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Abstract

With \Earth 2000" technology we could generatea directed laser pulse that outshinesthe broadband
visible light of the Sun by four orders of magnitude. This is a consenative lower bound for the technical
capability of a communicating civilization; optical interstellar communication is thus technically plausible.

This thesis considersinterstellar communication with nanosecondptical pulses. Its topics are the theory
of sudh signaling, natural sources,two astronomical searhes|their seard methodologies, experimental
implementations, candidate events, and implicationsjand a custom integrated circuit designedto detect
such signals.

The targeted searth examined some6000 Sun-like stars with a sensitivity of 100photons/m? in  5ns
(350{720nm) using a 1.5m telescope in Harvard, Massadusetts. It useda pair of hybrid avalanche pho-
todetectors to trigger on coincidert pulse pairs, initiating measuremen of pulse width and intensity at
sub-nanosecondresolution. An identical systemon a 0.9m telescope in Princeton, New Jersey permitted
unambiguousidenti cation of even a solitary pulse. Among the 11,600artifact-free obsenations at Harvard,
the distribution of 274 obsened events shows no pattern of repetition, and is consistert with a model with
uniform evert rate, independent of target. With one possible exception (HIP 107395), no valid evert was
seensimultaneously at the two obsenatories.

The all-sky seard is a pulsed optical meridian transit survey of the Northern sky ( 20 < < +70 ) with

1min dwell time and a sensitivity of 95photons/m? in  3ns (300{650nm). It usesa 1.8m spherical
telescope to image 1.6 0:2 on two matched focal planeswith 512 photomultiplier tube pixels eac. Co-
incident optical pulsestrigger custom electronicsto record pulse pro les and evert timing. No pulseswere
obsened during initial obsenations of 1% of the sky (which includes 10° Sun-like stars within range).

Thirt y-two PulseNet chips|a full-custom integrated circuit that forms the all-sky instrument's comput-
ing core|digitize 1024 photodetector outputs at 1GS/s, Iter and store candidate signals, and perform
astronomical obsenations.
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Chapter 1

In tro duction

The presene of interstellar signalsis entirely consistent with all we know, and ::: if signals
are presentthe means of detecting them is now at hand. Few will deny the profound importance,
practical and philosophi@l, which the detection of interstellar communications would have. We
therefore feel that a discriminating search for signals deservesa considerable e ort. The prola-
bility of suaessis dicult to estimate; but if we never search, the chane of sucessis zem.

| Guiseppe Cocconi and Philip Morrison, 1959[10]

1.1 Plenitude, ubiquit y, antiquit y

Though not always accepted,the possibility of life on other worlds captivated think ersthrough the certuries.
In the time of Julius Caesar,in 70 BC, Lucretius of Romewrote in De Rerum Natura (On the Nature of the
Universe) that the world around us is open to human understanding, and that \such combinations of other
atoms happen elsewherein the universeto make worlds suc asthis one...sowe must realizethat there are
other worlds in this universe,with di erent racesof men and di erent animals." [46]

By the 19th certury somesuggestedsendingsignalsto the presumedinhabitants of the Moon and Mars.
The famous mathematician Karl Friedrich Gaussproposedplanting large forestsin Siberia into which one
would sov a giant eld of wheat (for contrast) in the shape of aright triangle. An elaborated form would have
had squareson eat edgeof the triangle so asto demonstrate our knowledge of the Pythagorean Theorem.
JosephVon Littro w suggestedbuilding canalsin the shape of 20-mile wide geometric gures in the Sahara,
ling them with keroseneand setting them are in night. By certury's end though, enthusiasmabated for
signalling through meanssud as constructing geometric artefact and excitemert turned to radio [60].

The secondhalf of the 20th certury marked a turning point. It wasthe rst time in the history of the
Earth that its inhabitants possessedhe technological capability to communicate with other civilizations
in our galaxy. The realization that we could build the equipmert to sendreceiwe a signal over interstellar
distancestransformed thinking about extraterrestrials from one of speculation to experiment. The seardh
for extraterrestrial intelligence (Seti ) had begun.

Along the way, a picture of the galaxy emergedthat appearsertirely consistert with life elsewhere.This
picture, and the argumerts in favor of extraterrestrial civilizations|the vast number of stars (and probably
planets) in the galaxy, the universality of the physical laws that gave rise to life on Earth, and the aeons
for the genesisand ewlution of lifejcan be expressedin many ways, but were perhaps most eloquertly
summarized by Philip Morrison with just three words: \plenitude, ubiquity, antiquit y."

1.2 Overview of thesis

This thesis describesthe scierti ¢ basisfor pulsed optical communication with extraterrestrial civilizations,
as well as two seardes for such signals. Chapter 2 dewelops the rationale for pulsed optical signaling,
describesthe technical limitations for transmitting and receiving suc signals, provides examplesof model



transmitters, and speculateson the nature of the signalsthat we hope to receive. Two topics that would
naturally t in this section are relegated to appendicesbecausetheir treatment is too long for the main
body. Appendix A explores a novel seart strategy | using NASA's planned Terrestrial Planet Finder
(TPF) to look for intentional signalsin the atmospheric spectra of extra-solar planets. Appendix B shows
that temporal broadening of pulsed optical signals due to gravitational scattering is a negligible e ect. It
was written in responseto discussionswith Phil Morrison and Paul Horowitz in which we worried that the
e ect might doom pulsed optical communication over interstellar distances.

Potential sourcesof pulsed optical signals|astroph ysical, atmospheric, terrestriallare examined in
Chapter 3. It is important to understand the sourcesof these signals as they are the badkground against
which intentional signalsfrom other civilization must compete. It waswritten in preparation for the Qual-
ifying Oral Examination and was also preseried as a talk and paper at the Third International Conference
on Optical Seti in 2000.

Chapter 4 describesthe designof the Harvard targeted optical seard instrument and analyzesv e yearsof
data taken with it. The latter half of this seard had the benet of a con rmatory instrument at Princeton,
and the results from this joint seard are described. Additionally , implications of null obsenations are
considered,and quantitativ e limits on the density of pulsed optical transmitters are set.

The motivation for and design of the all-sky seard for pulsed optical signals|the primary topic of this
thesis|is discussedin Chapter 5. Initial results from this instrument are analyzed and implications are
consideredin Chapter 8.

The photodetectorson the all-sky instrument generatea prodigious quartit y of data (3.5Tb/s, equivalent
to the contents of all books in print, every second). Digitizing and processingthe photodetector signals
required the developmert of a custom chip called PulseNet. The designand implementation aswell astesting
and veri cation of this novel integrated circuit are described in chapters 6 and 7, respectively. Additional
material on the automated testing and veri cation of every PulseNetis in Appendix C.

There is alsoa glossaryto de ne acronyms, units, and uncommonterms. This wasintended to make this
documernt, especially the intro ductory material, readableby a larger audience(i.e. the author's family).

Portions of this thesis were previously published:

Chapter 3 is reprinted with permissionfrom the SPIE proceedingsfor the Third International Confer-
enceon Optical Seti [32].

Chapter 4 is a slightly reworked version of one section of a paper describing the targeted seard that
appearedin The Astrophysi@l Journal [35]. Other portions of that paper are sprinkled throughout
Chapter 2. These portions are reprinted here under the non-exclusive right of republication granted
by the American Astronomical Scciety. Their original copyright reads: \ ¢ 2004. The American
Astronomical Scciety. All rights resened. Printed in U.S.A."

Appendix A is reprinted with permission from an article in Icarus on the feasibility of using TPF as
a Seti instrument [33]. The original copyright notice reads: \Copyright ¢ 2001by Academic Press."

1.3 Versions of this document|o cial and compact

There are two versions of this thesis|\o cial" and\compact". The ocial versionis on le in the Har-
vard library. Unfortunately, becauseit's double-spaced,and the margins and fonts are largejall specic
requiremernts for Harvard University PhD theses|it is unnecessarilylong and low density.

The compact versionsolvestheseproblemswith single-spacingnarrower margins, and the useof 10-point
font for text in the main body. Sincepagenumbersdi er betweenthe o cial and compactversions,citations
should referencethe o cial version. Organizational items such asthe numbers of chapters, sections, gures,
and tables are consistert betweenthe versions.

Electronic copiesof the o cial version (and possibly the compact version) will be posted online® for as
long asis practicable.

Lhttp://www.physics.harv  ard. edwaca denics/ phds.ht ml



Chapter 2

Search Strategies

Portions of this chapter (perhaps 10-20%) were publisha& previously in an article in The Astrophysical
Journal (ApJ) [35]. Someof the argumentsparallel thosein the optical SETI section of SETI 2020[24], one
of whoseauthors (Paul Horowitz) wasalso an author of the ApJ paper.

2.1 With whom might we comm unicate?

2.1.1 Timescales

When imagining the type of civilization with whom we might communicate, it is often assumecthat they will
be approximately our age,and will have roughly the technological capabilities we possessThe symmetry of
this picture is quickly discardedwhen one considersthe great range of timescalesinvolved in the ewvolution
of intelligence. Life emergedon Earth about three billion yearsago. Multicellular organismsdidn't o wer
until about 500 million ago. The rst anatomically modern homo sapiens walked the Earth half a million
yearsagoand developed agriculture 10,000yearsago. Yet it wasjust in the last certury that our civilization
acquired the capability to communicate over interstellar distanceswith radio transmitters and lasers. That
is, we are only 50-100yearsold as a technological civilization capable of interstellar communication. Surely
the exact timing of our technological birth was result of historical acciderts and is decoupledfrom similar
milestonesin the independert ewolution of life on other planets.

If one pictures the history of the Milky Way in fast-forward, one can imagine technological civilizations
popping into existence,growing and thriving for sometime, and then dying. If Seti isto succeedgivilizations
must be born at a su cien t rate and the lifetime of communicating civilizations must exceedthe typical
interval between the births of sudh civilizations, and probably also the round trip communication time
betweentwo nearby civilizations (at least 10°{10* years). If we live in a universewith many civilizations,
we are surely not the rst.

For the sake of argumernt, let us take the typical lifetime of the civilizations with whom we hope to
communicate to be 10°{10° years. On the average,their presen ageis half of their lifetime. Sofrom their
perspective we are a very young technological civilization. Since the Earth only very recertly made the
transition from a planet full of life to onethat alsoharbors a technological civilization, we can safely assume
that any contact will be with a civilization much older, and, consequetly, much more advanced.

It is dicult to say how much more advanced they will be, or in what ways. Even on Earth, long
term predictions about speci ¢ technological developmerts are usually wrong. To be consenative, we will
usethe current state of scienceand technology on the Earth asa minimum bound on the capability of an
extraterrestrial civilization. Thus, when considering means of signalling and the engineering of signaling
devices,we will limit ourselvesto systemsthat are within the laws of physics as we know them and that we
could actually build today (if only we had the money, time, and patience). Their sciencewill also surpass
ours, but we will assumeno speci ¢ discoverieson their part. That is, we should not assumethat they know
of violations of the laws of physics (as we know them) that allow, for example, faster than light travel. We



assumethat the meansof communication available to them are also available to us.

We should assume becauseof their age,that their sciencehasbeenexhaustive They have doneall of the
experimernts that we can and would like to do. They have launched spacetelescopeslike the onesthat we
hope and plan to launch in the near and long term. We should assumethat they have exhaustive catalogsof
stars and planets, constrained only by the limits of obsenation. This meansthat they undoubtedly know of
the Sun's existenceand that it is a habitable G dwarf. They may have obsened the wobble in the position
of the Sun causedby Jupiter's gravity through instruments like the upcoming Spacelnterferometry Mission
(SIM). They may have even seenthe Sun dim slightly as Jupiter passedin front. If they are close (100pc
away? 500pc?), their scaled-upversion of our planned Terrestrial Planet Finder (TPF) may have directly
imaged the planets of the Solar System and detected the atmospheric signatures of life on Earth. We can
expect to be on their target list.

2.1.2 Portrait of the galaxy

It is important to considerour place in the population of 400 billion stars that make up our galaxy. The
Milky Way consistsof a pancake-shaped disk of stars (radius 15kpc and thickness 300pc), a attened
sphere of stars near the cernter of the disk (radius 5kpc), plus a halo of mostly old stars and globular
clusters. The Sun is located on the inner edgeof a spiral arm, near the mid-plane of the disk about 8kpc
from the certer of the galaxy. The closeststars are a few pc away.

The stars near the Sun are all in the disk, which is, more precisely two disks. The \thin disk" hasnearly
all of the stars and mass,and its scaleheight! is 325pc. The \thic k disk" is lessdense,but extends farther
out (a scaleheight of 1.3kpc). Both disks have a radial scaleheight of 3{5 kpc. The thin disk also contains
gasand dust which absorb and scatter optical photons. The density of stars (of all types) near the Sun is
approximately 0.15pc 2. Within a radius of 300pc (1000 light-years), there are 10’ stars, and 10°
\Sun-lik e" stars. Out to  1kpc, there are 10° stars, of which 10" are\Sun-lik e."

Not all stars are suitable sites for life. O, B, and, A stars are probably too hot and have lifetimes that
are too short. The targeted seard (Chapter 4) concenrated on F, G, and K dwarfs since they are the
most \Sun-lik e"2. These make up about 10{20% of the stellar population. The remaining 75% of the
stars are M dwarfs { stars with low mass(0.08{0.6M ) and luminosity, and lifetimes on the order of 10!
years. The potential habitabilit y of these stars (for microbes or intelligent life) has long been questioned
[36] becauseof their temporal variabilit y and high UV output during active periods, as well astidal locking
of planets in the Habitable Zone. Howevwer, recert calculations suggestthat su cien t planetary C0, could
prevent atmospheric collapse. Seguraet al. have calculated potential biosignatures for planets around M
dwarfs using instruments like Terrestrial Planet Finder [56].

It alsoappearsthat planetsare common. In the last 15years, 150planets have beendiscoveredorbiting
nearby stars. This number is expected to grow by orders of magnitude in the near future with astrometric
and photometric experiments such as Gaia, Kepler, and SIM. By closelystudying our galactic neighborhood,
it has beenestimated that more than 20% of stars have planets [44].

2.1.3 Num ber of communicating civilizations

One usually estimates the number of communicating civilizations in the galaxy, N, by way of the Drake
Equation,

Drake wrote this equation at the rst Seti conference\The Order of the Dolphin,"” in 1961. It is usedmore
for estimation than rm calculation. Nevertheless,it is a useful guide for thought experiments and helps
organize our ignorance. The equation is the product of seweral terms represeriing everything that has to
go right to get a communicating civilization. The uncertainty in the terms grows dramatically from left to
right, which are de ned as follows:

R is the star formation rate in our galaxy (per year)

1The distance over which the number density of stars decreasesby a factor of e.
2That is, their masses,lifetimes, spectral characteristics, etc. are most lik e those of the Sun, which is a G2V dwarf.



fp is the fraction of stars that have planets

ne is the averagenumber of planets which are \Earth-lik e" enoughto support life around those stars
with planets

f| is the fraction of those that everntually develop life
fi is the fraction of those that dewvelop intelligent life
f¢ is the fraction of thosethat are willing and able to communicate
L is the expected lifetime of a communicating civilization (in years)

The Drake Equation is the subject of much debate. Optimists have usedit to estimate that there are 10°
communicating civilizations in the galaxy [54], while pessimistshave found that number to be 10° (=1) [66].
Some nd that the product of the rst six terms (some of which are completely unknown) is approximately
equal to one, so the equation reducesto N = L. In this view the number of civilizations with which we
might communicate is equal to how long they survive (in years).

2.1.4 Conclusions

An important conclusionfrom the estimatesof N from the Drake Equation is that the sourceof any signal
will be very far away. Even for the optimistic caseof N = 10°, the fraction of stars that currently harbor
communicating civilizations is very small: f ,oy, = N=Npyw = 25 10 8 (Nyw = 4 10 is the number of
stars in the Milky Way). In this scenario,we must seart 4 10° randomly selectedstars just to nd one
signal (which is, on average, 100pc away). For an intermediate, though certainly not pessimistic, value
of N = 10%, fow = 25 10 8 and a successfulseard will encompass 4 10’ starsto nd a signal that
is almost a kiloparsec away. If the obsened stars are selectedby habitabilit y criteria [63, 64] the number
that we have to seard probably shrinks, but by an unknown amourt. Seti is a long-term activity and one
should not be disheartenedby the lack of immediate results. To speedup the seard, we should focus on
techniquesthat can increasethe number of stars searded at once (e.g. sky surveys) and onesthat increase
our con dence that the stars we obsene harbor life.

The above argumerts|our relative youth, the enormouslength and time scalesinvolved, the fraction of
stars with communicating civilizations|also suggestthat transmission is foolhardy until we have searded
the sky for directed communications. Let us go about that easiertask and the one with potentially faster
returns.

2.2 Means of signaling

In order to design experiments to seard for extraterrestrial signals, we must rst determine some basic
characteristics of the signal carrier. Among the large number of elemenary particles, which ones,if any, will
another civilization chooseto sendto usin the form of a message?

The standard Seti answer is cortained in the Project Cyclops report [6]. The report (with argumerts
attributed to Barney Oliver) constructs a list of a criteria for a signal particle (Table 2.1). Criteria a-b are
requirements for interstellar signalling, and c-h are properties of an ideal particle.

Following the logic of this approad, criteria a, ¢, and h exclude particles of non-zero rest mass (e.qg.
protons, neutrons, electrons), criteria d and e exclude all charged particles, and criteria f and g exclude
gravitons and neutrinos®. The only elemerary particle that remainsis the photon.

Cocconi and Morrison put it succinctly: \In terstellar communication acrossthe galactic plasma without
dispersionin direction and igh t-time is practical, sofar aswe know, only with electromagneticwaves." [10]

3Neutrinos are now known to have mass and would be also be eliminated by criteria a, ¢, and h.



Table 2.1. Criteria for selectinga meansof signaling

Criteria

a) number of particles received must signi can tly exceedthe background
b) signal must exhibit some non-natural property

¢) minimal energy per particle, other things being equal

d) negligible absorption by interstellar medium (and atmosphere)
e) negligible de ection by galactic elds

f) bereadily collected over a large area

g) permit e cien t generation and detection

h) velocity should be as high as possible

Note. | Criteria for selecting a means of signaling. Criteria a-b are require-
ments for interstellar signalling, and c-h are properties of an ideal particle.

2.3 Wavelength choice

Having chosen electromagnetic radiation, what wavelength is best for interstellar communication? The
Project Cyclops report, along with most of the Seti literature at that time, concludedthat the microwave
portion of the radio spectrum isideal. This wasthe radio paradigm. Cocconiand Morrison spent considerable
time discussingthe \optim um channel" in their original paper [10]. A year after citing argumerts including
the transparency of spaceand of the atmosphereat radio wavelengthsand the large sourcepower requiremert
for optical and other wavelengths,they concludedthat it was 1420MHz (21cm), the radio emissionline of
neutral hydrogen. Frank Drake independertly reached the sameconclusionand beganradio obsenations of

Ceti and Eridani at 1420MHz, the rst Seti obsenations of any object [20]. Indeed, at the time it was
not unreasonableto pursueradio Seti at the exclusion of other wavelengths. No one could imagine sending
an interstellar signal with optical seard lights. Why should they look for one?

The world changedoneyear later when Charlie Townesinverted the laser. After that, in 1961, Schwartz
and Townes ervisioned interstellar communication with scaled-up versions of these \optical masers" [55].
They pointed out that optical transmission was now conceiable, and that it wasan historical accidert that
laserswere not invented thirt y yearsearlier. They proposeda seard for optical signals.

