efisfly target only unresolved objects in the skight focused by the
telescope is sent to a field camera (for havingraext view of the pointing area) with the exceptid a few arcsec central
portion which passes through a small aperture atet®the instrument. Centering the target ongimiall aperture, allows
its light to pass through a focal reducer wheriesh $et of suitable filters can be inserted. Thgint is split by a pyramidal
mirror in four parts, each corresponding to onerggeof the telescope aperture, and sent throudap@ndent optical
paths to four photon counting sensors (see Figuralbdng these four paths additional filters caniheerted, allowing
also to realize simultaneous spectral photometradysis. The used sensors are the extremely pdrfgraingle photon
avalanche diodes (SPADs) detectors provided byd®ibpton Devices (MPD, Italy): they give a 30-5Qip® resolution
on the photon detection, have a 50-100 dark cquadtéav a 10-12 MHz maximum count rate (even if lihear regime is
of the order of 4-5 MHz), have an approximatelyn8@ead time after a detection, and provide a paaktum efficiency

of about 60% [33][34].
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Figure 1. Schematic of the optical layout of Aquésed Iqueye).

The pulses provided by each SPAD at the photorctiets are sent to a Time do Digital Converter (JD6ard made
by CAEN (Costruzioni Apparecchiature Elettronichediari, Italy), and the 21-bit digital informatiom the arrival time
(24.4 ps time bin) is sent via fiber optics to #ugjuisition server. The server bus and data st@agthe actual bottleneck
of the instrument, limiting the counting rate itirear regime to at most 2 MHz. The TDC providdsrang information
modulus of ~51.2 us, so it is necessary to proaitdexternal accurate clock to get the complete infeemation over the
hours of an observation run. For this, the instmtmenake use of an external rubidium clock (StahfResearch Systems,
USA) and a GPS unit (Trimble, USA), which sendsspalat a well defined frequency to the same TDCadroc
software then uses the information provided bydhe® external references for obtaining an extrgrstble and accurate
absolute reference clock on which the detectedgohtine events are then tagged. All time tags isaly stored on an
external archive, where they can be retrieved figr@ossible data reduction. The actual limit in tinge tag resolution is
due to the system electronics, and we estimatedi¢ of the order of 100 ps: this is the “relatiggror on the pulse time,
but not the “absolute” one. The latter is of thdesrof 0.5 ns (with respect to UTC), and is reldtethe intrinsic time
error of the GPS pulse and the statistics assaktathe number of pulses detected from the GP8& jpen second) during
the observation time. A schematic of the instrunedettronics system is shown in Figure 2.

The characteristics of these two instruments (sgeré& 3) make them perfectly suitable for perforgnimano- and sub-
nanosecond time resolution, as already demonstbgtéite best ever results obtained in the timirgjyasis of the optical
pulsars, the fastest variable objects in the skgrddver, the data storage allows an incredibleatiditg in post-processing
data analysis, allowing to avoid a “physical” coatien between the two telescope and to definexangple any time bin
of interest from seconds down to nanoseconds. i§tasfundamental characteristic in view of an llasigrement over a



km-long baseline, and a great advantage with ré¢pebe more classical techniques of real-timessmorrelation (used
for example by HBT), in which the data collectednfrthe telescopes have to be electronically seatdorrelator, and
only the final product of the correlation is proed] losing all the original data and not allowinty &ort of possible re-
elaboration or correction of the analysis.

[“ SPAD A [" SPADB]) (SPADC)) ('SPADD
on soul Lon sou \.on souree’ | on sou
f

Front end electronics — Time to digital converter T

<

Optical fiber

Figure 3. Left: Aqueye+ mounted at the T182 Coperhielescope in Asiago. The MPD SPAD detectoryiaiiele at the
bottom. Right: Iqueye mounted at NTT. The rack aetlihse hosts the whole electronics system.