Since the early days of Seti, laser technology has beenin a phase of rapid catch-up relative to the
mature technology at radio frequencies. Laserswith seweral megavatts of continuous optical output have
beenbuilt, and picosecondpulsesof more than a petawatt (10'° W) have beenproduced. Progressin solid-
state lasershas beenimpressiwe, and there are laser designson the drawing board to produce repetitiv ely
pulsed meggoule nanosecondpulses. Thesebeaconspermit detection with a very simple apparatus{ just a
telescope with a pair of white-light photomultipliers in coincidence.

Evenwith the rapid growth of lasertechnology, it remainsunclearif there is a singlepreferablewavelength.
A prudent approad, in the view of the author, is to seard for signals at all wavelengthsand modulation
schemesfor which we can reasonablyimagine building a transmitter, and to initially concerirate our e orts
in those placesthat: a) are easiestto designand build detection equipmert for; b) have beensearted the
least; ¢) optimize someparametersthat we believe extraterrestrial civilizations might deemimportant (such
as minimum energy per bit, or transmitter size/weight). These criteria argue for the pursuit of radio Seti
(in as broad a portion of the spectrum as is practicable) and optical Seti (including new seardesin the
near- and mid-infrared). Both are plausible.

2.3.1 Trade-os

Historically the Cocconi and Morrison [10] suggestionthat Seti be carried out at the 21cm emissionwave-
length of neutral hydrogencameat atime in our technological developmert when no other astronomical lines
were known in the microwave, and there were no lasers. The rapid developmert of laser technology since



that time { a Moore's Law doubling of capability roughly every year{ along with the discovery of many mi-
crowave lines of astronomical interest, have lessenedsomewhatthe allure of hydrogen-line Seti . Indeed, on
Earth the exploitation of photonics has revolutionized communications technology, with high-capacity b ers
replacing both the historical copper cablesand the long-haul microwave repeater chains. Additionally , the
elucidation [13] of the consequence$o Seti of interstellar dispersion (rst seenin pulsar obsenations) has
broadenedthinking about optimum wavelengths. Even operating under the prevailing criterion of minimum
energy per bit transmitted, oneis driven upward to millimetric wavelengths.

Moreover, there are other considerationsthat might well encouragethe use of shorter wavelengths still.
A transmitting civilization might wish to minimize transmitter size or weight, or use a system capable of
great bandwidth, or perhapsdesigna beaconthat is very easyto detect.

In comparing the relative merits of radio versusoptical, it has sometimesbeenincorrectly assumedthat
one would always prefer coheren (heterodyne) detection, and that the noise background is given by an
e ectivetemperature T, = h =k. For ultra-high resolution spectroscopy one must usesud a system, mixing
the optical signal down to microwave frequencieswhere radio techniquescan be used;but if oneis interested
instead in the detection of short pulsesit is far better to usephoton-counting detectors(e.g., photomultipliers)
[52]. That is becausethe processof heterodyning and linear detection is intrinsic ally noisy, for fundamertal
reasons: becauseheterodyne detection allows a measuremei of phase, there must be uncertainty in the
amplitude. The added noiseis immaterial in the radio region, where there are many photons per mode; but
it is seriousin the optical, where the photon eld is dilute.

Taking theseand other factors into accourt in a comparisonof received signal-to-noiseratio (SNR) versus
wavelength, and making reasonableassumptionsabout antenna apertures and accuraciesdetection methods,
transmitter power, and so on, Townes concludedin 1983that optical methods are comparable, or perhaps
slightly preferred, in the single gure of merit of delivered SNR for a given transmitter power. Other factors
are obviously important { for example penetration of an atmosphere(which favors microwave) or high data
rates (which favors optical) { and could easilytip the balance. His conclusionwasthat the Seti community's
historical bias toward microwavesshould be reconsidered[62].

2.3.2 Pulsed versus contin uous

Are pulsesthe best beacon? Or should we be looking for laser lines, transmitted cortinuously at some
guessablewavelength, analogousto the microwave seartesthat have beenconducted? What is natural at
radio frequenciesmay not be so at optical. At radio frequenciesit is easyto do coherent detection, using
the ordinary heterodyne techniques of mixing with a local oscillator to a complex (quadrature) baseband.
With classical Iter techniques, or with contemporary digital processingwith discrete Fourier transforms,
one can achieve extremely narrow bandwidths, limited only by oscillator stability (a part in 10° is routine)
and patience (the resolution is the inverseof the coheren integration time). Furthermore, the interstellar
medium is kind to carriers|at gigahertz frequenciesa carrier is broadenedonly milli hertz in its passage
through the interstellar medium, if one avoids the most congestedregion of the galactic certer, and even
there the broadeningis only a few hertz. Scattering and absorption are also small or negligible over galactic
distancesfor such signals[13]. In other words, a signal that is a spike in the frequencydomain is a natural
candidate for interstellar signaling at microwave frequencies,for reasonsboth scierti ¢ and technical.

Moreover, interstellar dispersion, and the presenceof natural and \cultural" impulsive interference
(switching transients, spark plugs, and so on), make pulsesin time lesse ectiv e. Finally, the relatively low
carrier frequency (along with dispersion) prevents high bandwidth communications. By cortrast, at optical
wavelengthsthe situation is reversed: One cannot realize extremely narrowband systemswith optical lters
or gratings, but is forced to optical heterodyne techniques, ultimately applying preciseradiofrequency spec-
troscopic methods at the microwave IF. This results in added noise, as mentioned above and well described
by Townes[62]. Furthermore, at optical wavelengthsthe higher carrier frequencies( 10 Hz) result in
much larger absolute Doppler shifts; for example,1kms ' $ 5kHz at 1.4GHz, whereaslkms ' $ 1GHz
at 1 m. However, dispersion is negligible at optical wavelengths, even at nanosecondtimescales[12]. Fur-
thermore, natural and cultural sourcesof nanosecond ashes of signi cant intensity appear to be ertirely
absen (seeChapter 3). In other words, a signal that is a spike in the time domain is a natural candidate
for interstellar signaling at optical wavelengths,for reasonsboth scierti ¢ and technical. An addedbonusis
that, at nanosecondtime scales,the stellar background becomesnegligible.



Nevertheless,one can construct plausible scenarioswith cortinuous optical signals, particularly in the
infrared, where the stellar badkground is reduced. Knowing that this approach works best with large tele-
scopesalready out tted with precisespectrometers, Amy Reinesand Geo Marcy searded archived stellar
spectra from the Keck Telescop for laserlines (discussedin greater detail in Sec.2.5). Appendix A discusses
another highly sensitive approad { using TPF to nd cortinuous laser beacons.

2.3.3 The case for optical SETI

Put most compactly, the primary argumerts in favor of conducting Seti at optical (rather than radio)
wavelengthsare:

1. Transmitted beamsfrom optical telescopes are far more slender than their radio counterparts owing
to the high gain of optical telescopes?

2. Dispersion, which broadensradio pulses,is completely negligible at optical frequencies.

3. The capability of radio transmitters has reached a stable maturit y, while the power of optical lasers
hasnot yet plateauedand hasshowvn an annual Moore's law doubling extending over the past 30 years.

4. Natural and cultural badkgrounds are negligible (though instrumental badkgrounds are signi cant, but
manageablein the current optical searhes). SeeChapter 3.

5. The complexity, computational power, and sophistication characteristic of sensitive microwave seardes
today is unnecessaryfor optical Seti . Detection canbe quite simple|a pair of fast, broadband photon-
counting detectorsin coincidence.

It is also worth noting that scattering and absorption limit the range of transmission in the visible
spectrum to a few kpc (see x2.4.3); however, at far-infrared wavelengths (as at microwave wavelengths)
transmissionscan penetrate nearly the entire galaxy unattenuated. Thus, choice of transmission wavelength
may re ect the averageseparation betweencivilizations, the number of civilizations in the galaxy, and, more
speculatively, the averagelifetime of a civilization (by way of the Drake Equation).

2.4 Transmission

Let us considera civilization, at leastastechnologically advancedasour own, that wishesto establish contact
with its galactic neighbors. Its task would be to illuminate, with a beacondistinguishable from astrophysical
phenomenaand from noise, the planetary zonesof the nearestN Sun-like stars within somerange Rmax
(comparable to the averageseparation betweenintelligent civilizations), or, more likely, a subsetof N that
the civilization deemsmost likely to harbor life. In our region of the galaxy N 10° for Rihax = 300pc.

To senda pulse (or more generally, a packet of information of short duration) to each of N = 10° stars
with a single laser system, the senderwould probably use an assenbly of fast beam-steering mirrors of
relatively small sizeand weight, in combination with a large objective that is steeredslowly. Assuming that
the sendingapparatus could settle to di raction-limited pointing in  10ms (feasible by today's engineering
standards), the recipient would obsene an optical pulse coming from a nearby star repeated every 10*
seconds.(This period could be dramatically reducedby transmitting only to an intelligently selectedsubset
of the targets and/or by using multiple transmitters; it seemsaltogether reasonableto expect a pulse period
of 10° secondsor lessin this scenario.)

The recipient would be able to obsene these pulsesonly if a) the received uence per pulse corresponds
to at least sometens of photons deliveredto the receivingtelescoge aperture, and b) the ux of laserphotons,
during the pulse, exceedsthe stellar background. It is a remarkable fact, aswe'll shown presenly, that using
only \ Earth 2000"technolagy we could geneiate a beamed laser pulse that outshinesthe Sun by four orders
of magnitude, in white light, independent of range®. One might considerthis the \fundamental theorem of
optical Seti ."

4150dB for the Keck Telescopeat =1 m versus 70dB for Arecibo at =21 cm, an 80dB advantage at optical wavelengths.
5The light from the Sun and from the transmitter both fall o as 1=r2.



Thesepulsescould be detected with an optical telescope of modest aperture, followed by a beamsplitter
and a pair of photodetectors of nanosecondor better speed. (We choose nanosecondbecauseit is roughly
the speed of photomultiplier tubes,and all known signi cant badkgrounds disappear at this time scale;see
Chapter 3). The electronics can be as simple as a pair of pulse height discriminators driving a coincidence
circuit. The telescope would track the star by the photodetector's \singles" rate while waiting for the
unique coincidencesignature of sometens of photons arriving in eact detector within the resolvingtime of a
nanosecond.As we will see,this signature is easily detected even in broadband visible light; i.e., no spectral
Iters are required.

In the sectionsthat follow, we derive seweral important quartities to demonstrate the feasibility of
transmission. Along the way we will calculate these quartities for a model \Earth 2000" system: a Helios
laser beamed100pc ( 300ly) using a 10m Keck-lik e telescope. Helios is a diode-pumped Yh:S-FAP solid-
state laser designedat LawrenceLivermore National Laboratory for inertial con nement fusion, potentially
capable of generating 3ns, 3.7MJ pulses(10® W) at 349nm (or 4.7MJ at its native 1.047 m wavelength)
at a 10Hz repetition rate [39).

There appear to be no physical limitations to scaling up Helios to an even greater pulse energy say
100MJ. (Its architecture is scalable and highly parallel.) Optical telescopes are also getting larger; for
example the OverWhelmingly Large Telescog (OWL) is planned to be 100m in diameter. In x2.4.5 we
calculate the transmission characteristics of seweral such systemsthat are even more advancedthan \Helios
with a Keck," but still within our technological grasp.

2.4.1 Directivit y

An important advantage of optical interstellar communication is the narrow width of beamsformed by optical
transmitters (telescopes usedin reverse) allowing for precisetargeting. The angular beam width, , is a
function of the wavelength of the transmitted light, , and the transmitter diameter, D. For illumination
of a circular transmitter aperture by a plane wave, the outgoing intensity pattern is the familiar Airy disk,
given by the Fraunhofer di raction formula,

Ji( D= sinp) 2.
Dr= sin b ’ (22)

I(p)=4

where J; is a rst order BesselFunction [27]. Eg. 2.2 is normalized sothat | ( ,=0) = 1. The half-power
beamwidth is obtained by nding the solutionto | ( ) = 1=2, whichis Dt= sin , = 1.61. The full width
at half maximum is twice this:

Dr . .
—7T sin p= 322! sin p= 3:22 5= (2.3)
T

which givesthe standard result for the di raction-limited beam size,

= 2.4

> 5o (2.4)
For a target at range R, the beam is geometrically broadenedto a linear diameter,

Dp=R p: (2.5)

Transmitted optical beamscan be quite narrow. For our example Helios with a Keck system( =1 m
and Dt = 10m), the , = 2milli-arcseconds(mas) beam s only Dy = 2 astronomical units (AU) wide at
100pc. For targets this close,the beam may be arti cially broadenedto ensurethat the beam encompasses
the target. The transmitting civilization may eventailor the angular beamwidth with an adaptive aperture,
soasto have a xed beamsizeand photon uence at the target, independert of range [11].

The gain, G, provided by using a telescop, is the ratio of the solid anglefor isotropic radiation, isotropic =



4 , and the solid angle of the beam, = 2=At,

. . 4 2D2
_ _ isotropic  _ — T.
G - oA T (2.6)

where At is the transmitter area. For our example system, G = 10'°.

2.4.2 Aiming precision

The use of a high-gain antenna puts substartial, although not overwhelming burden on the transmitting

civilization. A beam typically of width 10 7 must be pointed accurately in order to hit the target. The
task is more challenging than just pointing the transmitting aperture at the position wherethe target appears
now. Since the target is moving, the aiming must accourt for the target's proper motion and range. To
accomplishthis task, we assumethat the transmitting civilization hasa catalog of target stars, their current
positions ( o), proper motions ( ), ranges(R), and radial velocities (v;), as astronomersdo on Earth. How
accurately must these quartities be known for successfutransmission?

The sky position at which the transmitting civilization must aim ( ) is

2R
c Vv

= ot (27)
Note that R=(c v;) R=cis the light travel time. At R = 100pc, 10AU beaming accuracy corresponds
to a proper motion uncertainty of 100 asyr ! and a positional accuracy of 100mas. To position the beam
within 1AU, the gures are 10 asyr ! of proper motion uncertainty and 10mas of positional accuracy
The required range accuracy dependson the star's proper motion; for example,to target the planetary zone
(say 10AU) of a star whose proper motion is 10kms !, the range uncertainty cannot exceed5ly. These
requiremerts are certainly within the graspof an advancedcivilization, giventhat SIM is expectedto achieve
astrometric precisionof 4 asfor single measuremets (and down to 1 asfor stars with a nearby reference)
[65]; and in any casetheseaccuraciesare relaxed if the transmitted beamis broadenedto illuminate a larger
zone, at the expenseof received signal strength.

One might also worry that while transmitted pulses may hit their target, they will be signi cantly
dispersedin time due to scattering. Appendix B considersone aspect of this|temp oral dispersion due to
the gravitational scattering of large bodiesjand nds the e ect insigni cant.

2.4.3 Extinction

The interstellar medium both scattersand absorbsoptical pulses. The e ects of scattering over large distances
can be quite sewere. It tends to reduce the \prompt" pulse height while simultaneously producing two
exponertial tails, onedue to forward scattering (which lasts a few seconds),aswell asa much longer tail due
to diuse scattering [12]. The prompt pulse (\ballistic" photons) is unscattered (therefore unbroadenedin
time) and reducedin amplitude. Absorption acts alsoto reducethe prompt pulse height, sothat the total
surviving fraction is an exponertial function of the total optical depth, e

Extinction depends strongly on wavelength, distance to the target, and, to a lesserextent, direction.
Although extinction mapsaccourting for the distribution of matter in the galaxy have beenmade[1, 47|, we
will usethe isotropic mean extinction, A( )=A(V), which is typically expressedrelative to the extinction at
V-band (550nm). The left panelof Fig. 2.1 plots relativ e extinction asa function of wavelength for two cases
of the optical parameterRy = A(V)=A(V) A(B)]. (A(B) is the meanextinction in B-band, 440nm.) The
curve labeled R3 appliesto the diuse ISM; R5 is usedin denseclouds[7, 15, 25|.

Using the approximate value of 1 magnitude® of extinction per kiloparsecat V-band, we can corvert the
R3 relative extinction curve into curvesfor the fraction of the signal that remains after traversing various

8For non-astronomers: a magnitude is a logarithmic unit of brightness. The brightest stars in the night sky have a visual
magnitude of 0 and the dimmest ones are about magnitude v e. Five magnitudes is de ned a factor of 100 in brightness; one
magnitude is a factor of 102  2:5 (4 dB).
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Figure 2.1. Isotropically-a veraged interstellar extinction as a function of wavelength. The plot on the left shows the
relativ e extinction asa function of wavelength. The plot on the right shows the fraction of a signal that would remain
after traversing 1000 light-y ears (1 kly), 1000 parsecs(1 kpc = 3260 light-y ears), 3kpc, and 10kpc for R3 extinction.
The feature at 10 m in all of the curvesis due to a CO, absorption line.

distances, as shown in right panel of Fig.2.1. Note that interstellar extinction exponertially suppresses
transmitted signalswith distance;the fraction remaining is

Fext( ) = 10 2Am ( ):5; (2.8)

where A, () is A( ) expressedn magnitudes.

Fig. 2.1 implies an e ectiv e range of 1-3kpc for visible-light communication, depending on how much
extinction the transmitting civilization is willing tolerate’. It may bethe casethat in designinga transmitter,
a civilization will choosea shorter wavelength, perhaps becauseof decreasedransmitter sizeand weight or
the availabilit y of high-power laser at those wavelengths, even at the expenseof photons squandereddue to
extinction.

Nevertheless,Fig. 2.1 clearly arguesthat longerwavelengths( 2 m) areoptimal if onewishesto minimize
extinction and thereby maximize range. Ultimately, the choice of wavelength may depend on the number of
communicating civilizations in the Milky Way. If there are few communicating civilizations spacedfar apart,
their only options may be at longer wavelengths (including radio).

2.4.4 Num ber of photons sent and received

We also needto calculate the number of photons sert per pulse, the number received, and the number of
badkground photons with which the signal photons compete. The number of transmitted photons per pulse
is simply the ratio of the transmitted pulse energy Epuse, to the energy per photon, Ehoton :

E Ise E ulse
N = —POse o Puse. 2.9
pulse E ohoton he ( )

The Helios lasergenerates 2 10°° photons per pulse.
The number of photons received is reducedfrom this number by seweral factors: the ratio of the receiver
areato the beamareaat the target, the fraction not lost to extinction, and the fraction not lost to detector

“Since Fig. 2.1 is isotropically-a veraged, it only represents typical extinction. In some directions, suppression can be much
more sewere.
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ine ciencies (Q):

D2=4
Nree = Npuise ﬁ Fex( ) g
2D2D2 _
= quuIse ﬁ 10 2Am( )_5: (210)

If we're interestedin the uence of photonsthat arrive at the Earth (independert of receiver particulars),
we can cornvert Eq. 2.10to the number of photons received per square meter (using Sl units for the other
guantities),

D2 -
Nrec = Npuise 42—|::)2 10 2An()35  perm?: (2.11)
For our example system, Nyec = 190 photons per m?.

We must compareNec with the number from the transmitter's star, Npackground , that are received during
a short interval, . We can put an upper bound on Npackground By @assumingthat all energy radiated by the
star goesinto photons in the wavelength range detectable by the recipiert,

Estar Dé_—4
N = F
bg Ephoton 4 R2 ext( ) q
L D%

10 2An()=5: (2.12)

Ephoton 16R?

Note that thesephotons also su er from extinction and detector ine ciencies.
The ratio of signal to background photons is approximately

Nrec _ N Ephoton ZD%
Nog M= L7
Ephoton
= G N pu|3e Li , (2. 13)

whereL is the power output of the Sun (which hastypical stellar brightness)and Epnoton is the energyof a
typical optical photon. Note that Eq. 2.13is independert of range, extinction, detector size,and e ciencies.
For our example system, Npg = 0:02 photons (per m? in a 3nsinterval), and Nyec=Npg = 10%.

2.45 Mo del pulsed transmitters

To give a senseof the dicult y (or relative ease)of pulsed optical interstellar communication, we calculate
seweral of the above quartities for a variety of transmission schemes. Table 2.2 lists the characteristics of
our model Helios with a Keck system, and three groups of more powerful model transmitting systems(for

= 500nm, 1 m, and 2 m). Within ead group, there are systemswith rangesfrom nearby (e.g. 100pc
with a 3m transmitter) to part or most of the galaxy (e.g. 2kpc with a 100m transmitter). While these
technically feasiblesystemswould be very expensive by our current standards and set of priorities, they are
certainly within reach for an older, more advanced civilization.

Note that the visible-band optical systems(rows b-e in Table 2.2) all produce signalsthat signi cantly
exceedthe sensitivities of the targeted and all-sky seardes (both are 100 photons m 2 in their sensitive
regions;the all-sky seard is expectedto achieve a sensitivity of 17 photonsm 2 with a planned electronics
upgrade). Becauseof the short wavelength (500nm), thesesystemsproduce very narrow beams,which may
needto be broadenedif the aiming precisionis insu cien t.

The bottom two groups of systemsin Table 2.2 (rows f-n) would operate in the infrared, out of the range
of current pulse optical Seti instruments. Their superior range (through reducedextinction) demonstrate a
key advantage of longer wavelengthsand argue for infrared seartheswhen the detector technology becomes
lessexpensive.

A note of caution when interpreting the equationsin this sectionand the systemsin Table 2.2: Eq. 2.8 only
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Table 2.2. Signal characteristics of model pulsed transmitters

Transmitter Receiv ed
__Tecever
Epulse D T R G b D b Fext N pulse N rec (m )

a) 4.7 MJ 1 m 10m 100 pc 101 21 mas 2AU 096 2 10% 190
b)  100MJ  500nm 3m 100pc 4 10% 34 mas 3AU 090 3 10%® 670
c) 100MJ  500nm 10m 300pc 4 10% 10 mas 3AU 073 3 10% 670
d) 100MJ 500 nm 30m 1000 pc 4 10%° 3mas 3AU 035 3 10% 260
e) 100MJ 500nm  100m 2000pc 4 10Y 1mas 2AU 012 3 10% 247
f) 100 MJ 1m 3m 100 pc 104 69 mas 7AU 096 5 10%° 360
g) 100MJ 1 m 10m 300 pc 10% 21 mas 6AU 089 5 10% 400
h)  100MJ 1 m 30m 1000 pc 10%6 7mas 7AU 068 5 10% 250
i)  100MJ 1 m 100m 2000 pc 10" 2mas 4AU 046 5 10%° 471
i) 100 MJ 3 m 3m 100 pc 10  206mas 21AU 099 2 10% 120
k)  100MJ 3 m 10m 300 pc 104 62mas 19AU 098 2 10% 150
b) 100 MJ 3 m 30m 1000 pc 10%° 2lmas 21AU 092 2 10% 110
m) 100 MJ 3 m 100m 2000 pc 1016 6mas 12AU 085 2 10% 290
n) 100 MJ 3 m 100m 10000 pc 10% 6mas 62AU 044 2 10% 6

Note. | Signal characteristics of model pulsed transmitters for the \Helios with a Keck" system and three

other groups of transmission systems. The rst three columns are transmitter specications: the energy per pulse
(E puse ), the transmitting wavelength ( ), and the diameter of the transmitting antenna (D). The remaining
columns are the resulting system characteristics, asderiv ed in x2.4: the target range (R), the transmitting antenna's
gain (G) and beam size in angle ( ) and extent at the target (Dy), the fraction of the signal not lost to interstellar
extinction (Fext ), the number of photons in each pulse (Npuse ), and the number of photons that hit the target per
square meter (N rec ).
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poorly approximates the spatially-variable extinction of the Milky Way, which may be a seriouslimitation
for optical Seti for short wavelengths and longer ranges. One should not assumethat the above systems
can deliver the speci ed number of photons to all targets in range. A more detailed model of the stellar and
extinction distributions of the galaxy is neededto more accurately assesghe capabilities of long range and
short wavelength optical signaling.

2.5 A brief history of optical SETI

Scienceis a collaborative enterprise. The optical Seti experiments described herein build on the work of
many physicists, astronomers,and technologists®. After the birth of optical Seti with Schwartz and Townes'
groundbreaking paper \In terstellar and Interplanetary Communication by Optical Masers" in 1961 [55], it
was many yearsbefore seriousobsenations began.

During the 1970sand 1980sa team of Russiansled by V. F. Shvartsman and G. M. Beskin searded
for non-Poisson statistics in photon arrival times in a project called MANIA. They obsened about 100
objects and did not nd any signi cant brightnessvariations within the temporal range2 10 8to 10 3s
[57]. In the following decadeBetz and Townes searded for contin uous narrowband CO;, laser signalsfrom

300 nearby stars using the 1.7m telescope on Mt. Wilson [4].

During this time there were dozensof radio seardes for intelligent civilizations and optical Seti was
largely ignored. Stuart Kingsley joined Charlie Townesin advocating optical seardes, and also organized
three conferencesand opened an optical Seti obsenatory. In 1997-1999,the Seti Institute sponsored
workshopsto reewaluate Seti seart strategiesand techniques generally They recommendedand co-funded
a set of modest targeted optical seardes, including the targeted seard described in Chapter 4 and the
optical seard by Dan Werthimer's group at UC Berkeley.

Werthimer was the rst in optical Seti to usetwo photomultipler tubeswith outputs wired in a co-
incidence circuit. (The technique has long been used in high-energy physics.) Background events due to
radioactivit y, cosmic-rays, photon pile-up, etc. obsened in one detector are unlikely to be seenin the other
detector, provided the evernts are uncorrelated (see Chapter 3). This technique improves sensitivity since
most background everts are never recorded. Their two-detector operated for seweral years as a dedicated
seard at Leusdiner Obsenatory [67].

The Berkeley group later teamed up with Shelley Wright (UC Sarta Cruz), Remington Stone (UC
Sarta Cruz/Lic k Obsenatory), and Frank Drake (Seti Institute) to develop a three-detector system that
measuresthe statistics of \singles" (pulsesin one of three detectors), \doubles" (coincidernt pulsesin one of
three detector pairs), and \triples" (coincident pulsesin all three detectors) [68]. This technique improves
the sensitivity of their two-detector systemsand was deployed in targeted seard instruments on Lick and
Leusdner Obsenatories [59].

One noteworthy di erence betweenthe two- and three-detector systemsdescribed above and the Harvard
targeted and all-sky experimernts is that the former are statistical, while the latter are event-driven Statistical
experiments cournt the number of singles, doubles, and triples during a time interval and compare these
numbers and their ratios with expected values based on Poisson statistics, target brightness, and evert
threshold. At the core of these experimerts is a set of comparators (to detect signals above threshold)
and courters (to count the singles, doubles, and triples), and the data read from these experiments are
counts, which are read at regular intervals (typically 10sec). Evert-driv en experiments, on the other hand,
have a di erent designphilosophy. The detection of signals of su cien t amplitude in ead of two detectors
constitutes an event, which initiates a cascadeof actions including measuremen of the waveform pro les
(with four voltage levelsin the targeted seard and sewen in all-sky survey) and time-tagging using a GPS
clock. The data in these experiments are the event details (waveform pro le, arrival time, etc.), from which
statistics about coincident everts (\doubles" in the statistical experiments) can be derived. At the core of
these experimernts is a larger set of comparators (for seweral voltage levels) and the circuitry to record the
evert details.

Returning to the history optical Seti , Geo Marcy and Amy Reinesusedthe Keck radial-velocity data
(which was usedto seard for planets) to conduct a sensitive seard for spuriouslinesin the spectra of 600

8For a more complete history of Seti , see[18] and [61].
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F, G, K, and M main-sequencestars. Their seard covered 400-500nm and would have detected laser lines
down to the level of a 50kW transmitter aimed at the Earth with a 10m aperture at a range of 30pc [51].

Stuart Kingsley [38] and Ragbir Bhathal [5] have optical Seti programs of their own, and Robert Lodder
and his group at the University of Kentucky have looked for 800-3000hm pulsed signalsin the direction of

supernovae [45].
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Chapter 3

Backgrounds for Pulsed Optical
Comm unication

This chapter was previously publishel as part of an article in the SPIE Proceedingsof the SecondInterna-
tional Conferenceon Optical Seti [32].

3.1 Astroph ysics on short timescales

Breakthroughsin astrophysicsare often the result of technological advances. As astronomershave broadened
the parameter spacein which they seard (this rst happenedin wavelength, and then in spatial and temporal
resolution), a wealth of new phenomenahave presertied themseles: pulsars, quasars,active galactic nuclei,
just to name a few. Will astrophysicson milli-, micro-, and nanosecondtimescaleso er similar discoveries?

In preparation for the construction of the Very Large Telescog (the VLT { four 8m telescopesworking
in tandem), D. Dravins has reviewed this problem in a paper [21] in The Messenger He notes that using
fast detectors, astronomersmay learn about the rapid variabilit y of astronomical objects. The scalesthat
short-time techniques hope to probe are remarkably small, and certainly un-imageable{ down to perhaps
kilometer scalesat galactic ranges. Dravins lists the following phenomenaas candidatesfor milli-, or possibly
microsecondtimescale emission:

Plasma instabilities and ne structure in accretion ows onto white dwarfs and neutron stars.
Small-scale[magneto-]hydrodynamic instabilities in accretion disks around compact objects.

Radial oscillations in white dwarfs ( 100{1000ms), and non-radial onesin neutron stars ( 100 s).
Optical emissionfrom millisecond pulsars (  10ms).

Fine structure in the emission("photon showers') from pulsars and other compact objects
Photo-hydrodynamic turbulence (‘photon bubbles') in extremely luminous stars.

Stimulated emissionfrom magnetic objects (‘cosmicfree-electronlaser')

© N o g~ 0w N oE

Non-equilibrium statistics (non-Bose-Einsteindistributions) in sourcesfar from thermodynamic equi-
librium.

Note, however, that none of these phenomenais expectedto produce nanosecondspeed ashes of light.

The physical requiremerts for nanosecondspeed optical ashes are quite restrictive. The transmitting
region must be certimeters in size (or, if larger, it must be coherent), and yet able to emit an enormous
power in the form of optical photons (greater than a solar luminosity in EIRP) in nanoseconds.We cannot
think of a region in which sudch physical conditions exist.
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We do however rest easyknowing that the discovery of such a novel phenomenonwould be of tremendous
astrophysical interest. Until we have evidenceof such phenomena,we will have to concern ourselves with
more pedestrian astrophysical and terrestrial badkgrounds{ the topics of the remainder of this paper.

3.2 Stellar photon pileup

One obvious candidate for nanosecond-spedoptical pulsesis the candidate star itself. This light is spatially
unresolved from laserlight, which presumablyis producedon or around a planet orbiting the target star. On
a hanosecondtiimescale, most stars are obsened as a patter of single photons arriving individually; multiple
photons rarely arrive during the samenanosecond.For example, a solar luminosity at 1000 ly (my = 12)
delivers only 10° photons m 2s 1, or 1 milli-photon per nanosecondinto a square meter aperture. Most
of these photons are not converted to photoelectrons since photo-courting detectors have peak quantum
e ciencies of 20%,and with an averageof 10%. Becauseof this, and further lossesn the optical system,
it is more usefulto speakin terms of the obsenable quantit y: counts of photoelectronsper unit time.

The probability per unit time (\false alarm rate") of detecting two or more photoelectronsduring a time
interval , with a photoelectron arrival rate r, (assumingthat the arrival times are Poisson-distributed) is
r2 = 20per secondfor = 2ns,andr = 10° Hz. More generally, the false alarm rate for n photoelectrons
is

rn n le r
In the limit of r 1, the false alarm rate for n or more photoelectronsgoesto
rnon 1

Note that the quantity r is the expected number of photoelectronsin a time . The Poissonformula is
interpreted as follows: One factor of r givesthe arrival rate of single photoelectrons, the factor of (r )" *
comesfrom the probability of (n 1) additional photoelectronsarriving within , the factor of e " comes
from the probability of all of the other photoelectronsnot arriving in , and the factor of (n 1)! ! accourts
for the rearrangemer of the (n 1) additional photoelectrons. Sometimesthe false alarm rate, in the
above limit, is quotedasR = r" " 1 without the factor of 1=(n  1)!. Although this factor is typically less
important comparedwith factorsofr , it belongsthere, and is important for careful calculations, particularly
when (n 1) is large.

This means,for example, that for a courtrate of 2 10* Hz in ead of the two photodetectors { which
roughly correspondsto observingan my = 0 star, the brightest object we obsene in the targeted seard {
the rate of detecting two photoelectronsin one photodetector during the same2nsisr; = 8 10 ! Hz. The
rate of pileup of thesetwo-photoelectron everts in both detectors, by chancealone,isr, = r? 1 10 °Hz,
or onceevery 30 years. To get this falsealarm rate up to, say, onceper hour the countrate hasto be greater
than  10° Hz.

There are at least two di erent strategiesfor dealing with stellar photon pileup. Our group setsa xed
threshold of three photoelectronsin the electronicsthat follow our hybrid avalanche photodiodes (for the
targeted seard; we use photomultiplier tubesin the all-sky survey). Other groups, such asthe optical Seti
programs at UC Berkeley and Lick Obsenatory, have variable thresholds for their multiple photomultiplier
tubes. With this strategy, the thresholds are set for ead object soasto keepthe falsealarm rate reasonably
low, while maintaining high sensitivity to faint objects.

The above false alarm rate formula immediately demonstrates why two or more detectors, wired in
coincidence,are usedwith most optical Seti experiments. In addition to reducing the rate of stellar pileup,
this technique immunizes Oseti experiments to many detector pathologies. As we discussin x5.1, photon-
courting detectorsoccasionallyproducelarge amplitude pulsesdueto coronadischarge,ion feedbadk, cosmic-
rays, etc., at a rate of, say, 1 per second.With just a single photodetector, the false alarm rate due to these
internal detector pathologiesis just that, one per second. With two photodetectors wired in coincidence,
the false alarm rate is r? 10 ° per second,or about three per certury. In practice, we nd that the false
alarm rate is closerto one per night of obsenation ( 5 hours) becauseof correlations { someof the large
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amplitude pulsesproducedin one detector are seenby the other.

Scattered zodiacal light and airglow are completely negligible when looking for nanosecondspeed pulses
with narrow eld-of-view telescopes. A typical observing site has a nighttime \sky badkground" of 18{22
magnitudes per square arcsec. Thus, for the targeted seart at the 1.5m telescope in Harvard, MA (sky
brightnessof 19-20mag per squarearcsec)with a 15arcsec-diametereld of view, the sky contributes about
13.5{14.5magnitudes{ two to three magnitudesdimmer than the faintest objects we obsene. For the all-sky
survey, eac 1% 19 pixel will see9{10 magnitudes of sky brightness.

In fact, daytime optical Seti is possible. The daytime sky brightness has been measured[9] at 8
10° candelasperm?, or 3 10 1°W/m 2/arcsec?. In astronomicalterms, this correspondsto 7 magnitudes
per square arcsecond. For a telescope with a rather narrow eld of view, the courtrates are large, but
manageable; for the targeted seard, the sky badkground is 1.5 magnitudes { bright by astronomical
standards, but nearly invisible to pulsed Oseti experiments (the false alarm rate is substartially lessthan
once per hour). Our group has not yet obsened during the day (the targeted seard runs piggybad on
existing nighttime obsenations), but may experiment with it soon. Experiments with larger elds of view
could useneutral density lters to attenuate the sky badkground down to manageablelevels, at the expense
of sensitivity. Care should be taken to avoid pointing the telescoge at the Sun with its 1.4kW/m 2 (most of
which would be focusedonto the detectors).

3.3 Cosmic-rays and gamma-rays

Cosmic-rays|the most energetic particles in the known universe|pro duce optical photons and other par-
ticles when they interact with the atmosphere, which form a potential badground for optical Seti ex-
periments.! Under the broad de nition, cosmic-ray primaries are made of individual atomic nuclei (most
commonly), electrons,gamma-rays or neutrinos. Their energiesrange from lessthan 10° eV to greater than
10°°eV. The dierential ux for these particles is strongly energy dependert:

dN
4E E ; (3.3)
where 3 for most of the energyrange?, meaningthat for every factor of ten increasein energy the ux of
particles (which scalesas N) goesdown by a factor of 100. At an energyof 10'! eV, the ux on the Earth's
atmosphereis modest: about one particle per squaremeter per second. At 10'® and 10*®:° eV, the uxes are
down to one particle per squaremeter per year, and one particle per squarekilometer per year, respectively.

Gamma-rays, although technically part of the cosmic-ray family, are typically lower in energy: gamma-
raysin the 3 10! to 10 of eV are considered\v ery high energy"® Lik e cosmic-rays, gamma-rays interact
with the Earth's atmosphere producing an electromagnetic cascadeof particles, and a ash of Cerenkov
light.

When a cosmic-ray (or gamma-ray) collideswith the nucleusof an atom (usually oxygen or nitrogen) in
the Earth's upper atmosphere,the nucleusdisintegratesinto neutrons, protons, pions, kaons, hyperons, etc.,
and their antiparticles. Thesefragmerts are extremely energeticthemselhes, given the kinetic energy of the
cosmic-ray; they too collide with atoms and produce even more particles. Many of these are unstable and
decay (via the weak interaction); pions, for example, decay into muons and neutrinos, if charged, or into a
pair of photons, if neutral. Other processesare also at work. Energetic positrons and electrons braking in
the electric eld of nuclei emit bremsstrahlung radiation (gamma-rays). Pair production generatespositron-
electron pairs (and positive-negative muon pairs to a lesserextent) out of the energyof neutral particles and
gamma-rays. Many of these relativistic particles are also speeding: by exceedingthe speed of light in air,
they radiate Cerenkov radiation and slow down.

1For classic and recert reviews of cosmic-rays, see Rossi [53] and Cronin [16], respectively. For gamma-rays, the paper by
Catanese and Weekes [8] is relevant and useful.
2For primaries in the range 102 eV Ep;  10% eV, the dieren tial ux scalesas 2:7; for Epq 10 eV it scalesas
3:3. The most energetic cosmic-rays observed to date have E; of order 10%0 eV.
3The fact that we observe charged cosmic-rays, but not neutral gamma-rays above a certain energy threshold probably
implies that the most energetic cosmic-rays are accelerated by very large, extended magnetic or electric elds.
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The survivors of these processegwhich are obsened on the ground) are electrons, positrons, muons,
neutrinos and photons. The charged particles and photons are both potential badgrounds for optical Seti
experiments. We investigate them in greater detail below.

3.3.1 Muons

Most of the charged particles that survive to sealevel are muons? with a meanenergyof 2 10°eV. Their
total ux (all energies)is given [53] approximately by

I()=1 cog; (3.4)

where isthe zenith angle(muonsarriving at anglescloseto the horizon are attenuated by more atmosphere),
andl =8 10 3cm ?s 2sr 2. These particles are essetially unimpeded by an obsenatory dome roof,
or the 1.25cm thick aluminum (a few gcm 2) experimental enclosurein the targeted seard. Muons pass
through individual photodetectors at a rate of once every few seconds. The rate of two muons randomly
striking the two detectorsin the samenanosecondis therefore of order 10 ° per second.