Given some mechanical interference problems iwlitteet mounting of Iqueye at the T122, for this esiment we adopted
a different mounting philosophy for Iqueye. By mgai a suitable optical bench connected to thetelge rear flange, a
fiber is mounted in the telescope focal plane;ténget light, focused on the fiber end, is so bhaug the other fiber end
which is connected to the entrance input of therumsents. In this way, not only the instrumentatistion is made much
simpler, but it is also possible to maintain thgtinments in better environmental conditions, maafltemperature and
humidity, so largely reducing potential problemiaited to variations of the ambient conditions @gample, SPADs can
stop working at ambient temperatures below —15°Gijtwation not uncommon in winter time). Aqueyepigsently
mounted through its flange at the T182 rear plag® (Figure 3 left), but also for this second imsgnt it is foreseen a
similar soft mounting in the near future. The meamstraints in this case are the need to work relyand the limitation
in manpower resources. Clearly, the fiber linkesd efficient than a direct mounting of the instenits to the telescope
focus, and we estimated a loss of about 15-20%ransmission. A detailed description of this newtahation
configuration can be found in [24].

3.2 Implementation of the Asiago T122-T182 I ntensity I nterferometry experiment

The two telescopes foreseen for this experimeatT#22 and T182, are the largest at the Asiago @atey (ltaly); they
are separated by about 3.9 km, with a significaadt&Vest component (see Figure 4). The geograptuccartesian
geocentric coordinates of the two telescopes, medswith a GPS receiver and referred to the intties of their hour
angle and declination axes by means of laser-adsisétrology, are reported in Table 1. With subhseline, the expected
angular resolving capability of this experimenbighe order of tens of pas (see Figure 5).

Figure 4. Picture (from Google Earth) of the Asiagea. The T122 and T182 telescopes are at thenaasrof the red line:
on the left the Galileo telescope T122 at the Pennar statiorthe right, the Copernicus telescope T182 at Cikeai.E

It has to be reminded that, being the two teless@dixed locations, generally they will not besjiioned on the same
wavefront of the incoming stellar light, where phiod are correlated. Since equations (19)-(22) earsbd under the= 0
condition, it is necessary to artificially competasthis effect by introducing a delay tirig at the time of arrival of the
photons collected at one of the two telescopesrigiethis delay depends on the relative orientatietween the baseline
and the propagation direction of the light, andnges in time during an observation. This compeosatan be done
“easily” with our setup, since it can be added bftvgare during the data reduction process. The ligtvel time delay
between the two telescopes at the beginning ofmereation can be very accurately determined bggusiisting
software. For example, it is possible to take tifleCUimes recorded for the first detected eventstaritbring” them to
the barycenter of the solar system with TEMPO2vearfé [35][36]. By comparison of the times to be edidor this
barycentrization on the two observing sites, antsitering also the additional delay introduced legteonics cables and
the Iqueye fiber link, the initial time delay istdemined. Then, thanks to the proximity of the teluserving sites, the



delay variation during the observation time camétrmined by taking in account the variation &f phnojected baseline
with respect to the direction of the star.

In addition, the fixed telescope baseline assodiwith the Earth rotation provides a variabilitytire projected baseline
length. In fact, for a source at small elevatiothie East/West direction, the projected baselirsp@oximately half the
full baseline, while for a star at zenith in praetit coincides with the actual baseline. Thisexie cases demonstrate that
the projected baseline can vary by a factor ~2iargtinciple enables us to sample the correlatibthe signal as the
baseline changes during an observing night.

Table 1. Coordinates and baseline of the Copernidi®2 Bnd Galileo T122 telescopes in Asiago. Coordmagfer to the
intersections of the hour angle and declinatiorsaxe

GEOGRAPHIC AND CARTESIAN GEOCENTRIC COORDINATES OF THE
COPERNICUS (T182) AND GALILEO (T122) TELESCOPESIN ASIAGO

T182 geographic T122 geographic

Longitude 113408.81E Longitude 1131 35.14 H
Latitude 455054.47 N Latitude 4551 59.22 N
Elevation 1410 m Elevation 1094.6 m
T182 cartesian T122 cartesian

X 4360966.0 m X 4360008.6 m
Y 892728.1 m Y 889148.3 m
Z 4554543.1 m z 4555709.2 m

BASELINE BETWEEN THE TWO TELESCOPES
Baseline (T182-T122)

DX 957.4 m
DY 3579.8 m
DZ -1166.1 m
B=(DX%+DY2DZz?)2 3884.8 m

1.0

T -- 10
- S, — 25
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0.4

0.2
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Figure 5. Square modulus of the mutual degree ldé@mcdy,z (0)|? for visible light (500 nm) as a function of the
separation between the telescopes. The differemesiare labeled with the apparent angular sizéhefstar in
microarcseconds.



4. EXPERIMENT DESCRIPTION

To understand what can actually be done with tkedescribed experimental setup, we need to haweirid that our
instruments make a “parallelization” of the sigaftér the telescope focusing, sending light indepeily on four separate
SPADs; moreover, we store the time tags of alladetkevents with gelative rms time accuracy (that is relative to the
“internal” clock) of the order of 100-200 ps, andabsoluterms time accuracy (that is relative to UTC) of thrder of

0.5 ns. Thanks to these characteristics, we cam\geeye+ at T182 to measure tgggo(O), that is theg® function at
zero baseline, getting the maximum correlatigpL{,(0)|? = 1). In fact, we can sum up the counts from only SRADSs,
and correlate them with the counts from the otmar SPADSs. In this way, we are correlating photonstlte same
wavefront from two telescope apertures separatexbbyt 1 m, which gives an essentially null bagelMoreover, during
this measurement, we can use the relative rmsdgnaracy of the instrument, let's say 200 ps, aslveng time, since
we are using the same accurate clock for the ttesdepe aperture photon streams. Then we can sineatsly use

Aqueye+ at T182 and Iqueye at T122 to meagiﬁé(o), that is theg® function with a baselind corresponding to the
telescope separation projected on the wavefrorimibg the correlatiofy,(0)]2. In this case the minimum resolving
time will actually be the absolute rms time accyrdhat is 0.5 ns since the two clocks have to be synchronizedhdo t
absolute time provided by GPS. Moreover, in thisecéhe projected baseline will not be constanteddimg on the star
position with respect to the telescopes, and rgughitying in the range [2-3.9] km. But looking #&rs with angular size
of the order of ~mas, with such a long baselineethell be practically no correlationy;.m (7)|? = 0, see Figure 5). In
practice, what we can do with our present setupdasuring two points of the correlation curve, rieximum and the
minimum. As better described in the following, Stéxtremely difficult with our experiment to takéher intermediate
measurements, so being able to actually samplgth€0)|? and to determine the stellar angular size. Howefae can
demonstrate this capability with such a limitedrinmentation, it is clear that the technique cdddsuccessfully applied
to larger telescope and more updated photon cayptiotometers to get an actual photon countintpstiél

In order to have an idea about the values of owasoniement, we can make use of the previously ligtedulas. Let's
start considering the case of maximum correlatas,in the case of zero baselifg,(,(0)|*> = 1). Presently, the
narrowest filter we can use is the O[lll], centea¢d = 501 nm with a spectral bandwidthof = 1.3 nm; this corresponds
to Av=1.55 THz and to a coherence time= 0.644 ps. With these inputs and using a timedbiat = 0.2 ns, from

equation (21) we obtain that the expected valubed® function ngff:)O (0) = 1.00161. Since the smallest value fgfP

is gfé) (0) = 1 in case of uncorrelated light, we see that juslisgriminate these two extreme cases we needtorpea

measurement with an accuracy better than 178 (@bviously, this accuracy has to be significairiproved if sampling
the g function is requested to determine the actualastgular diameter).

We can realistically assume a count rate of themof ~2 MHz (i.e. ~1 MHz on two SPADSs) at T182darll MHz at
T122, which can be obtained by pointing at brights (e.g. Deneb, the brightest star of the Cygunstellation) with
the O[llI] filter inserted. Considering a total @gration time of half an hour, from equation (21irase of null baseline it
is found that the expected number of coincidensebout 3.61- POOf all these coincidences, only 0.161%, that78,5
are due to the light correlation, all the othersig@andom coincidences associated to the unceecefzortion of the light.
On the basis of equation (22), it can be found that(S/N)ns under these conditions is 0.97, so actually piiagich
measurement at the limit of meaningfulness. Howewer can easily increase the integration time $e the (S/Nps
because, given the experimental condition previouscribed, there is no need to perform a singlntinuous”
observation to obtain the final result: we can dingalculate the total counts per sensor and tta¢ ¢oincidences detected
during several different observing runs, sum thang finally calculategy® and (S/Njns This is due to the fact that we
operate either with a null baseline (full corredai, or with a very long baseline (no correlaticamyd thanks to our data
storage capability we can make all the data armiyspost-processing. Table 2 provides an indicatibthe expected
results at exposure times longer than half an Howddition, since our measurable isgffefunction, we can also estimate
the standard deviation associated to this measumebye simple propagation assuming Poisson disiobst of the
variables, and negligible error on integration tiamal time bin definition. The rms error g is simply