It takesa lucky hit for a single muon to passthrough both photodetectors. We can roughly calculate
the angle-averagedrate for the targeted seart as follows: assumethat the detectors are 10cm apart and
that each have a 0.25cm? cross-section;the rate of muons traversing both detectorsis 10 ° per second,
or onceevery 25 hours (also assumingthat the average ux is half the maximum). Although it is unlikely
that a muon would trigger a false alarm in one night's obsenations, this rate is signi cant for experiments
that have obsened for many thousands of hours, such as our targeted seard. We have not attempted to
correlate the zenith angle (which is a function only of the sky coordinates of the object being obsened and
the time) of the photodetectors for the residual background everts (about one false alarm every eight hours
of obsenation) to look for a co§ dependenceyet, although this is certainly warranted®. This badkground
can of coursebe completely eliminated by placing a scirtillator and PMT in anti-coincidence with the two
photodetectors.

Another way to have a false alarm is to capture a muon in an atom in the beamsplitter where it will
subsequetly deca into an electron and a neutrino. The energeticelectron will then scirtillate[the process
of ionization of matter by an energetic charged particle and the subsequeh photon emissionthat occurs
asthe excited moleculesreturn to their ground states|in the beamsplitter glassand might be detected by
both photodetectors. However, such an event would be exceedinglyrare sincethe capture crosssection for

10° eV muons is small. It is also unlikely that a muon would be slowed down to energieswhere capture
becomesmore likely; a cosmic-ray muon dissipates 5 10°eV per gcm 2, and the longest dimension in
the beamsplitter (density of order gcm 2) is a few cm. We have further reducedthe possibility of this by
replacing our cubical beamsplitter with the \thin slide" style beamsplitter in the targeted seard.

3.3.2 Cerenkov radiation

As we mentioned above, Cerenkov radiation is formed when a particle exceedsthe local speedof light. The
radiation is beameddown in a narrow conewith an opening angle

c = arccos in ; (3.5)

where = v=cand n is the index of refraction, and is emitted over a broad range of frequenciesin proportion
to 1= 2 (i.e. blue Cerenkov photons are more commonthan red ones).

Fortunately for optical Seti the image of a cosmic-ray (or gamma-ray) induced Cerenkov pulse is too
diuse to be detected by the current experiments. A typical 10*? eV primary cosmic-ray does produce a
short (5ns duration) optical pulse with about 30photons/m? falling on the base of the narrow light cone
( 150m radius). But, the sourceappearsdiuse { about 2° FWHM. Thus, the narrow eld of view of the

4The atmosphere is 10% gcm 2 thick, while high-energy photons have a typical \in teraction length"la  fraction 1=e of
particles remain after traversing this distance|of 30gcm 2.
5This statistical correlation has since been done. Seex4.7.
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targeted seard telescoge will obseneonly 2 10 “photons per ash, i.e. rarely one photon, and almost
never two or more.

The rate of such ewvents, as seenfrom an arbitrary point on the ground, is given by ux  Afootprin t

image 15 per secondfor 102 eV primaries. Scalingthe above result (and using the fact that the photon

uence per ash is roughly proportional to Epyi ), we nd that a 10'"° eV primary would deliver 100 optical
photons to the targeted seard telescope; however such evernts happen about once every thousand yearsin
an arbitrary part of the sky asviewed from an arbitrary point on the ground.®

One also hasto worry about Cerenkov radiation produced by cosmic-ray muons (or from alpha-particle
decays) passingthrough the beamsplitter glass. The number of Cerenkov photons in one of these pulsesis
a function of the energy of the relativistic particle, and the distanceit traversesin the material:

2
ddE% = 370sin® ¢(E) pereV cm: (3.6)
For glass(n = 1.5, ¢ = 0:84rad), this meansthat about 500\visible" photons( 1.5eV averageenergy)are
produced per muon per certimeter traveled. With the right geometry, the targeted seard might be able to
seesuch a ash. The probability of this was reducedthough when we installed a lower volume beamsplitter.

Scirtillation in the beamsplitter is also a potential sourceof pulsed light. We have calculated that, as
long as the yield is lessthan 10 3 of Nal (a classicscirtillator), the ux of optical photons is insu cien t
to trigger the targeted seard.

3.4 Instrumen tal and terrestrial backgrounds

In our experimernts to date, the dominant backgrounds are not astrophysical or atmospheric, but instrumen-
tal. We explore these, and others, below.

3.4.1 Photo detector problems

There are a host of potential problemswith high-voltage photodetectors (radioactive decay in the PMT glass,
ion feedbad, scirtillation of electron impacts from within). Corona discharge is the largest badkground in
the targeted seard though. This processoccursin high voltage ervironments when sharp points (e.g a dust
particle, or a burr on metal) produce an extraordinarily high electric eld. This eld ionizesthe gasbetween
the sharp point and an electroderesulting in coronaradiation (a short burst of optical photons) and crackling
noise. This is the familiar hum heard around high-voltage power lines. Humidity tends to acceruate this
highly non-linear phenomenon.lt is also characterized by dischargesclusteredin time.

The hybrid-avalanche photodiodes (HAPDs) in the targeted seard run \negativ e cathode" (that is, the
anode is grounded) at a voltage of -7.5kV. The commonwisdom in the photodetector community is that the
negative-cathode arrangemern is prone to corona discharge, a tradeo against its conveniert output signal
coupling.

As shown in Fig. 3.1, there is a marked systematic seasonaltrend in the rate of coincidert hits that is
consistert with corona discharge. During the cold, dry months of fall, winter, and early spring (October-
April), the data exhibits a good hit rate of 0.12 hits per hour of obsenation and a total hit rate of 0.50
hits per hour of obsenation.” However, the hit rates are 30-40times higher during the warmer and more
humid summer months (May-Septenber). Furthermore, we seea memory e ect: obsenations following wet
weather exhibit hit rates many times higher than the summer average, but drop back after 1-2 nights of
clear weather. Opening the camera(which is normally kept tightly closedand ushed with dry nitrogen) for
maintenancework similarly raiseshit rates, but with a longer decay time constart (15 days). These hits
tend to be clusteredin time with, say, 10 hits in 3 minutes followed by many quiet tens of minutes.

We believe that humidity promotes corona breakdown in one detector, which a ects the other detector
via electromagnetic (EMI) and optical coupling. To combat this problem we have added gas lines to the

8Detecting the Cerenkov radiation from such energetic cosmic-rays requires e ectiv e collecting areas measured in km?2 and
a wide angular acceptance.

7\Go od" hits are a subset of the coincident events that pass basic sanity checks. (After the publication of the paper based
on this chapter [32], good hits were later renamed \events" and all hits were renamed \triggers." See[30] and Chapter 4.)
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Figure 3.1. Here we show the humidit y-induced seasonaltrend in the \good" hit rate for the rst two years of the
targeted seard. This is likely the result of corona discharge. (SeeFig. 4.3 for the seasonaltrend over six years.)

optical and electrical compartmerts, to keepthem under a slight positive pressureof dry nitrogen, and we
installed a glassentrance window. We alsoinstalled bakeout heaters(250W total) to the aluminum exterior
of the experiment to purge absorbed moisture. Most of these upgradeswere completed during the summer
of 2000and the good hit rate appearsto have gonedown to manageablelevels{ lessthan 0.2 good hits per
hour of obsenation.® We believe that we largely mitigated the humidity problem, and that regular bakeouts
can reducedit to levels such that no seasonaldata needsto be excluded.

To further reduce our badkground rate, we are collaborated with Dave Wilkinson and colleaguesat
Princeton University who duplicated the targeted seard instrument on their 0.9m Cassegraintelescope in
the Fitz-Randolph Obsenatory. This telescope will followed the Harvard targeted seard telescope through
its nightly observing programs for seweral years. Even with a coincidencerate of 5 good hits per hour, the
rate of inter-obsenatory coincidenceis once every 600 years, with a 1 ms time window®.

The all-sky survey usesmulti-ano de photomultiplier tubesthat run at 900V. At this lower voltage, we
do not expect, nor have we obsened, corona discharge as severe asin the targeted seard.

3.4.2 \Cultural" backgrounds

The world is full of pulsed optical lights { sparks, lightning, automobile turn signals, disco lights, etc.; the
guestion though is: are there any cultural phenomenathat will deliver of 100 or more optical photons
into one of our telescopesduring a nanosecondinterval? Fortunately, most cultural backgrounds are either
insu cien tly bright on nanosecondtimescales, or they couple poorly into the experiment, i.e. one would
never point a telescope at them.

Lightning is of coursea sourceof intense, pulsed light. Measuremerts [26] have showvn that the ashes
are 30 slong on average,with structure on the single s level, and perhaps even faster. However, Oseti
researders do not obsene during local storms. And it is dicult to imagine lightning re ecting into a
telescope from an overhead haze with su cien t intensity, while retaining the short time structure, that
would trigger an Oseti experimert.

8The origin of this small residual background is unclear.
9This wassubsequertly implemented with atime stamping accuracy of 0.1 sand proved quite e ectiv e at vetoing background
events. SeeChapter 4 for details.
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Arti cial satellites orbiting the Earth form a background of steady (or transient over a few milliseconds)
light. Most of these satellites are small and re ect only modest amounts of sunlight; the Hubble Space
Telescop, for example, appears as a magnitude 4.5 object. (Our targeted seard program obsenes stars
with my = 0{12; the brightest star in the night sky, Sirius, hasmy = 1:7.) Satellites with larger surface
areasare brighter still: the International Spacestation and Mir havemy = 2:8 and {3.5, respectively. The
constellation of 66 Iridium low Earth orbit communications satellites are bright enoughat times, my = 8,
to be seenduring the day. What about planets? They look approximately like the brightest spacecraft. The
brightest two, Venus and Jupiter, have maximum brightnessesof {4.4 and {2.7, respectively, during their
peaks.

The question still remainsthough: will thesebodies give a \false alarm” to optical Seti systems?Since
they are constart sourcesof optical photons, we needto worry about pileup. Scaling the result that an
my = O star delivers 2 10* photoelectronsper secondin ead of the two photodetectorsin the targeted
seard, an Iridium satellite|8 magnitudes or a factor of 1500brighter|w ould give courtrates of 3 107 in
ead detector. When the latter passedirectly through the 15arcsec eld of view of the targeted seard (for
a few milliseconds), the false alarm rate with 2 and 3 photoelectron thresholds would be 60 and 0.006 per
mil li second, respectively. Note, however, that satellite and planetary orbits are well characterized and well
documerted; Oseti obseners can simply avoid observing locations where satellites will are.

NASA is experimenting with pulsed laser communication between Earth-orbiting satellites and the
ground, and between deep-spacesatellites and the Earth [28]. Their conclusionsare similar to those of
optical Seti researters: Beamed laser communication o ers a low-power, low-mass,and high-bandwidth
alternative to RF communication. The tradeo, for both NASA and optical Seti applications, is that the
transmitter hasto be aimed very precisely Consequetly, it is unlikely that a narrow beam would be acci-
dentally intercepted by an Oseti experimert. The transmitter and detector would both have to be pointed
at ead other to within a beamwidth (each having a probability of order 10 °). On the other hand, laser
pulsesintentionally beamedfrom a satellite to an optical Seti experiment is an ideal test of the latter.

Could the blinking lights on an airplane causea false alarm? To calculate this, let us assumethat the
light is 500W and radiates isotropically. If the planeis ying at an altitude of 3,000meters, then it hasthe
samebrightnessas a solar luminosity 0.3ly away (my 5), i.e. somewhatdimmer than an Iridium are.
Although one cannot predict when airplanes will y overhead (or look them up in a database, as one can
for satellites), the probability that they would y through the beam of the targeted seard is quite small;
only 15arcsecondsin diameter, the targeted seard telescope obseneslessthan 10 ° of the sky at any
onetime.

All of the other potential cultural backgrounds that we have dreamedup so far { local light pollution,
electrical sparks, etc { would fail to trigger pulsed Oseti experiments becauseeither (1) they are relatively
low power sourcesof contin uous radiation and are thereforeinsu cien tly bright on nanosecondimescalesto
show multiphoton pileup, or (2) they are short and intense, but do not couple directly into the experimert.
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Chapter 4

Targeted Optical SETI

This chapter was publishel previously as part of an article in The Astrophysical Journal [35].

Based upon the arguments above, and their elaborations (which ewolved during a set of workshops
sponsoredby the SETI Institute in 1997{9 [24]), we designedand built a detector system for pulsed laser
beacons.It sav rst light on 1998 0October 19 at Harvard, and ran continually until 2005May 10; a second
system began synchronized obsenations at Princeton on 2001 November 17.

4.1 Instrumen t design

The Harvard systemrides piggybadk on the CfA Digital Speedometermounted on the 1.5-m Wyeth Re ector

at the Oak Ridge Obsenatory in the town of Harvard, Massadwusetts. The CfA Digital Speedometersupports
seweral dozenreseard projects, mostly involving radial-velocity measuremets of stars [41, 42]. Roughly
half the light re ected o the entrance slit of the edhelle spectrometer (about one third of the total light)

is de ected into our photometer, as shown in Fig. 4.1.1 Incoming light is re-imaged and passesthrough a
beamsplitter onto two hybrid avalanche photodiodes’ (Hamamatsu R7110U-07), whoseoutputs feed a pair
of multi-lev el discriminators with levels corresponding to roughly 3, 6, 12, and 24 photoelectrons. By time
stamping level crossingswith a LeCroy MTD-135, we obtain approximate \w aveforms" of incoming pulses
to a precisionof 0.6ns.2 Coincident pulsesseenin the two channelstrigger the microcortroller to record the
arrival time and waveform pro les. Arriv al times are recordedtwice|b y a GPS clock (0.1 s precisionand
accuracy), and by a computer's internal clock (1 ms precision, but only 50ms accuracy as determined by
comparing many GPS and computer time stamps). A \hot event" veto Iters out a classof large amplitude,

bipolarity signalsthat appear to be produced by breakdown everts in the photodetectors. Pulse counters,
threshold adjusting circuitry, and various controls and monitors allow us to test the apparatus to conrm

its stability and proper operation. Fiber-coupledLEDs test the detectors and coincidenceelectronicsbefore
every obsenation. Figure 2 shaws the complete photometer.

Each clear night the CfA Digital Speedometerobsenestypically 20{50 stars with integration times of
2{40 minutes. The observing sequenceis determined by the conditions at the telescope and the priorities
establishedin the monthly observingplans. Becauseof courtrate limitations (6000 counts per secondfor the
Digital Speedometer,typically a factor of two higher for the Seti instrument), bright objects are obsened
only when attenuated (by thin clouds or a neutral density Iter) e ectively eliminating false everts due
to photon pileup. Seweral of the projects involve monitoring variable stars, such as spectroscopicbinaries
and pulsating stars, sothat the targets with the most obsenations and longesttotal integration times had

1The Princeton system has full use of its smaller telescope, hence comparable light-gathering aperture; subsequert instru-
mentation is identical.

2HAPDs have the advantage of clean pulse height discrimination, at the price of increased corona discharge, as compared
with traditional lower voltage multi-stage photom ultiplier tubes.

3As con gured, the LeCroy chip only timestamps the last upward and downward crossing for each level, thus the waveforms
of more complicated shapes (e.g. double pulses) cannot be completely reconstructed.
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Figure 4.1. Block diagram of the Harvard targeted optical pulse detector. Unusedlight from the echelle spectrograph
is imaged onto a pair of hybrid avalanche photodetectors, whose coincidencetriggers fast time-stamping of waveform
crossingsthrough four preset levels.

beendominated by variable stars and others unlike the Sun. Soon after the Harvard instrument wert into
operation we established a new observing project designedto provide a large sample of promising Seti

targets. The sample of more than 11,000stars was drawn from the Hipparcos Catalogue and consistsof all
the main-sequencedwarfs between spectral typeslate A and early M with distanceslessthan 100pc and
declinations between 20 and +60 . Since November, 2001, the Princeton telescope has simultaneously
pointed at the same stars on many observing nights. Coordination is achieved by automatically passing
target RA/dec and other parametersto a Princeton computer, where volunteers point the telescope. During
ead obsenation, the diagnostic data, along with coincidert pulse data, are sert to a PC and recorded in
alog le at eath obsenatory. After ead night of obsenations, the log les are incorporated into a web-
enableddatabaseto facilitate analysis. We track the data through automated daily emails that summarize
the previous night's obsenations. Additionally , the web-enableddatabaseallows us easily to view the data
in many forms: chronological summaries, ordered seardes by various criteria (total ewerts, ewvernt rate,
total obsenation time, etc.), obsenational summariesfor individual objects, diagnostic data for particular

obsenations, etc. Further details are available in Charles Coldwell's PhD thesis[11].

4.2 Sensitivit y

We estimate the sensitivity of the Harvard instrument by following a light pulse through the entire system
(Fig. 4.1). The optical path includesfour re ections (each 85%e cien t), alens( 92%), and a beamsplitter
( 92%). One of the mirrors is the entrance slit to the edelle spectrometer, which re ects roughly 1/3 of the
light into the Oseti instrument on average,depending on seeing. The beamsplitter sendshalf the light to
ead HAPD, which hasabroad 20%plateauin quantum e ciency (QE) for = 450{650nm (and QE > 1%
for = 350{720nm). The signal must exceedthe lowest threshold (three photoelectrons) in eat detector
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Figure 4.2. The Harvard targeted seard photometer, with coversremoved. Light enters from the rear of the righthand
compartment, focusedonto a 30arcsecaperture, then passesthrough a beamsplitter onto the pair of HAPDs on their
3-axis stage. The detectorsrun at againof 4 10 producing 50 V negative pulsesinto 50 , which are ampli ed

and sert to the electronicsin the lefthand compartment. The latter perform coincidence,4-level ADC, timing, logging,
hot-event veto, and communication with the host Linux PC. The photometer measures25 25 60cm, and weighs
30kg.
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Table 4.1. Project parameters{ targeted optical Seti at Harvard and Princeton

Telescop es
1.6m Wy eth telescope in Harvard, Massachusetts|1/3  of light used for Oseti
0.9m Fitz-Randolph telescope in Princeton, New Jerseylall light used for Oseti

Photometer
Beamsplit pair of hybrid avalanche photo diodes (350-720nm response,
peaked between 450-650nm)
Pulse amplitude proles recorded to 0.6ns resolution
GPS-deriv ed timestamping of events to 0.1 s at each observatory

Ob jects Observ ed
15,897 observations of 6176 stellar objects with Harvard instrumen t
1721 simultaneous observations of 1142 stellar objects with Princeton and
Harvard instrumen ts
Objects selected for radial velocity surveysiman y FGK dwarfs

Sensitivit 'y
100 photons m 2 in the photometers' waveband and aperture in  5ns (80 photons m 2
for Princeton)

during the discriminator's averaging time (5ns). Accounting for these factors, the Harvard instrument's
threshold sensitivity is 100 optical photons (= 450{650nm) per squaremeter, arriving at the telescoge in
a group within 5ns.

The Princeton instrument is identical, except that it receives all of the light from its 0.9m primary
mirror, and the light path includes only three mirrors. Multiplying the appropriate factors, the Princeton
instrument is sensitive to signals of 80 optical photons ( = 450{650nm) per square meter arriving in a
group within 5ns. With both instruments simultaneously observing, Princeton can\v eto" a Harvard signal,
although the con dence in this veto dependson the signal intensity at Harvard and the observing conditions
at the two sites.