T Actually, since the photons collected at the Ta&2injected in a 10 m fiber before reaching Iquéyere is a broadening
of the pulse due to the fiber modal dispersion.sitering the fiber characteristics, the total beradg is about0.22 ns,
which brings the rms time accuracy to about 0.7 ns.
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which, with the given coincidence count rategis= 1.18- 10° for one hour of observation. Given these numbeessee
that if no other systematic error is present, jpassible to make a measurement which allows &ridinate the totally

correlated case with respect to the totally undatee one at 8 with a total observation time of the order of Jureor
more.

Table 3 shows what are ther2xpectation when sampling,z (0)|? assuming still 1 MHz count rate on each sensdr, bu
using an ultra-narrow 1 nm banddfilter (1 = 656 nm, coherence tinwg = 1.43 ps) with a time biAt = 0.5 ns. This
corresponds to a possible measurement to do whgimgahe baselines for making an actual measurénfethe stellar
angular size. Assuming larger telescopes (for examyth an 8 m telescope the count rate can betat®times larger

in proportion to the T182), this would allow to nseee stars of apparent visible magnitude up to i4.dlear from these
values that a sampling bf,5(0)]? could be done under these conditions.

Table 2. Estimates of the expected “random” andri&ation” simultaneous detections, and of the egngnt signal-to-
noise ratio and statistical error gﬁz)o (0), for the experiment setup described in the texé fhree cases, 0.6, 3 and 5 hours,

correspond respectively to the cases in which thgstcal errors 0@‘(12:)0(0),0'9, 20y, 30y are smaller than the difference
between the totally correlated and totally uncaesdg®.

Exposure time (hours) 0.6 3 5
Expected “random” simultaneous detections 4.32E+Q@516E+06| 3.60E+06
Expected “correlation” simultaneous detections 693 3475 5792
(S/N)ms 1.06 2.36 3.05

Ty 1.52E-03| 6.81E-04 5.28E-04

Table 3. Estimated signal-to-noise ratio and stesiserror ong(z)(o) function, in the case of an ultra-narrow band H-

filter (A = 656 nmAA =1 nm) and resolving timét = 0.5 ns, assuming that the difference betweerexbectecyfg (0)
and the uncorrelated one is larger than 2

Assumed value offy,5(0)|? 0.8 0.6 0.4 0.2
Expectedgﬁé) (0) 1.001148| 1.000861 1.000574 1.000287
(S/N)ms 2.18 2.16 2.04 211

Gy 5.28E-04| 3.99E-04 2.82E-04 1.36E-04
Exposure time (hours) 2 3.5 7 30

5. EXPERIMENT STATUS

We performed the first experimental/commissioning of the Asiago Intensity Interferometer in Jugl8, and another
preliminary run in January 2016 (other two obsegvinns were foreseen in March and in July 2016,baut weather
conditions did not allow to make successful measerds). We observed a few stars of early spegtpal (O, B and A),
one late spectral type star and Deneb. Deneb an8(8R were targeted for trying a preliminary measwent otg(z) (0)

with Aqueye+ at T182. In this case, we wanted ® @assible differences in the correlation betwdwensignal detected
by two SPADs observing stars with different colar&l magnitudes. The other targets are blue mauneseg stars that,
given their visible magnitude (hence distance) exylected radius (2-8 solar radii), should haveragular diameter of
the order of ~10 pas and then be potentially redé/on a few km baseline (see Figure 5). A lotheftwo observing



runs is reported in Table 4; Figure 6 shows thietlairves of Deneb simultaneously acquired on 3fwith Aqueye+
and Iqueye. We report here only about the veryipisary analysis of the data acquired on Denebuby 2015 at T182,
since further work is necessary in order to getexxmnsolidated results.

Table 4. Summary information of the first two expental/commissioning runs of the Il experiment.