4.3 Harv ard observations

From October 1998 through November 2003, the targeted seard with the Harvard instrument performed
15,897 obsenations of 6176 stars, for a total of 2378 hours of obsenation. Our target list is composed of
objects being surveyed both for Seti and for other astrophysical interests. Two of the authors [of the original
paper { David Latham and Robert Stefanik] are characterizing 11,000F, G, and K dwarfs (2079 obsened
at least oncewith the Oseti instrument) for possible obsenations by next generation targeted microwave
Seti , seekingevidenceof stellar companionsthat would prohibit planets in the habitable zone. The radial
velocities of a sampleof 3000nearby G dwarfs are being monitored to characterizethe population of stellar
companionswith spectroscopicorbits. Other programs obsene a variety of additional targets (very young
stars, A dwarfs, and very old stars in the Solar neighborhood, among others).

In its v e yearsof obsenations, we recorded 4746 \triggers," i.e., instanceswhen the lowest thresholds
are simultaneously exceededn both channels. Although all triggers are recorded, the reported \w aveforms"
are passedthrough a lter that enforcescertain validity cheds: the signals seenin ead channel must be
roughly the sameamplitude (within one level of eact other), and they must overlap in time. The subsetof
triggers that passthis test are labeled events to date, we have registered1117everts. This lter is unlikely
to exclude a geruine pulsed ash|the LED test ashes, which are done before every obsenation, passthis
test with only rare exceptions.

Sincethe 1117 events are distributed impartially among 6176 objects (x4.6), we have con dence that
the majority of the events arise from natural causes.Furthermore, in attempts to identify their source,we
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Figure 4.3. Seasonalvariation in the event rate at Harvard. Corona breakdown substartially elevates the rate during
the humid summer months. This plot includes all obsenations, regardlessof quality.

logged events even during tests with the obsenatory dome closed. Clearly, instrumental e ects contribute
badkground everts. In the analysisthat follows, we attempt to remove the instrumental badkgrounds from
the Harvard data to look for residual everts, possibly of extraterrestrial origin. We also examined the
Harvard obsenations during which Princeton provided veri cation through simultaneous obsenations; with
one possibleexception, we found no evernts synchronously occurring at the two obsenatories (x4.10).

4.4 Seasonal variation

A histogram of the evert rate by month (Fig. 4.3) revealsthe largest sourceof background everts, evidenced
by a marked systematic seasonaltrend in the event rate, apparertly due to ambient humidity. During
the dry months of fall, winter, and early spring (October{April), the data exhibit an evert rate of about
0.16hr ! and a trigger rate of about 0.5hr . However, the event rates are 30{40 times higher during
the warmer and more humid summer months (May{September), as shown. Furthermore, we seea memory
e ect: obsenations following wet weather exhibit evert rates many times higher than the summer average,
but recover after 1{2 nights of dry weather. Opening the camera(which is normally kept tightly closedand
ushed with dry nitrogen) for maintenancework similarly raisesevert rates, but with a longerrecovery time
( 15days). Theseewerts tend to cluster in time with, say, 10 events in 3 minutes followed by many tens
of minutes of quiet. Thesesymptoms all point to coronadischarge, a high voltage breakdowvn characterized
by radiofrequency and optical emission. We mitigated the humidity e ect beginning in 2002by adding dry
nitrogen gas lines, bakeout heaters, and an entrance window, but these e orts reduced the summer evert
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Table 4.2. Summary of data from Harvard seardh

DSa DSclean Dsoverlap

Objects 6176 4730 1142
Observations 15897 11600 1721
Observations per object 2.1 25 15
Integration (hr) 2378 1721 244
Integration per object (hr) 0.39 0.37 0.21
Events 1117 274 130
Event Rate (hr 1) 0.47 0.16 0.53
Triggers 4746 1066 614
Trigger Rate (hr 1) 2.00 0.62 2.52
Note. | Summary statistics from the Harvard search for

three data sets: DS, consists of all observations made from
Harvard. DSgean is a subset of DS, with certain high trigger
rate nights removed (seex4.5). DSqyeriap IS the subset of DSy
during which Princeton jointly observed (seex4.10). Princeton
contributed 429 events and 2327 triggers to DSoyeriap -

rate only by a factor of two or three (seeFig. 4.3).

We examined,and excluded,the possibility that the seasonalariation wasdue to temperature-dependert
gainin the HAPDs: the HAPD bias power supply (Power Technology PD-3) includestemperature compensa-
tion matchedto the detector characteristics, and furthermore the obsened pulse waveformsproducedby the
HAPDs during hot and cold weather are indistinguishable. In addition, the evert rate shows no statistically
signi cant correlation with temperature.

4.5 Data sets

Throughout this paper, we refer to the three data setsshown in Table 4.2: DS, is the data set usedabove,
and consists of all obsenations made from Harvard. DSgean IS @ subset of DSy, from which nights with
anomaloustrigger rates have beenremoved. To be excludedfrom DSy, a night's obsenations must have a
trigger rate greaterthan one per hour, and two or more everts spreadamongtwo or more objects. Although
this cut may seemarbitrary, in practice it cleanly removes nights with corona-polluted data. The data
excludedfrom this set were scrutinized for clear extraterrestrial beacons(e.g., a pulsetrain of events for one
object). DSeveriap is the subsetof DSy during which Princeton jointly obsened (seex4.10). Roughly 60%
of the objects in thesedata setsare Sun-like stars (late F through early M).

4.6 Consistent with Poisson statistics

DS¢ean includes 11,6000bsenations, summarizedin Tables4.2 and 4.3. Of the 47300bjects obsened, 95%
(4496) had no events at all. Note particularly that among the objects with everts, those with more evernts
were obsened for longer durations (Tables 4.3 and 4.4) and more often (Table 4.5). The 274 events were
distributed among 234 separate objects as showvn in the \Observed" column of Table 4.3. The objects at
the tail of this distribution are particularly interesting|20 objects with two everts, four objects with three
everts, and four objects with four evernts. Do any of the objects show an extrastatistical number of everts?
Is there any evidenceof periodicity? Is this distribution consistert with any model?

The everts in DSgean Were modeled with a Monte Carlo simulation of the obsenations using Poisson
statistics. We assumedthat the event rate was constart (0.16hr !, to generatethe obsened total of 274
everts in 1721 hours)las one would expect for a random physical process(e.g. radioactivit y, cosmic-rays)
unrelated to the telescope's targetjJand calculated the averagenumber of objects with 0, 1, 2, etc. events
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Table 4.3. Harvard obsenations { distribution of everts

Ob jects Observ ations Integration Time (hr)
Events Observed Simulated Poisson Total Per Obj Total Per Obj Ev ents/hr

0 4496 4495 14 9518 21 1327 0.3 0

1 206 207 14 1378 6.7 257 1.3 0.80

2 20 21 4.4 418 21 75 3.8 0.53

3 4 4.9 2.0 81 20 14 35 0.86

4 4 15 11 205 51 48 12 0.33

5+ 0 0.7 0.8 0 0 0 0 0
Total: 274 4730 4730 11600 25 1721 0.37 0.16
Note. | DSgean sorted by events per object. Note that 95% of the objects (4496/4730) do not have any

events. The expected number of objects|deriv ed from a calculation based entirely on the event rate and the
distribution of integration times|correlates well with the actual number of events. Also note that both the
number of observations and integration time per object is much higher for multiple-ev ent objects, as one would
expect for randomly distributed events.

during 10,000runs (with standard deviations in the averagesgiving the error bars), as shownn in \Sim ulated
Poisson"in Table 4.3. The Monte Carlo evert distribution wasveri ed by direct calculation of the Poisson
probabilities for ead object having 0, 1, 2, etc. events, and summing over objects. Sincethe total integration
time per object varied substartially (Table 4.4), the calculation and Monte Carlo simulation usedthe actual
distribution of observingtimes.

The obsened event distribution in Table 4.3 appears consistert with the model of uniform background
rate. The slight discrepancybetweenthe obsened and modeled event distributions|more obsened objects
with four events|can be plausibly explained by postulating that the obsenations during a few corona-
plagued nights (with their highly variable evert rates) were included in DSgean. The objects with multiple
everts are neverthelessof interest, and are discussedfurther in x4.8.

4.7 Other sources of events?

What, then, causedthese 274 Poissondistributed events? Low level coronais a plausible explanation, but
seeral others warrant investigation as well.

Cosmic-ray muons (and other charged particles) are a potential sourceof everts. Could a muon traveling
by chancedown the axis of the telescope produce enoughbeamedCerenkov radiation to be detected by the
Oseti instrument? Cosmic-ray muons have an averageenergyof 2Gevanda ux of I ( ) =1 cos , where

is the zenith angleand | =8 10 3cm ?s 2sr 2 [53. The number of photons from a single muon is a
function of its energy (with a threshold energy of 4.3Gev), and its pathlength: d®N=dEdx = 370sin® ¢ (E)
eV cm !, where ¢ = ( n) !, =v =g andn isthe index of refraction. At sealevel, this is 10 optical
(2eV) photonsm *. Although the light cone'sopening angle is small ( ¢(E) < 1:4 for air), most of the
photons either miss the telescope, or don't couple into the instrument, even for muons traveling down the
telescope axis. (SeeChapter 3.)

Fig. 4.4 shows the probability density of everts and obsenations as a function of telescope zenith angle
for a restricted set of DSean With a particularly low evert rate (9400 obsenations of 3928 objects with an
evert rate of 0.15hr 1). If Cerenkov photons were a signi cant badkground, we would expect to seeexcess
probability for events at low zenith angles,which we do not. A histogram derived from triggers (instead of
everts) from the samedataset (not shown) is qualitativ ely similar. Thus we conclude,from both calculation
and obsenation, that Cerenkov ashes do not contribute events.

Another potential sourceof the residual everts is energeticmuons traveling through both HAPDs. Such
muons would have energy su cien t to eject electrons from the photocathodes, which would be ampli ed
and detected. Howewer, it would require a lucky hit for a single muon to passthrough both photodetectors:
Estimating the relevant detector cross-sectionsto be 0.25cm?, a simple geometric calculation shows that
muonstraverseboth detectorsat arate of 10 °s 1, or onceevery 25 hours. We calculated the \detector

29



Table 4.4. Distribution of integration times

Events

Integration (min) Objects 0 1 2 3+

of1 36 36 0 O 0

2{3 1207 1203 4 0 0

A7 1048 1027 21 O 0

8{15 876 845 29 2 0

16{31 821 783 36 1 1

32{63 410 355 53 1 1

64{127 211 172 33 6 0

128{255 83 61 19 3 0

256{511 27 14 6 4 3

512+ 11 0 5 3 3
Note. | Distribution of integration times in DSgean -

Note that on average the objects with multiple events were
observed for longer than those objects with zero or one
event.

Table 4.5. Distribution of obsenations

Observations  Objects Events

1 3223 65
2{3 767 51
A7 437 55
8{15 239 46
16{31 42 19
32{63 19 35
64+ 3 3

Note. | Summary of the distribu-

tions of events and objects from ob-
servations in DSgjean -
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Figure 4.4. Histograms of the probabilit y of events at Harvard for a restricted set of DS¢ean as a function of telescope
zenith angle (left) and \detector zenith angle" (right; the angle between the vector connecting the two detectors
and the zenith). If a signicant fraction of the events in this data set were due to Cerenkov radiation from muons
traveling down the line of sight of the telescope (on the left), or were due to muons passing through both detectors
(on the right, then the probabilit y of events would be concertrated at small telescope zenith angles.

zenith angle" (the angle betweenthe vector connectingthe two detectorsand the zenith) for eat obsenation

to test for the excessevents that would be expected at small zenith angles,owing to the cos dependence
of muon ux. Fig. 4.4 shaws the probabilities of events and obsenations as a function of the detector zenith

angle for the samedata set usedfor Fig. 4.4. We seeno evidenceof excessevents due to this mecanism.

Using triggers instead of events in Fig. 4.4 leadsto a qualitativ ely similar histogram.

Cerenkov radiation from muons passingthrough the 25mm-cube glassbeamsplitter is another potential
sourceof events. For glass(n = 1:5, ¢ = 0:84rad), 500visible-wavelength photons are producedper muon
per cm traveled. It would require a lucky hit to deliver photons from the beamsplitter to both detectors, but
it seemgplausible that this scenariocould produceeverts. Scirtillation in the beamsplitter glassfrom muons
or radioactive decay products is unlikely to trigger an evert due to the small size of the beamsplitter and
the low scirtillation yield of glass. Muon capture in the beamsplitter (where it would energetically decay) is
unlikely giventhe low capture cross-sectiorand small beamsplitter size. To test thesebeamsplitter scenarios,
however, we temporarily replacedthe cubical beamsplitter with a thin (1 mm) coated plate beamsplitter.
During seeral nights of tests, we obsened no statistically signi cant changein evert rate.

The Cerenkov radiation and scintillation scenariosdescribed above, as well as other potential badk-
grounds, are discussedin Chapter 3.

4.8 Interesting objects and reobserv ations

Tables4.6 and 4.7 shaw the objectsthat havetwo or more everts in DSgean , their observingand event/trigger
statistics, and astronomical information. We examinedthe obsenational histories of these objects for indi-
cations that the everts from one or more of them wasdue to intentional extraterrestrial communication|an
extrastatistical number of everts, a clustering of an object's everts in one night's obsenations, or simultane-
ous event detection at Harvard and Princeton. Objects with any of these characteristics were concurrertly
reobsenedby Harvard and Princeton (\Reobservations" in Table 4.6). Thesereobsenations are not included
in the three datasetsin Table 4.2.

Note that many of the objects in Tables 4.6 and 4.7 (particularly those with three and four events)
were obsened often and have long total obsenation times, typically becausethey are suspected short period
binaries or are variable on short time scales.Theseobjects are therefore deemedlesslik ely hostsfor intelligent
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Table 4.6.

Interesting objects in DSgean { Observing statistics

Observ ations in DS¢jean Reobserv ations

Ob ject Evt Trig Obsv Hrs Rate Multiple EVt/T rig Veto Hrs Evt Trig Obsv
HD 14535 4 7 52 13.3 0.30 | o1 | | | |

CYG 4 10 59 7.6 0.53 | | | | | |
RZ Cnc 4 7 54 15.6 0.26 | 0/0 | | | |
SSLAC 4 8 40 11.7 0.34 | | | | | |

ORI 3 16 40 4.4 0.68 2/3 on 2002 Nov 8 | 1.0 1 4 3
DU Leo 3 8 27 8.3 0.36 3/7 on 1999 May 31 | 2.2 0 0 7
HD 220077 3 3 9 0.3 8.82  3/3 on 2000 Nov 4 | 1.7 0 0 6
LSR2-1471 3 3 5 1.0 3.11 | | | | | |
BD+18 2930 2 2 1 0.3 6.00 2/2 on 1999 Feb 15 | 1.7 0 0 5
M67 1221 2 2 8 2.0 1.01 | | | | | |

Equ 2 4 14 1.2 1.70 | 012 | | | |
BD+61 1045 2 2 6 1.6 1.23 | | | | | |
Capella 2 8 37 5.4 0.37 | | | | | |
EU Del 2 9 72 7.1 0.28 | 1/2 | | | |
G65-43 2 2 7 1.9 1.05 | | | | | |
HD 32306 2 3 8 25 0.80 | 0/0 | | | |
HD 57769 2 4 18 4.4 0.45 | | | | | |
HD 72746 2 3 4 1.2 1.62 2/3 on 1998 Dec 27 0/0 3.0 1 2 9
HD 86579 2 4 8 2.6 0.75 | o1 | | | |
HD 94292 2 8 26 5.4 0.37 | 1/5 | | | |

UMa 2 7 58 10.6 0.20 | | | | | |
HD 18884 2 5 3 0.1  14.49 | | | | | |
HD 40084 2 4 13 3.1 0.64 | 0/0 | | | |
HIP 14420 2 2 1 0.1 14.97 2/2 on 2000 Dec 27 | 25 1 2 10
RT Lac 2 7 42 12.7 0.16 | o1 | | | I
Serge 3151 2 3 3 0.9 2.26 | 11 | | | |
TV Psc 2 4 38 2.0 1.01 | 0/0 | | | |
UU Her 2 7 51 10.5 0.19 | 1/2 | | | |
Note. | Objects with two or more events in DScean listed with their observing statistics (number of events, triggers,

observations, hours of cumulativ e observation, event rate in hr 1), nights with multiple events/triggers from one object (a
dash indicates all events occurred on separate nights), and the number of events/triggers
by Princeton during concurren t observations (a dash indicates no concurren t observations in DSgean ). Statistics from the
reobserv ations are listed in the four righ tmost columns (whic h occurred

Harv ard instrumen t for join t Harv ard/Princeton
after November 2003 and are not in DS, ; a dash indicates no reobserv ations).

that were \v etoed" (not observed)

No simultaneous Harv ard/Princeton

triggers were recorded during the reobserv ations. Table 4.7 lists coordinates and descriptions for these objects.
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Table 4.7. Interesting objects in DSgean { astronomical information
Name Other Name R.A. Dec. Vwm Parallax Description

HD 14535 HIP 11098 22253 +57 14 43 8 0.37 [0.88] A2lalsup ergiant, variable

Cyg HD 185734 193923 +30 09 12 5 13.00 [0.59] KOl llbinary , 433 day period
RZ Cnc HD 73343 83909 +31 47 44 9 3.25 [1.56] cool Algol binary , 21 day period
SSlLac HIP 108981 22 04 42  +46 25 38 10 1.13 [1.39] triple, 14.4 and 678 day periods

Ori HD 39801 555 10 +7 24 25 1 7.73 [1.64] M2Iblsup ergiant, variable
DU Leo HD 84207 94411 +25 2111 10 | GOV|binary , 1.37 day period
HD 220077 HIP 115279 23 2053  +16 42 39 9 13.07 [1.51] F7V|visual binary , 0°%23 sep.
LSR2-1471 GSC 03600-00123 21 09 53 +50 49 18 11 | GOV|binary , 210 day period
BD+18 2930 GSC 03598-00615 14 46 57 +18 18 00 9 | G8v
M67 1221 GSC 01481-00366 85144 +11 44 26 11 | K1l Il|binary , 6394 day period

Equ HD 202448 21 15 49 +5 14 52 4 1751 [0.89] GOIll & Albinary , 99 day per.
BD+61 1045 HD 70050 8 23 16 +61 27 38 8 3.88 [0.95] G2V|binary , 14.35 day period
Capella HD 34029 516 41 +45 59 53 0 77.29 [0.89] G5l llbinary , 104 day period
EU Del HD 196610 20 3755 +18 16 07 6 9.16 [0.99] M6l | l|semi-regular variable
G65-43 HIP 69893A 14 18 12 +12 44 29 11 14.24 [2.92] K3V|binary , 4837 day period
HD 32306 HIP 23422 50201 53004 7 8.40 [0.84] F5V|binary , 794 day period
HD 57769 HIP 35919 72417 +36 18 39 7 8.01 [1.18]  F5V|triple, 1.5 day inner per.
HD 72746 HIP 42037 8 34 09 9 57 10 8 11.22 [1.11]  F2Vlvisual  binary , 0°%21 sep.
HD 86579 HIP 48963 9 59 19 304 30 7 7.57 [1.02] F5V|binary , 2729 day period
HD 94292 HD 53212 10 53 02 +4 57 43 8 13.02 [0.92] G5V|double-lined binary

UMa HD 98230/98231 11 1811  +31 3145 4 | F and G dwarflquadruple
HD 18884 HIP 14135 30217 +4 05 23 3 14.82 [0.83] M2l Ijlo w level variable
HD 40084 HIP 28343 559 22 +49 55 28 6 2.90 [0.79] G5l ll|binary , 219 day period
HIP 14420 HD 232747 306 11 +51 06 06 10 14.64 [1.79] KOV
RT Lac HD 209318 22 01 31  +43 53 26 9 5.19 [1.05] RS CVn binary , 5 day period
Serge 3151 GSC 03598-00615 212352 +49 07 37 11 | GOV|sp ectroscopic binary
TV Psc HD 2411 02803 +17 53 35 5 6.65 [0.78] M3I Il|semi-regular variable
UU Her HIP 81272 16 35 57  +37 58 02 8 {0.15 [0.91] F2Ib|semi-regular variable
Note. | Right ascension (R.A. in hours, minutes, seconds; J2000), declination (dec. in degrees, min utes, seconds),

visual magnitude (V v ), parallax (mas, with uncertain ties in brackets), and spectral types for the objects in Table 4.6.