LOG OF THE FIRST EXPERIMENTAL OBSERVING RUNS OF THE ASIAGO
INTENSITY INTEFEROMETER

July 2015 January 2016
Iqueye@T122 with optical fiber Iqueye@T122 withiogl fiber
Aqueye+@T182 Aqueye+@T182

Targets Spec. Type V mag Date UTC  Filt. Duration (s)
Deneb A2la 1.25 Jul 31, 2015 28146 V 900
Deneb Jul 31, 2015 21:50:45 V aso
Deneb Jul 31, 2015 22:28:09 V 009
Deneb Jul 31, 2015 23:00:21 oH- 1800
BD+62 249 09.5Vv 10.2 Aug 1, 2015 23149 V 900
BD+62 249 Aug 1, 2015 01:46:50 V 900
BD+62 249 Jan 16, 2016 21:52:41 3600
BD+60 552 B9V 10.9 Jan 17, 2016 0255 3600
BD+58 629 A0/2V 10.7 Jan 18, 20161:48:40 1800
BD+58 629 Jan 18, 2016 02:23:21 1800
HR 5086 K5V 6.2 Jan 18, 2016 045 V 3600

aqueye/+deneb/ iqueye/deneb/
QEYE_20150801-010013 deneb/ QEYE_20150801-010020_deneb/
reftime (MJD) = 57235 duration =1799.000s bin=1¢% reftime (MJD) = 57235 duration =1798.000s bin=1¢g
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Figure 6. Light curves of the observations of Deaetpuired with the Hx filter on July 31, 2015, starting at 23:00:21 UTC
(the Iqueye observation started 1 second ldtefy. Aqueye+ Right Iqueye. The bin time is 1 s. Count rates of €aleAD
(channels 8 through 14) and of the sum on all are®channels are shown. Channel 9 is the SPADtdet®onitoring
the sky (switched off in Iqueye). The acquisitioithwAqueye+ was obtained inserting a neutral atonfilter to limit the
count rate. The broad oscillations visible in biotlhges are caused by the not perfect sky condifjmssage of clouds and
veils).

To acquire confidence with the data analysis arttl thie ad hoc written correlator softwhrae decided to measure first
the correlation of the photons collected with thservation of Deneb at T182 with Aqueye+ only: iagiice we wanted

to determine th@ézz)o(O) value to verify that the correlation in these dtind is the maximum|g,-,(0)|? = 1). This

* A brief description of the correlator softwargi®vided in the following subsection.



choice was due to the fact that this is the simiptesasurement that can be done, since there isen af correlating the
signals from the two telescopes, there is just reference internal clock, and so there are lesblgmts to solve and
criticalities in the data analysis. In particulae used the total counts and coincidences meabyredch single SPAD of

Aqueye+ as inputs for equation (21): in this wag, determined the values gfz)o (0) for all the possible combinations
of the four SPADs and then we could calculatg.,(0)]%. Actually, the telescope sub-apertures from wigiabh SPAD
collects photons are separated by less than orer,nagid with the Deneb apparent angular diametabofit 2 mas, the
signals from the SPADs are expected to be sigmfigaorrelated. For this observation, andgHHter was usedA = 656
nm,AA = 3 nm), and we séit = 0.2 ns; clearly the mirror sub-apertures ar¢hersame wavefront, so that 0.

With these parameters and assuming maximum cdoelay,;-,(0)|?2 = 1, from equation (21) we expect to find

gffz)o(o) = 1.0012. The results we obtain are summarized in Table &an be seen that the reported values, that are

averages of the corresponding values obtainedidiyitthe total observation in 20 segments, areni@ With expectations
only for the couple of SPADs B-C, although theistital error is anyway too large to draw any siigant conclusion:
have in mind that with these count rates and exjgotsne, the expected signal to noise ratio is J@4% 0.14, showing
that either longer acquisition and/or higher coarnés are necessary for being confident about likesireed result. In all

the other cases, however, the obtained valuesriapaysical meaning, also consideringag &rror. In factgézz)o(O) has
always to be larger than one, while here we areite®d.2% smaller, and the standard deviation th@forder of 1-1.5%.
We have investigated several possible causesofdhult: detector dead time, possible electrasétay, software errors,
short resolving time, but we have not found anisattory explanation yet. It should be mentiorteat &2 similar test was
performed in 2010 with Iqueye at NTT [23], obsegvifiOrionis without narrow band filter along the oplipath: the

instrument and the experimental conditions wertedkht, as well the used correlator software, gt & that case we

obtained egffz)o (0) value about 10% smaller than expected. Thus,nbisvident if there is some systematic issue with

our instrumentation, or if there are other possiplanations for justifying the loss of about 108¢coincidences. What
we also wanted to do was to repeat the observagiossibly for longer times and higher count rategdt some better
statistics: unfortunately, it is not so simple tet @vailable time at the two telescopes simultagigoso the actual
possibilities to perform this measurement aretwstor three per year, and even after that we darmatrol the weather
conditions.

Table 5. Measuregfizz)o(o) values obtained from the signals by the four SPADAqueye+ at T182 during an
observation of Deneb with the &ffilter taken on July 31, 2015 at 23:00:21 UTC. Haepted bin time iAt = 200
ps. The reported values are the mean and standaratidn of the mean of the measurements perforinaethg
divided the observation in 20 segments. The apprate baseline is calculated taking as referenagptiie corners
of the square inscribed in a circle with half diaenef the telescope primary mirror.

SPADs Baseline (m) ggo(o) t g,
A-B 0.6 0.908+ 0.016
A-C 0.9 0.901+ 0.009
A-D 0.6 0.937+ 0.010
B-C 0.6 1.024+ 0.016
B-D 0.9 0.879+ 0.017
C-D 0.6 0.926+ 0.009

5.1 Work in progress

At present we are also tackling the cross-cor@hatf the signals obtained with the two telescofésngs are more
complicated with respect to the zero baseline nasenly by the need of having a common clock anttto instruments,
but also by the issue of compensating for the basehriation during the observing time.

The software correlator (written in Linux bash s$teald Fortran) takes the datasets stored in theeye and Iqueye
archives, which are a list of UTC times correspagdio the event detections, and first generatesse80nd long light
curves of the signal: these are arrays of the tetezvent times, binned at the resolving tifweThen it stores only the



sequential numbers of the non-zero time bins, igelg reducing the size of the data array (to gimédea about the data
volume, a 10-minute acquisition archived datasatiesponding to several billion photons at theaentoates, occupies
more than 10 GB of disk space). Before correlatimgge arrays, a variable time delayt) has to be added to one of the
two light curves, to bring the two telescopes ansame star wavefront. For this, the first dataimed on each telescope
are referred to the solar system barycenter wititalsle software, and the difference in time betwdba two
barycentrizations provides the initial time delay0). Considering that the wavefront at the telessopn average rotates
by approximately 7-18 radians every second and that the light traveé tetween the two telescopes is ~10 us, to
maintain the correlation within a time bin, for exale, At = 1 ns,T4(t) has to be varied by ~1 ns every 1.5 seconds. At
this point, after the delay compensation, it issilaie to look for coincidences in the series ofusetial numbers from the
two instruments. This Agueye+/lqueye light curvdtware correlator is conceptually similar to theiége software
correlator described in [23], with the differenbatt here the correlation is performed on the birigdd curves and not
directly on the photon arrival times.

The computational time needed to reduced and amahg whole dataset is significant. Despite théieficy of the

algorithm, processing a 10 minute dataset reqairesv tens of minutes on a standard workstatione@¢ hundreds of
GB of data have been already acquired in the tvpeiémental observing runs of July 2015 and Jangadé, and need
to be analyzed. Eventually, all the preparatoryknamd tests done up to now and presented in thisrpare of crucial
importance to understand how to control the whgstesn and to have the intensity interferometer erigpivorking.

6. CONCLUSIONS

We have started an intensity interferometer expeminto test the capability of measuring the standiters by exploiting
for the first time the particle nature of light.i$lexperiment is just a validation test, sincet#iescope apertures are too
small to allow to sample the normalized correlationction |y, (0)|? that would allow to determine the star diameter.
The available photon counting photometers are tesgmtly best available, allowing to time tag phstavith a sub
nanosecond accuracy, and to store all the datadfing a post-process data analysis. Thanks te ttiesracteristics, it
is possible to use two telescopes which are segghtat 3.9 km without the need of any physical catina between the
two instruments.

Presently, only very preliminary data are availabdative to the measurement of the zero basglgﬂg(O) function. The

measurement is only partially in line with the esfa¢ions, showing that there are still some expental issues to be
solved before confirming the goodness of the measant. However, the theory confirms that with teefgrmance of

the presently available instrumentation, reasonadsalts can be obtained, and we are working dingethem.
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