Information

was not available where dashes are present.
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Table 4.8. Obsenations of HD 220077

_ § HD 220077 Other Objects
S 4 &b . . . . .
Date o o o Obsvs  Min Evt  Trig Objects Obsvs Min Evt Trig
2000Nov4 P P 5 10 3 3 10 11 36 0 2
2000Nov 18 P P 2 6 0 0 44 49 388 2 3
2001Jan26 P P 1 2 0 0 52 57 399 0 0
2002Jul 7 P 1 4 0 0 19 23 255 2 14
2002Sep13 P 1 30 0 33 34 365 2 10
20020ct 21 P 1 4 0 0 45 51 410 1 11
2003Jan15 P P 1 3 0 0 22 29 329 0 0
2003Jul 16 P 1 4 1 1 19 23 284 5 17
2003Aug 21 P P 1 8 0 0 28 29 205 5 27
2003Sep30 P 1 8 0 0 29 37 282 6 14
2004Feb12 { { { 4 61 0 0 38 45 408 1 1
2004Feb14 { { | 2 38 0 0 20 30 413 2 7

Note. | Observations of HD 220077. Columns detail the number of observations (Obsvs), the observation
duration in minutes, and the number of events and triggers for HD 220077 and other objects observed that
night. The datasets that each observation belongsto are chedked. Observations on 2004 February 12 and 14
were reobservations with Princeton after the closing date of the three listed datasets. Note that HD 220077
had three events, and no non-event triggers, on 2000 November 4.

civilizations. Although many Sun-like stars were obsened ( 60% of the objects and obsenation time in
DScean ), few are represerted in Tables 4.6 and 4.7 becausethey had lessobserving time per object; that
is, Tables 4.6 and 4.7 select for objects with long total observing times, which tend not to be Sun-like.
Nevertheless,given the consequencesf a con rmed nanosecondpulse, a careful analysis is warranted.

HD 220077

The three triggers (all everts) recordedby HD 2200770n 2000 November 4 warrant the greatest attention. *
The three events were recorded during 10min spread over 5 obsenations. The experiment ran for only
46min that night, and none of the 10 other objects registeredan event (although two triggered), as shown
in Fig. 4.5. Although this night wasthe rst time the experimert had run in 25 days, and it did not run
during the v e nights following, all diagnostic data (countrates, temperature, weather, etc.) appear normal.
The event rates during autumn of 2000were relatively low ( 0.15{0.20hr 1).

The time di erences betweensuccessie events ( 1 = 914sand , = 289s) do not appear to be part of
a (perhapsincompletely sampled) regular pattern: ;= 6 n=m for small integersn and m (which we will
call the \Rational Period Test"), even when allowing for the 1s clock accuracyin 1999 (before the GPS
clock was added).

As shown in Table 4.8, HD 220077was obsened 15 times over 50min in DSy, . One additional event was
recordedon 2003July 15 (in DSy, but not DSgean ), however the trigger and evert rates were both elevated
that night. This object wasjointly reobsenedby Harvard and Princeton for 99min and no events or triggers
were seenat Harvard.

In general, one can calculate the Poissonprobability of recording no everts in reobsenations of a given
duration, assumingthat an evernt rate from previous obsenations should apply. We calculate two such
\reobservation probabilities,” p;, and p;,, using the event rates for HD 220077 from 2000 November 4

4We use Univ ersal Time (UT), and star names from the CfA Digital Speedometer surveys, which in some casesare not in
common use. Other names for objects (such as Henry Drap er or Hipparcos numbers) and celestial coordinates are given in
Table 4.7.
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Figure 4.5. Observations on the night of 2000 November 4 beginning at 05:43:53UT at Harvard. The boxesindicate
obsenation intervals of objects listed below. Events (solid lines) and non-event triggers (dashedlines) are showvn above
the obsenations with timestamps labeled. Note that all three events occurred during obsenations of HD 220077;two
triggers that did not meet event criteria were recorded on other objects (HD 203940and HD 217014). All obsenations
are in DSgean , but not in DSeverap - (These obsenations are atypically short and sparse; seeFig. 4.6 for a typical
night's obsenations.)
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(r1 = 0:33min 1), and for all obsenations of HD 220077in DSgjean (r2 = 0:14min 1), respectively, and the
reobsenation times listed in Table 4.6. Although instructive, p;, 10 * and p;, 10 ® are probably
unrealistically low sincean event rate is poorly de ned by sofew everts | a constart rate may not even be
an accurate characterization of a processwith such limited statistics. Nevertheless,it remains unlikely that
a natural or arti cial sourcewould produce three everts in ten minutes, and then no everts for nearly ten
times aslong. We concludethat the everts in question were probably a statistical uctuation of background
processes. The strength of this conclusionis limited, however, given the modest time spent reobserving.
Additional reobsenations (for, say, tens of hours) could test this conclusion.

HD 220077is an F7V dwarf with a visual companion 0.25 mag fainter at a separation of 0923. The 38
CfA radial velocities for the composite light of both stars show a hint of a slow drift over the obserned span of
4147 days, which supports the ideathat the two stars are a physical pair in orbit (for which their separation
would be 17.6AU).

4.8.1 Other objects

No other object in Tables 4.6 and 4.7 displayed the extrastatistical properties of HD 220077. Seweral ob-
jects had long total obsenation times and are probably explained as statistical uctuations in a constart
badkground of Poisson-distributed events.

The six objects with multiple events in one night were deemedthe most interesting, and were recbsened
for one to three hours. Although some events and triggers were recorded at Harvard during the joint
reobsenations, none of them were simultaneously seenat Princeton.

Of note in the reobsened group is DU Leo, which recorded3 everts and 7 triggers in 40 minutes over two
obsenations on 1999 May 30. Although this night was included in DS¢jean, it is worth noting that the 1999
seasonof corona discharge, with its attendant high evert and trigger rates (Fig. 4.3), had begun a few days
earlier. We nd no set of triggers from DU Leo (or any other object) that passesthe Rational Period Test.
Taking r; = 0:075min ! andr, = 0:006min 1, the reobsenation probabilities for this object arep;, 10 *
andp,, 0:5.

The properties of many of the objects in Tables4.6 and 4.7 (supergiants, multiple systems) make them
lesslikely sites for Earth-lik e life. None of them are members of the Habitable Catalog [63], a catalog of

17,000potentially habitable stars from the 120,000star Hipparcos Catalogue [49].

4.9 Conclusions from Harv ard observations

Based on the Harvard obsenations and reobsenations, our conclusion is this: Given the low event rates
and corresponding small-number statistics, we have found no evidenceof clustering or periodicity from any
candidate star, and the events are distributed impartially among the targets. There is additionally no
correlation of evert rate with stellar magnitude, con rming the conclusionthat Poissondoubly-coincidert
\accidentals" do not contribute candidate events at ordinary single-photon court rates. Reobsenations of
those objects with multiple events in one night did not reveal sourcesof optical ashes. From the results so
far, therefore, we conclude that we have found no evidencefor pulsed optical beaconsfrom extraterrestrial
civilizations.

In considering this conclusion, one must keepin mind the possibility that a transmitting civilization
might chooseto senda solitary pulse, or, equivalently for our obsenational protocol, a pulse repetition rate
lessthan, say, onceper hour. To put it another way, what do you do with isolated non-repeating everts|
particularly when any one of them, if authentic, would constitute the greatest discovery in the history of
humankind? You nd a better way to do the experimert. It wasthis motivation that led to the construction
of the Princeton experiment in 2001, and to the two yearsof joint obsenations, which are discussedbelow.

4.10 Synchronized observations with Princeton
Given our current badkground level of roughly one evert per night of obsenation with the Harvard instru-

ment, a single optical pulse from an extraterrestrial civilization would likely be dismissedas a background
evert. Toattract attention, the signalwould haveto consistof a successiorof pulsesfrom a sourcecandidate,
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perhapsexhibiting non-random arrival times. As we remarked above, we recognizethat this is a shortcoming
of the experimentjlw e may miss a true pulsed beacon.

To addressthis problem, we duplicated the detector systemat the 0.9m Cassegrainat the Fitz-Randolph
Obsenatory in Princeton, New Jersey Since November 2001, this telescope has followed the Harvard tele-
scope through its nightly observingprograms, synchronizedvia the internet. Giventhat the baselinebetween
obsenatoriesis L=c = T 1.6 ms of light-time, the absolute timing precisionof 0:1 s permits us not only
to identify approximate coincidences;it further de nes an error band in the sky whosewidth is of order

=T = 12arcsec. This is comparableto the obsened target eld, set by the focal plane aperture
stop. Thuswith good accuracywe can verify that a candidate two-obsenatory coincidert evert is consisten
with the observing geometry.

To seehow e ectiv e such a schemeis in eliminating uncorrelated events at the two obsenatories, imagine
an event rate re = 1hr ! at each obsenatory, and let us require that eac candidate evert pair (between
the two obsenatories) be within a broad time window of, say, T=1 ms to be considereda con rmed
detection (recall that our GPS-derived timing accuracy is in fact 4 orders of magnitude better). Then the
combined badkground rate due to \pileup" isrpom = r2 T =3 10 “evertshr 1, or 1 event every 3 million
observing hours. With sud a low badkground rate, we would have to examine seriously the astrophysical
and extraterrestrial signi cance of even a single coincidenceat the two obsenatories.

While the Princeton obsenatory provides excellert positive con rmation (simultaneous events would be
believed with high con dence), we have lesscon dence in negative con rmation (\v etos"), particularly of
low amplitude everts. Sensitivity varies at the two sites due to nonuniform photodetector gain, electronic
gain, and ervironmental factors (e.g., thin clouds at one obsenatory). Thesecaveatsapply most strongly to
low amplitude signals;large pulsesobsened at Harvard should also be seenat Princeton.®

Table 4.2 summarizesthe Princeton obsenations that coincidedwith 1721 Harvard obsenations of 1142
objects totaling 244 hours of obsenation (DSqverap ). During these obsenations, Princeton recorded 2327
triggers and 429 events, while Harvard recorded 614 triggers and 130 events (106 triggers and 17 events in
DScean)- The somewhatlower signal thresholds on the Princeton instrument, aswell as higher coronarates,
may accourt for the higher trigger and event rates at Princeton.

4.10.1 HIP 107395

During syndronized obsenations from 2001 November 17 onward, only one pair of triggers was recorded
with arrival times that are consistert with an extraterrestrial or astrophysical optical pulse arriving at the
geographically separated obsenatories. On 2003 Septenber 17, during a joint obsenation of HIP 107395,
Harvard recorded a trigger at 06:52:16.944JT and Princeton recorded one at 06:52:16.943JT (computer
clock times). Unfortunately, the GPS clock at Princeton (with 0.1 s accuracy) was not working for a few
months around this date. Thus, unambiguousidenti cation of an astrophysical or extraterrestrial pulsefrom
HIP 107395is not possible. Sincethe computer clock times are only accurateto  50ms, there is roughly a
2% chancethat the triggers actually occurred within 1 ms of ead other; the millisecond alignment may
have beenthe work of chance. Although there are seweral other reasonsto dismiss these as background
triggers serendipitously recorded1 ms apart (described below), it is worth noting that this is the only trigger
pair whosearrival times are consistert with a single pulse arriving at both obsenatories. No other trigger
pair arrived with a time separation of lessthan 0.3 seconds.

As shown in Fig. 4.6, the trigger rates at Harvard and Princeton were both elevated on 2003 Septenber
17. Harvard recorded 23 triggers and 2 everts during 32 obsenations of 25 objects over 6.1 observing hours
that night, while Princeton recorded 315 triggers and 64 everts during 15 obsenations of 15 objects over
3.5 observing hours® During the 20 minute obsenation of HIP 107395,Harvard recorded 5 triggers and 0
everts. Princeton obsened HIP 107395for 26.4 minutes (completely covering the Harvard obsenation) and
recorded 32 triggers and 10 everts (8 triggers occured before Harvard was observing).

The probability of any pair of triggers randomly occurring within ~ 1ms during the obsenation of
HIP 107395can be estimated as pims = rHp coinc Tobsy = 3 10 °, wherery = 15hr *andrp = 72hr !

5The e ect of deadtime following corona-induced triggers is insigni can tjev en under poor conditions ( 50 corona triggers
per hour) the probabilit y of missing a con rming event is 10 3

8These anomalously high rates are consistent with corona discharge; all observations on 2003 September 17 from Harvard
were thus excluded from DSgean by the algorithm described in x4.5.
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Figure 4.6. Observational diagram for the night of 2003 September 17. Observations at Harvard (right) and Princeton
(left), with time increasingupward. Observations are designated by solid boxesand dashedlines to the certral vertical
axis. Object names are written between the dashed lines. Triggers are showvn as short horizontal lines coming out
of the certral vertical axis (Harvard to the right, Princeton to the left.) These trigger marks are extended for a pair
of triggers whose arrival times at Harvard and Princeton were 1 ms apart, as recorded by the computer clocks (see
4.10.1). Note that the trigger rates were elevated at both obsenatories, particularly during the rst half of the night.

38



are the trigger rates at Harvard and Princeton during the Topsy = 20 minute obsenation, and cinc = 1Ms

is the coincidencewindow. Of the 1123 obsenations in DSyyerap , the obsenation of HIP 1073950n 2003

Septenber 17 hasthe 5th largest pims (becauseof high ry, rp). The probabilities from all obsenations can

be combined to gieje the probability of one or more of those obsenations having a pair of triggers with in
Ims: pg =1 (1 pums) =2 10 3, wherethe product is over the obsenations in DSoverlap -

We consideredthe possibility that the inaccuraciesin the Harvard and Princeton computer clocks were
temporally correlated, for example, becausethe computer clocks are disciplined by identical computer pro-
grams and GPS clocks. A comparisonof theseinaccuraciesduring normal GPS functioning for Harvard and
Princeton everts that occurred even within one minute of eat other revealedno such correlation.

It is worth noting that not only wasthis night's data excludedfrom DSgean, but furthermore that neither
trigger quali ed asan event. The Harvard trigger failed becausethe pulse recordedin one detector was 4ns
long, while the pulse in the other detector was longer than the MTD-135 obsenation window of 300ns.
The Princeton trigger failed becauseof an amplitude mismatch in the two detectors (1st and 4th thresholds
exceeded).Theseare both symptoms of coronadischarge.

Although the trigger timings are consistert with an astrophysical or extraterrestrial optical pulse, we
believe that random coincidert badkground noiseis a far more likely explanation. The lack of con rmatory
GPS timing, the higher trigger rates on 2003 Septenber 17, and the triggers' failure to meet event criteria
all cortribute to this conclusion. Extraordinary claims require extraordinary evidence,which is lacking here.

Nevertheless, even the remote possibility of a world-changing discovery warrants signi cant reobsena-
tions. Over three nights (2003Novenmber 25, 2003Decenber 2{3), we conductedse\enjoint reobsenations of
HIP 107395(with GPS restored) for a total of 140additional minutes. No triggers wererecordedat Harvard,
while Princeton recordedone trigger and no events on 2003 Decenber 2.

The implications of this null con rmation depend on hypothetical sourcescenarios:If we assumea 50%
probability of detecting a pulse during the initial 20-minute obsenation of HIP 1073950n 2003 Septenber
17 (that is, a signal repetition rate of 1.5hr 1), then the probability of not detecting a pulsein the following
sewen 20-minute obsenations is 1=27 10 2. If we assume(rather unrealistically) that we had a 50%
probability of detecting a pulse from any object during the 162 hours of joint obsenations (that is, a rate of
3:1 10 3hr 1), then the probability of not detecting a pulsein the following seven 20-minute obsenations
is 0.993. Thus, if the signal repeats often, the reobsenations reinforce our belief that background noise
causedthe 1 ms trigger pair. If the beaconis broadcastinfrequertly, the reobsenations tell us little.

HIP 107395(RA = 21"45™10°; dec= 0 30°30% is an 11th visual magnitude late K dwarf with a
parallax of 17.55 2.85mas(implying arangeof 60pc). It is beingsurveyedfor radial velocity companions
for next generation microwave Seti . HIP 107395is also a member of the Habitable Catalog [63].

4.11 Implications

The foregoingresults can be summarized as follows:

1. The Harvard instrument made 15,897 obsenations of 6176 stars totaling 2378 hours. During these
obsenations (DS, ) it detected4746triggers with a subsetof 1117events. When we remaove the obsenations
characterized by humidit y-induced coronawith (DSgean), We are left with 11,6000bsenations of 4730stars
over 1721hoursyielding 274 everts and 1066triggers. Theseeverts appear to be Poissondistributed in time
and uncorrelated with the target's brightnessand the observing geometry.

2. The Princeton instrument has obsened in tandem with the Harvard instrument for 1721 obsenations
(DSoveriap ) Of 1142 0bjects totaling 244 hours. The arrival times for one Harvard-Princeton trigger pair are
consistert with receivingan optical pulse at the geographically separatedobsenatories (within the accuracy
of the computer clocks). For multiple reasons,we believe these triggers resulted from badkground noise
sources.

4.11.1 Scenarios

The implications of our data depend on the model that they are testing. Of the possibleintentional optical
pulsedsignalsthat an extraterrestrial civilization could generate,let us considerthe implications of just two
scenarios.
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Sceenario one: A fraction f of the starsin our region of the galaxy harbor civilizations that transmit optical

signalsto Earth that our experiment could detect. The signal is composedof multiple pulsesin fast succes-
sion (lessthan our minimum obsenation time of 2 minutes) displaying somehallmark of intelligence (e.qg.,
nonrandom arrival times). This signal is broadcast repeatedly with a period P (greater than our maximum

obsenation time).

Sceenario two: A fraction f of the stars in our region of the galaxy harbor civilizations that transmit optical
signalsto Earth that our experiment could detect. The signalis composedof a single pulsethat is broadcast
repeatedly with a period P (greater than our maximum obsenation time).

While these scenariosmight be consideredsimplistic, the implications for our data are nonethelessinstruc-
tive. The Harvard seard, with its sensitivity to multiple pulses,but not solitary pulses,is an excellert probe
of scenarioone. Scenariotwo requires a background rate of zerola good match for the Harvard-Princeton
seard.

4.11.2 Fraction of stars with transmitting civilizations

An upper bound on the fraction of stars in our region of the galaxy that are signaling Earth with optical
ashes canbe calculated asa function of P. In the analysisthat follows, paralleling Horowitz and Sagan[31],
we assumethat none of the Harvard or Harvard-Princeton obsenations detectedsignalsfrom extraterrestrial
civilizations.

The probability of detecting an extraterrestrial signal during an obsenation of duration tgpsy iS:

Pobsv (P) = min(1; topsy =P); (4.1)

wherethe minimum function boundspgwsy (P) 1. The probability of detecting a signal from any one object
is: %
Pobj(P) = 1 (1 Pobsv(P)): (4.2)
obsv
The expectednumber of signal detectionsduring the ertire program, S, is the sum of the objects' probabilities
times the fraction of objects that are transmitting:
X
S=f pobj: (4.3)
obj

We adjust f sothat the Poissonprobability of observing zero extraterrestrial signals(e S) is 0.5; that is,
we choosef sothat the observing program has a 50% chance of success.Solving for f, we obtain an upper
bound on the fraction of transmitting civilizations:
I
In2
= 1 . . .
f(P)=min 1; PiObj o (P) (4.4)
where the minimum function limits stars to at most one transmitting civilization.

Fig. 4.7 shows upper bounds on f (P) for scenarioone (Harvard; DSgean) and scenariotwo (Harvard-
Princeton; DSqverap ). The two limits of P are gf interest. For high repetition rate transmitters (P ),
f I 1=Ngp;. (The total observingtime is T = ., tobsv.) There is a cuto repetition rate, P T=In2,
abovewhich f = 1 and we cannot say anything about the density of transmitters. Also note that the Harvard
limit is below and to the right of the Harvard-Princeton limit becausethe latter derivesfrom fewer objects
obsened for lesstime.
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Figure 4.7. Upper bounds on the fraction of stars with transmitting civilizations as a function of transmitter repeti-
tion time for the Harvard experiment (scenario one; DS¢ean ) and the Harvard-Princeton experiment (scenario two;
DSoveriap ). Each curve asymptotes to f = 1=Ngp; for small P and cutso atf = 1for P T=In2.

Important note: This gure regrettably and erroneously appeared in [35] with the x-axis labeled \T ransmitter Rep-
etition Time (hours)" instead of \T ransmitter Repetition Time (seconds)."
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Chapter 5

All-Sky Optical SETI

5.1 Motiv ation

The targeted seard discussedin Chapter 4 hasa signi cant shortcoming|after seweral yearsof data collec-
tion, it hascoveredlessthan 10 ° of the sky area. With 107 Sun-like stars within 1kpc, and the possibility
that advanced life may exist in the voids between stars, a complemerary observing strategy of targeted
searhiesand sky surveysrepreserts the greatest chancefor successn optical Seti .

In contrast to the targeted seard, where we are able to choosestars that we believe are likely to harbor
life (or are at least good candidatesfor planetary companions)and obsene them for many tens of minutes,
the all-sky survey will obsene thesestars, and millions more, but for shorter periods of time. FreemanDyson
has remarked that the Seti community's bias towards observing stars may even be misplaced; advanced
civilizations may livein, and transmit from, the voids betweenstars[22]. The all-sky surveywill obsenethese
areastoo. Although low-duty-cycle optical beaconsmay be missedin the all-sky survey, they are guaranteed
to be within its sky coverage. As with Seti at all wavelengths,we believe that a balancedstrategy of careful
obsenations of candidate stars coupled with broad surveys of the ertire cosmosrepreserts the best chance
for contact.

5.2 Overview of experiment

The all-sky seard is conducted with a 1.8m optical telescope that images1: 6 by 0:2 on two arrays of fast,
pixelated photodetectors through a beamsplitter. A ash of light in the eld of view will illuminate one of
512 matched pairs of photodetector pixels and trigger custom electronicsto record the waveform pro le and
evert timing. It is a meridian transit survey; the telescope has settable declination and xed hour angle.
Each point on the sky drifts acrossthe eld of view with a minimum dwell time of 48 sec. By observinga
di erent declination ead night, we can cover the Northern sky in  200clear nights, asillustrated in Fig. 5.1.

The all-sky survey is a multi-pixel elaboration of the targeted seard. Each of the 512 pair of photomul-
tiplier tube pixels functions like the pair of photodetectorsin the targeted seard. The parameters of this
seard are listed in Table 5.1.

This chapter describesthe necessaryexperimental ingredients for building the all-sky seard: the obser-
vatory building, the telescope, the photomultiplier tubes(PMTs) usedto detect the short ashes, the camera
(which cortains the PMTs, beamsplitter, and electronics), the end-to-end testing devices,and the software
to control it all. Finally, we considerthe sensitivity of these piecesworking together as an instrument.

5.3 Observ atory

The all-sky obsenatory building (71" 33™ 26° W longitude, 42 30°20°N latitude) is located at the Oak Ridge
Obsenatory in Harvard, Massadwusetts, home of the 1.6m optical telescope used for the targeted seardh
(Chapter 4). The telescope sits in a specially-constructed obsenatory building that measures9m (N-S)

5m (E-W), asshown in Fig.5.2. It is a steel truss structure (capable of supporting itself without a roof)
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Figure 5.1. Transit survey of the celestial sphere. Drawing by Paul Horowitz used with permission.
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Figure 5.2. All-sky obsenatory building viewed in prole from the west. The roof rolls on rails that spanthe southern
telescope room (right), control room (middle), and extended northern roof support structure (left). The telescope
sits on a separate concrete pier.
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Table5.1. Project parameters{ all-sky optical Seti at Harvard.

Telescop e
1.8m f/2.5 spherical "quasi-Newtonian" telescope in Harvard, Massadusetts

Surv ey Mo de
Survey Northern sky (-20  declination  +70 ) in  150-200clear nights
Telescope points at xed nightly declination (transit mode)
Sky drifts through 1:6 0:2 focal strip e with a minimum dwell time of 48sec

Photometer

16 64-pixel photomultiplier tubes(PMTs) arrayed in two matched focal planes,
using a beamsplitter

The PMTs have responsein the 300{650nm band, peaked between 300{450nm
with a quantum e ciency of up to 20%

Each 1.5°x 1.5°sky pixel is observed by two PMT pixels { a signal must be
obsened simultaneously in a pixel pair to trigger action by a PulseNet

Pulse amplitude proles with up to 1ns resolution

GPS-derived timestamping of events to 0.1 s precision

Electronics
1024 wide-band ampli ers for PMT signals
32 PulseNet chips for analog-to-digital conversion, coincident pulse
recognition and storage, and astronomy functions
12 microcontrollers and 12 PALs for PulseNet I/O, telemetry, diagnostics, etc.
41 custom PC boards (of 4 types)
PC104 for instrument control and data transfer, via dual-ported SRAM

Sensitivit 'y
95 photonsm 2 in the photometers' wavebandin 3ns;

a planned circuit upgrade will improve this to 17 photonsm 2

Initial  observ ations
1% sky coverage( 10° stars) in 17hr of obsenation
0 optical pulsesdetected above threshold
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with an attached wood facade. The telescope sits on an isolated concrete pier in the southern portion of
the building, while the northern part comprisesan ervironmentally sheltered cortrol room for electronics,
computers, equipmert, and operators. A rolling roof is suspended on inverted C-shaped rails that span the
length of the building and extend another 7m to the North on a steelsupport structure. A custom controller
powersa DC motor that translates the roof along the North-South rails by turning a helical U-groove worm
gear that is wound by steel cable attached to ead end of the roof. During obsenations, the roof is parked
to the North; it can also extend slightly over the south wall to lift heavy equipmert into the building. Two
\barn doors" open the top portion of the south wall for low-declination obsenations. The bottom portion
of this wall is attached with bolts, and can also be remaoved.

The cortrol room housescomputers and cortrol electronics for seweral devices. The \Shulsky box" is
an 18-port power-cortrolling devicewith manual switchesand computer control. Camerasallow for remote
monitoring of the control room, telescope and roof positions, and building exterior. Infrared lights ensure
good illumination for these cameraswhile maintaining darknessin the PMT-sensitive visible spectrum. A
commercial weather station (Davis Vantage Pro2) records and monitors environmental conditions and will
allow automatic roof closing during inclemert weather.

5.4 Telescope and optics

As shown in Fig. 5.3, the telescope is a \quasi-Newtonian" with a 1.8m spherical primary mirror and a at
0.9m secondarymirror inclined at 22:5 from perpendicular to the optical path. The dashedgreenlines shon
the optical path from primary to secondarythrough the an approximately 60{40 plate-glass beamsplitter
and onto two matched focal planeswithin the camera.

As atransit survey instrument, the telescope is steeredonly in declination; the hour angleis xed on the
meridian. The declination drive systemis a 1.2m-diameter aluminum arch rigidly attached the telescope
frame that is friction-driv en by a stepping motor. Computer controls enable precise positioning of the
telescope (x5.8) and mercury limit switchesprevent the it from rotating past critical angles.

The telescoge is coveredin a mylar coat with a transparent window to minimize dust accunulation. The
primary and secondarymirrors both have heatersto prevent condensation.

5.4.1 Spherical vs. parab olic

The spherical primary mirror doesnot produce astronomical-quality images. Becausethe telescope was not
intended for high-resolution imaging, this is not a problem. The camerapixel sizeis relatively large, and
was chosento match the mirror's  1:5arcmin point sourceblur circles.

Fig. 5.4 illustrates the tradeo s betweena spherical and parabolic primary mirror (which we also consid-
ered). Uncorrected spherical mirrors are rarely usedin astronomy becauseof spherical abberations, which
are essetially independert of the angleo -axis, , becauseof their symmetry. For thesemirrors, the angular
size of the blur circle due to spherical aberration is given by

1

Bsa =
where f =d is the ratio of the mirror's focal length to diameter, and Bsa is expressedin radians. For the
f =d= 2:5 all-sky telescope's primary, Bsa = 1.5arcmin, as shown in the top ray-trace in Fig.5.4.

Parabolic mirrors focus an on-axis point sourceto a perfect point in the focal plane, and nearly on-axis
sourcesare only slightly distorted. Many optical telescopesuseparabolic primaries becauseof the importance
of high-resolution, small- eld imaging. With these mirrors, the dominant optical aberration is coma, which
causespoint sourcesat in nit y to spreadinto comet-like shapes, as in Fig. 5.4. The angular size of these
conesis given by 3

Bcoma = W;

where B.oma hasthe sameunits as . For an f =d= 2:5 parabolic primary, Bcoma = 1.8arcmin at 1 o -axis
(as shown in the ray-trace in Fig. 5.4).

(5.2)
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Figure 5.4. Ray-traces showing optical abberations in the image plane for a point sourceat in nit y (for three o -axis
angles). Results are shown for a spherical primary mirror (top three grids) and parabolic primary mirror (bottom
three grids). The scalefor each grid is 0.5arcmin per square.

47



02

03, TEF TAPE SEALING ANODE OUTPUT PIN
POM CASE 254 PITCHS 8
D ‘
s N © g 1
: 2 BEEE o PIN (90.64)
- e = p— w.i S
2 & o S = ol ™~
% ™ ' p= o =
- 0 S p— Y
§ > = i Dy12 OUTPUT
FILLED WITH Yo - (¢0.8
INSULATOR o5 0.6 Mo » THROUGH HOLE)
= T =T ' — -HV INPUT TERMINAL PIN
B 45+ 0.8 Ll 0.64 5.
TOP VIEW SIDE VIEW BOTTOM VIEW

Figure 5.5. Dimensional outline of the Hamamatsu H7546. Sixteen of these photomultiplier tub esform the detector
array in the all-sky survey. Note the 64 independert cathodes (top view) and anodes (bottom view). Dimensions in
the drawing are in mm.

Sincethe all-sky seard only imagescoarsely and awide eld of view is essetial for the survey, a spherical
primary is a reasonablechoice. Furthermore, becauseof their symmetry, spherical optics are much easierto
manufacture and are therefore much lessexpensive. Giventhe price di erence (at leastan order of magnitude
for a 1.8m mirror), a spherical primary wasthe only rational choice.

5.5 Photom ultipler tub es

The photodetectorsfor this experiment are Hamamatsu H754664-pixel photomultiplier tubes(PMTs). They
ead have a single photocathode and 64 independert dynode chains and anodes, as shown in Fig. 5.5. They
function like 64 independert tub es,although they have roughly the sizeand weight of traditional, single-pixel
PMTs.

The primary reasonfor choosinga PMT over other photodetector technologiesis the fast responseshown
in Fig. 5.6. Their fast response( 3nselectrical pulsewidth) and quick recovery time allow for single photon
detection. Other performancespeci cations are similar to single-pixeltubes. The quantum e ciency (QE)
peaksat 20%between300and 450nm, but doesn't fall o completely untii  650nm (Fig. 5.7). We operate
the tubesat 900V, wherethey have a gain of 10° (also Fig. 5.7).

All photomultiplier tubessu er from the relatively soft pulse height spectra (Fig. 5.6) that results from
cascadingmany low-gain stages. This makesit di cult to seta threshold for an integer number of incident
photons sincetheir pulse height distributions signi cantly overlap. Theseproperties contrast with the single-
stagegain of Hybrid Avalanche Photodiodes(HAPDSs), usedin the targeted seard, that can cleanly resolve
small integer numbers of incident photons. On the other hand, HAPDs run at much higher voltages and
su er from coronabreakdown, as described in x3.4.1.

One drawback with these multi-ano de tubesis non-uniform pixel response’, which can vary by up to a
factor of 2{3, although typical pixels vary by 30{50%. We do not currently have a way to compensatefor
this.

Each PMT hasan active area of 18.1mm on a side, with ead of 64 square pixels measuring2mm on a
side (1.5%n sky angle) with 0.3mm gaps between pixels. Becausepadkaging overhangsthe active area by
another 6mm on a side the tub esare staggereddiagonally in the two matched focal planes.

1The non-uniformit y results from the manufacturing challenge of evenly depositing the photocathode material in vacuum
when the glass cover is already in place.
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5.6 Camera and electronics

The cameracontains the all-sky seard's photodetectors, beamsplitter, and electronicsin a frame of Rexroth
extruded aluminum bolted to the East side of the telescope. The camera'soptical compartment is shovn
in Fig. 5.8, while the electronics compartment and chassisare shown in Fig. 5.9. When the Shulsky Box-
cortrolled shutter is open, the telescope's corverging optical beam passeshrough an entrance window and
impinges on the dielectric-coated plate glassbeamsplitter? captured in two grooved Delrin supports. The
PMTs are socketed in their printed circuit boards that are diagonally arrayed on vertical Elma rails with
PMT pixels in the two matched focal planes numbered according to Fig.5.10. An ambient light detector
below the left PMT array automatically disablesthe PMT high voltage power supplies during non-dark
conditions. The Gelfand Flasher | (x5.7) producesoptical ashes on the back side of the beamsplitter that
are re ected and transmitted into matched detector pixels for testing.

When photons strike PMT pixels, they generatephotoelectronswith someprobability. Hugely ampli ed
in number through the PMT dynode chains, they are captured by anodesin the form of current pulses,and
terminated in 50 loads. These signals passfrom the PMT boards through multi-coax ribb on cables’ and
on to the daughterboards. From there the PMT signals are amplied by arrays of NEC 2771TB discrete
ampli ers with 21dB of non-inverting gain and are routed into full-custom PulseNet chips that look for
coincidert pulsesin matched pixel pairs. As shawvn in Fig. 5.9, the eight daughterboardsare held in placein
horizontal rails and plug into sockets in the vertically-oriented motherboard, which lies betweenthe PMTs
and daughterboards.

The arrangemern of daughterboards on the motherboard is shown in Fig. 5.11. Enhanced8051microcon-
trollers on the motherboard oversed/O with the 32 PulseNetson eight daughterboards. Each daughterboard
is servicedby one Seti microcortroller, which overseeghe Seti -related tasks of programming PulseNetsand
shuttling their coincidert event capturesto the host computer. Every two daughterboards are serviced by
an astronomy microcortroller, which handlesthe PulseNets' astronomy functions | measuring courntrates
for the purposeof coarsebut diagnostic photometry.

Fig. 5.12shownsthe complicated correspondencebetweenPMT pixels and PulseNet pixels. Note that since
four PulseNetsservicea given PMT (indicated by the PMT pixels of four dierent colors), adjacert PMT
pixels always communicate with di erent PulseNetsinsuring that ashes extending over pixel boundaries
will not be missed.

A PC104 single-board computer sits atop the electronics chassisand communicates with the microcon-
trollers and PALs via dual-ported RAMs an ISA bus on the motherboard. Other electronicsinclude chips
to generateclocks for the 32 PulseNets, programmable logic (PALs) that timestamps PulseNet coincidert
everts with a GPS clock accurateto 0.1 s. Additionally , the microcontrollers telemeter and report power
supply voltages, daughterboard temperatures, and camerahumidity.

The camerais enclosedwith aluminum panels attached to the Rexroth frame. Fans circulate air and
transport heat from the electronicsto heatsinks on two of the panels. The only connectionsbetween the
camera and the rest of the obsenatory (besidesisolated power supplies) are with b er optic cablesthat
provide network connectivity to the PC104 and GPS-accuratetime to the time-stamping PALs. The lack
of copper signal connectionsto the instrument make it robust against the common lightning strikesat Oak
Ridge Obsenatory.

5.7 Gelfand Flashers

The Gelfand Flasherl (GF1) and Gelfand Flasherll (GF2) both emit short optical pulsesto conduct complete
end-to-end tests. The GF1 is a xed position asher that residesinside the camera and sendsits pulses
through the \fourth port" of the beamsplitter, as shown in Fig.5.8. The GF1's blue LED emits a 50ns
optical ash, generatedby a user-corrolled logic-level transition (which is connectedto a microcontroller

2The 24cm by 36cm beamsplitter (Edm unds Optics 72502) is optimized for 45 useand has a 40/60 re ection-to-transmission
ratio that varies by 5{10% over the visible spectrum. Transmission depends weakly on polarization, which can vary by up to
20% from nominal.

3The 40-pin Samtec cables (seenin blue in Figs. 5.8 and 5.9) have the electrical properties of single coaxial cables, but the
convenience and density of mass-terminated ribb ons.
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Figure 5.8. All-sky seard instrument { front. Two arrays of eight 64-pixel PMTs tessellate matched focal planes
formed by a plate beamsplitter (coming out of the page) viewed approximately from the perspective on the converging
optical beam. Each PMT is socketed in a custom printed circuit board that holds a power supply, termination resistors,
and sockets for two 40-pin ribb on coaxial cablesthat carry the unamplied PMT signalsto the daughterb oards (not
shown). The motherboard sits vertically behind the PMTs with daughterb oards connected on the opposite side. An
ambient light detector below the left PMT array automatically disablesPMT high voltage during non-dark conditions.
The Gelfand Flasher | is seenon the far left with a logic-level cable connection; this device producesan optical ash
on the back side of the beamsplitter that is re ected and transmitters to matched detectors.
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Figure 5.9. All-sky seard instrument { rear. Eight daughterboards are seenin the electronics chassiswith power
connections in front and blue 40-pin ribb on cables connecting to the PMTs (the ribb ons are visible on the left side
of the chassis; seealso Fig. 5.8). Each daughterboard supports four PulseNet chips and processessignals from one
pair of matched 64-pixel PMTs. Fans circulate air and, when fully enclosedwith panels, transport heat from the
electronics to heatsinks on two of the panels. The PC104 single board computer and b er transceiver are partially
visible on top of the chassis.
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output in the camera). It hasa mounted lens, but the unfocused ash is bright enoughto trigger coincidert
everts in 6{12 of the 32 PulseNets. PMTs below the midplane are obstructed and rarely seeGF1 ashes. It
was not intended to test every pixel pair in the array; that is the job of the GF2.

The GF2 was mostly built, but not installed, at the time of this writing. Its pulsed blue laser focuses
ashes onto one pixel pair, with 2-dimension positional control. Photons from the GF2 travel though a
lensand down a 1m-longtube, cartileveredfrom the telescope drive plate out into the unfocusedprimary
beam, wherethey re ect o of a stepper motor-controlled 45 tip-tilt mirror and then follow the traditional
optical path o of the secondarymirror, through the beamsplitter, and focus on 1 pixel pair. Computer
cortrol should allow for testing of the entire active focal plane, perhapsbefore ead night's obsenations.

5.8 Software and user interface

Control over the instrument, the obsenatory, and their subsystemsis achieved through seweral layers of
electronicsand software (Fig. 5.13). At the baseare subsystemsthat have their own dedicated cortrols. The
roof drive controller, for example, has physical buttons on a panel interface in the control room, but can
also be controlled electronically through its serial connection to cortrol software on a Linux PC (Costas).
The telescoge cortrol is similar; a paddle interface allows for hand-held control, but computer control allows
for position calibration and accurate positioning with respect to celestial coordinates. The telescope and
roof cortrollers are consenative in relinquishing control to computers; ead have pairs of limit switchesthat
rst indicate a dangerousposition and then cut power to the drive motors if the warning is unheeded. A
daylight sensor,fabricated from a strand of wavelength-shifting b er, collects photons on the outer north
obsenatory wall and deliversthem to a photodiode in the control room. During daylight hours, the sensor
prevents the roof from moving north (moving south is always allowed) via a relay interlock in the roof drive,
unlessmanually overridden by a push-button. The control software indirectly supplies power to all of the
electronicsand subsystemsthrough the Shulsky Box, an 18-port custom-built power control devicethat also
o ers manual control through a switch panel.

User cortrol over the control software is achieved through a web interface that gives nearly complete
cortrol over the obsenatory and camerafrom any networked computer (Fig. 5.14). The control software is
written in Python and usesCherryPy to sere dynamic content from Kid templates. The AJAX-based (Asyn-
chronous Javascript and XML) interface automatically updatesstate and telemetry displays. SVGs (Scalable
Vector Graphics) display real-time content including telescope and roof position (upper right in Fig. 5.14).
This is badked by a seardable PostgreSQL databaseof events and assaiated instrument/observatory states.
Besidesthe features mentioned above, one can also program and query camera componerts such as Seti
and astronomy microcortrollers, clocks drivers, DACs, and the GF1. Regular telemetry of the cameraand
subsystemsupdate displays on the userinterface. Cameraswith infrared illuminators display pictures of the
obsenatory to remove obseners. This computing infrastructure is backed by a databasethat logsall events*
and the complete instrument state in which they occur. Manual obsenations are conducted by a sequence
of commandson the web interface.

While obsenations are currently conducted manually by a sequenceof user-initiated commandson the
web interface, we plan to make the nightly obsenations a fully automated task. The cortrol software will
follow a decisiontree and a set of standard observing proceduressomewhatlike the onesdeweloped for the
initial obsenations (x8.3).

5.9 Sensitivit y

We can estimate the sensitivity by following a light pulse though the ertire system, as we did with the
targeted seard (x4.2). The optical path includes re ections on the primary and secondarymirrors (eac

85% e cient) and a beamsplitter ( 92%). The beamsplitter sendshalf the light to each PMT array,
which have broad 20% plateausin quantum e ciency for = 300-450hm (QE > 10% for 300-525nm; see

4\Ev ents" are de ned more broadly here than just coincident events in the camera. They are the full set of actions that
the control software initiates and observes. Examples include: roof control commands, programming of camera components,
regular telemetry requests, and serial port communications.
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Figure 5.13. All-sky software and rm ware. Control software on a Linux PC (Costas) is the communications and
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Figure 5.14. Web-baseduser interface for the all-sky searc. The top toolbar displays important instrument, obsena-
tory, and environmental data. Four panels are selectedfrom the list in the left toolbar; they show cameratelemetry
and one coincident event from a GF1 test ash (waveforms, view of coincident PMT pixels, database records). The
image is in false color.
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Fig. 5.7). The sensitivity of PulseNet dependson the value of Vyias - Vier = Vuigger and on the pulse height
of a single photoelectron, V.. The initial obsenations described in Chapter 8 usedVyigger = 250mV and
Vpe 15mV and triggered on 250mV/15 mV = 17 photoelectrons. Combining thesefactors, for the most
sensitive waveband of = 300-450nm, the all-sky instrument requires 250 photons on the primary mirror
to trigger. Thesephotons must arrivewithin ~ 3ns (the PMT pulsewidth) sothat their outputs pile up. The
primary hasan areaof (0.91m)? = 2.6m? sothe overall sensitivity, with the current set of daughterboards
and initial obsenations, is 95photonsm 2 in  3ns.

The threshold will likely improve for future obsenations iffwhen new daughterboards are installed.
Assuming that their higher gain ampli ers produce Vpe = 50mV and we can usea Vyigger = 150mV, the
improved system will trigger on 3 photoelectrons and will have an overall sensitivity of 17photonsm ?
within ~ 3nsin the sensitive band.
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Chapter 6

PulseNet { Design and
Implemen tation

During the early design phaseof the all-sky survey (c. 1999-2000),we consideredthe electronics challenge
of digitizing 1024 photodetector outputs at gigahertz speed, looking for a pair of those signals that are
simultaneously above a certain threshold, and setting a switch to steerthe coincidert signalsinto a memory.

The level of parallelism in this design leads to an enormous data rate: 3.5Tb/s, the equivalent of the
cortents of all books in print, every second. A primary limitation in meeting this challenge was in high-
speed chip-to-chip communication. If the digitizing of matched input pairs was done in di erent chips,
then a thousand or so 1Gb/s signals would have to be piped around a printed circuit board to other
chips that detect coincidert pulses, which in turn would needto set fast switchesto stream the digitizer

outputs from the coincidert inputs into memory. Implementing this scheme with the speed necessitated
by the intrinsic qualities of photomultiplier tubeswas simply not feasiblewith commercially available chips
communicating on printed circuit boards. The solution was to do the dicult parts|parallel digitizing,

coincidencedetection, fast switching of unusual and infrequent signalsinto memorylon a full-custom chip
where the timescalesare intrinsically much shorter and where the high-speed digital communication can
occur on traceswith much smaller loads. Digital communication with this custom chip could be done at the
leisurely pace of microcortrollers. It wasin this context that PulseNet was conceived.

6.1 Overview of Design

The primary purposeof PulseNetis to detect and record coincidernt signalsfrom 16 matched pairs of PMT
outputs, as shown in Fig. 6.1. These analog signals are digitized at up to 1GS/s by comparing ead to
sewen external voltages (V,e¢[6:0]) on the rising edgesof two interleaved clocks (fastclocka/ fastclockb). The
resulting 7-bits/pixel/clo ck of thermometer code are encaded to 3-bits/pixel/clo ck and are delayed by an
8-bit deeparray of 2-phaseshift registers. Meanwhile, a coincidencetrigger circuit looks for coincidert pulses
in a matched input pair: it selectsone thermometer code bit from ead of the 32 PMT signals and looks
for instanceswhen an input pair simultaneously exceeda given threshold|a \coincidence" (e.g., pixels 14A
and 14B both exceedV,¢[3] on a rising edgeof clka). Coincidencescausethe rest of the chip to spring into
action; speci cally, they trigger switchesthat steer the streaming samplesfrom the coincidert input pair
into 256-bit long shift registers. The SETI I/O cortroller then passesthe waveforms and coincidert pixel
pair addresso chip.

PulseNet's parallel and independert function is to measure\countrates"|the number of pulsesexceeding
a certain Ve in a time interval. With the appropriate Ve, a courtrate is proportional to the photon ux
on the PMT pixel, i.e. it measuresthe brightness of the star on that pixel. Countrate measuremelts are
orchestrated by the astronomy /O controller, which sets switchesto selecta pixel pair and thermometer
code bit for a particular measuremet, starts and stops four 32-bit ripple courters, and passeghe courts o
chip.

PulseNet contains  250,000transistors and was fabricated through the MOSIS Corporation on TSMC's
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Figure 6.1. Simplied block diagram of PulseNet. Compare with Fig. 6.2, the block diagram showing major blocks
and top level signals as they are named in the PulseNet design les.
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Table 6.1. PulseNet{ summary of capabilities

Purp ose
Digitize 32 analog inputs at up to 1GSps
Detect coincident pulses in 1 of 16 matched analog input pairs
Store 512-bit long sample of coincident signals
Measure number of times an input exceedsa voltage threshold (astronomy countrates)

SETI Capabilities
Detect coincident pulses in matched input pair)
Store 512 samples (including \pre-trigger* samples)

Astronom y Capabilities
Measure countrates on 1 of 7 voltage thresholds (V,f[6:0]) using four 32-bit counters
(for both clock samples (a/b) on one pixel pair (A/B))
Countrates proportional to photon ux on PMT pixels

Analog Samplers
32 ash analog to digital converters
Each compares input to 7 voltage references (V,e[6:0]) on the rising edgesof two
interleaved 500MHz clocks for 1GSps

Memories
12-bit wide/256-bit deep shift register memory for storing coincident waveforms
192-bit wide/8-bit deep shift register memory for delaying all waveforms
prior to coincident pair trigger

Data rate
100Gb/s per PulseNet { 3.5Tb/s in all-sky survey

Miscellaneous
250,000 transistors
Fabricated on TSMC 0.25 m processthrough the MOSIS Foundation
3.1mm x 3.1mm chip packaged in an 84-pin ceramic leadless chip carrier (CLCC)

0.25 m CMOS process. The chip measures3.1mm x 3.1mm. All circuits were full-custom designs, with
the exception of the three synthesized state machines (seti.io, astroiio (a module within astronomy, and
memcontrolle}. At 400MHz and 2.5V (standard operation) PulseNet dissipates1.1W, but has beenshawvn
to work at as high as 500MHz and 2.87V. PulseNetis fully functional and thirt y-two of the chips are used
in the all-sky optical Seti experiment (Chapter 5). A summary of PulseNet's capabilities is given in Table
6.1.

6.1.1 Notation

In the chapters relating to PulseNet, sansserif type will be usedto indicate the namesof signalsand circuits
that appear in the PulseNet design. Many of these names are unusual, and might otherwise look like
typographic mistakes.

There are se\eral typesof signal parallelism in PulseNet. A consistert notation is essetial to keepthings
straight. As is standard practice, a signal that is (n + 1)-bits long will be written \signal[n:0]", and the mth
bit of that signalis \signal[m]". The blocks (groups of repeated circuits) in PulseNet also usethis notation.
For example, the third instance of the block sampencbankis written sampencbank3]. When referring to an
arrayed signal that comesfrom an arrayed block, there is potential confusionregarding what the index refers
to. In this case,the block numbers are moved outside the squarebrackets. For example, cp_.add3[3:0] is the
signal cp_.add3:0] from sampencbank3d].

Another type of parallelism hasto do with analoginputs comingin matched pairs, e.g. inO0A and in0O0B.*
In general, capital A and B refer to matched input pairs. Additionally , PulseNet also usestwo interleaved

1A-channel inputs come from PMTs in the left focal plane and B-channel inputs are from PMTs in the right focal plane.
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clocks to achieve a high sampling rate. Signalsrelevant to one of the clocks will include lowercasea or b in
their names,e.g. clkaand clkb. Note that clock referencesare always lowercase while pixel pair referencesare
uppercase.To refer to the set of all four combinations of pixel pairs and clocks, superscripts and subscripts
are used, e.g. memoug?.

These notations may all be usedin combination. For example, the membankmodule acceptsencaded
samplesfrom all four sampencbankmodels. Each sampleis 3-bits wide for eadh combination of clock and
pixel pair member. This set of 48 signalsis compactly written as G40..3[2:0].

6.2 Circuits

6.2.1 Top-level design

The top-level block diagram for PulseNetis shown in Fig. 6.2. Unlike Fig. 6.1 (the simpli ed block diagram),
Fig. 6.2 showsthe top level blocks and signalsorganizedasthey arein the actual implementation of PulseNet.

Thirt y-two analog inputs are sampledin four sampencbankmodules or \blo cks". Within ead block,
there are fourteen comparators per input, one for ead of sewen voltage references(V¢[6:0]) for both clocks
(clka, clkb). As described below, the comparatorsproduce 7-bit thermometer code, whereead bit is the 1-bit
comparisonbetweenthe input and voltage reference. The thermometer code output follows three paths. One
path is immediately encaded from 7-bits per sampleto 3-bits per sample,and is delayedin an 8-bit long shift
register. In the secondpath, one of the sewen bits is picked o in a mux from ead input and for eac clock.
The data that are selectedby the mux correspond to the one high bit in c_coind6:0]. These bits gointo a
coincidencedetection circuit (an array of AND gates)which producesthe signal coincadd[3:0], the address
of the coincidencepixel with that block. The third path for the streaming thermometer code bits is usedfor
the astronomy mode. Another set of muxes (addressedby c_as{6:0] for threshold number, pix_blk_as{3:0]
for block number, and pix_add.as{3:0] for pixel number within the block) pick o four streaming comparator
outputs and sendthem to the astronomymodule where the number of samplesthat exceedthe the address
threshold are counted in four 32-bit counters.

When a coincidenceis detectedin one of the sampencbankmodules, the messaggropagatesto membank
on coincadd?[3:0], which contains twelve 256-bit deepshift register memories(3-bit samplesfor &) and a state
machine cortroller called memcontrollerthat latchesthe coincidert pixel address,informs the sampencbank
modules which input samplesthey should stream on G4[2:0], steersthose samplesinto the memories,and
communicates with the setiio module.

PulseNet has two clock inputs, fastclocka and fastclockb, which are received, fanned-out, and repeated
to drive nearly all of the modules shown in Fig. 6.2. A 29-stagering oscillator operatesindependertly of all
other circuits in PulseNet. The badc-to-back inverters of ringoscoscillate at 1.6MHz; the exact frequency
is an excellert probe of the processparametersassaiated with manufacturing the chip, and of the on-chip
temperature.

6.2.2 Analog samplers

Fig. 6.3 shows the sampling schemein greater detail. An analoginput (Vi,) is comparedwith V,[6:0] on the
rising edgesof the interleaved clka and clkb, producing two 7-bit thermometer-coded outputs: Therm_a[6.0]
and Therm_b[6:0] (upper left pane). Note that V[6:1] < Vi, since PMTs produce negative pulses;in order
to detect Vi, samplesthat exceedits bias voltage (an artifact of spurious PMT signals), we set V,[0] >
Vin. The right pane of Fig. 6.3 shaws Vi, and V,¢[6:0] wired to comparators that produce the thermometer
coded samples. Note that the comparators for V[0] are wired in the opposite sense that they detect Vi,
> Ve£[0]. As an example,the largest amplitude samplesof Vi, on the left have Therm_a[6.0] = Therm_b[6:0]
= 0011110

Fig. 6.4 shows one of the comparatorsin greater detail; Viyis comparedto Ve on the rising edgesof clka
and clkb in modi ed strongam? senseampli ers, whoseoutputs drive a secondstage of reduced-sizesense
ampli ers (improving gain and reducing hysteresis), followed by RS latches. The senseampli er [17, 43] is

2They are called strongarm becausethe design was originally used as a ip-op in the StrongArm micropro cessor.
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Figure 6.2. Block diagram showing the major blocks and top level signals as they are named in the PulseNet design
les. Blocks and signals in the diagram, such as setiio and GZ4[2:0], are indicated in the text by sansserif type.
Compare with Fig. 6.1, the simplied block diagram.
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Figure 6.3. Thermometer code sampling scheme.
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Figure 6.4. Flash converters and senseampli er details. The comparators in Fig. 6.3 are showvn on the left; for each
clock phasethere are two cascadedStrongArm senseampli ers followed by a latch (left). Circuit details for the sense
ampli er are showvn on the right.
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a clocked, regenerative, gate-isolateddi eren tial ampli er (right pane of Fig. 6.4). The designprovides good
input isolation and a small aperture time (tens of ps) that can resolve small voltage di erences (tens of mV).
The 448 senseampli ers on PulseNet are grouped in four blocks with staggeredclocking to mitigate power
supply noise. The output nodes of strongam (outj, and out,) are pre-charged high when clk is low. The
input pair (Vin and V) converts the di erential input voltage into a di erential current, which is integrated
on intj; and inter. When the sourcenode corresponding to the high input, say intj,, reachesa threshold drop
below \bp, the transistor above this node begins conducting, transferring charge imbalance to outj, and
OUts. This starts the regenerative action of the cross-coupledinverters at the top and the circuit quickly
latchesthe state.

6.2.3 Clock distribution

PulseNet is clocked by fastclocka and fastclockb, which are complemenary. PulseNet was designedto work
at fastexk = 500MHz and this was later demonstrated under conditions of \pp > 2.5V.

The clocks are dc-coupledon inputs that are weakly biasedto the midpoint. The inputs feedan \in verter
horn", a circuit the exponertially ampli es the output drive strength using a chain of successie inverters
where the inverter size increaseshy a factor of 2{4 with ead stage. The inverter horns feed repeaters,
whoseoutputs are destined for the sampencbankmodules. These outputs are delayed, however, by inserting
2, 6, 10, and 14 inverters for the clocks that go to sampencbank0], sampencbankl], sampencbank?], and
sampencbank3], respectively. This o sets the clocks in successie samplersby 200ps so as smooth out the
load on Ipp . Spikesin Ipp |caused, for exampleby all of the samplersclocking synchronously|will cause
ground bounce( V = L di=dt) becauseof inductance in the bond wires that connect power and ground to
the chip.

For the 5mm long wires that connectthe clock driversto the four sampencbankmodules, there are
repeatersevery 1mm to boost signal amplitude. The clock lines are equalizedin length and also shielded
from parallel signal wires by ground planesto avoid coupling to those signals.

6.2.4 Memory and coincidence circuitry

There are two main memorieson PulseNet. They are both basedon cascadingthe two-phaseshift register
cell in Fig. 6.5 and clocking it with the two-phaseclock generatorin Fig.6.6. The rst memory delays for
eight clock cyclesthe 3-bit encaded samplesfrom every sampler. Sincethe shift register delays samplestaken
with both clka and clkb, it continuously storesthe previous sixteen 3-bit samples,for every sampler on the
chip. This givesthe coincidencedetection circuit time to work and still allows for pre-trigger samplesfor
coincidert waveforms.

The secondmemory stores the samplesof coincidert waveforms. When triggered, memcontrollersets
muxesthat steer 3-bit samplestaken on both clock phasesfrom the coincidenceinput pair into four 3-bit-
wide 256-bit-deep shift registers. The memcontrollermodule prevents the shift register from over lling by
stopping the clock after 256 cycles. It waits to start clocking the shift register again told to by seti.io.

In Fig. 6.6, The two-phasenon-overlapping clock generator, 2phasegentakesthe clock phi as its input
and generatesthe complemernary phasephi_bar with an inverter. The outputs, philand phi2, are guaranteed

66



phi

4 £ € &L |
LR

phi2 phil

Figure 6.6. Two-phasenon-overlapping clock generator { 2phasegen

to be non-overlapping. This is becausephil for example, can only go high when the inverter that drivesit
is powered by a p-channelfet that turns on only when phi2 is low.

The non-overlapping phaserelationship betweenphil and phi2 makessrcellrobust to data racing through.
In Fig. 6.5, rst note that srcellhastwo storage nodes: intl and int3. In the rising edgeof phil the state of
in is transferred to intl, and the complemern of in appearson int3. On the next rising edgeof phi2, which is
guaranteed to be after the falling edgeof phil, the state of int3 is transferred to int4, and the complemen
of int4 appearson out. The net result of the two inversionis that the data passedrom in to out on one full
cycle of phil

6.3 Interface with setiio module

The setiio module is a state machine and the interface for Seti -related tasks. It performstwo main functions:
it receivesprogramming data and setsregistersa ecting the whole chip, and it transfersto the outside world
the coincident event waveformsand related data recordedby other modules.

The setiio module has sewven I/O pins: an enable (en), a clock (SETIcIK, a reset (rst), a data input
(Progln), a data output (data), and two coincidencepins (Coinc and CoincOG which is an open-collector
versionof Coincthat is not used). The module must be enabled(enhigh) for any 1/0. It processeinformation
on the positive and negative edgesof SETIclk input (on Progln) must be valid on positive edges,and output
from the setiio channel of PulseNet is valid on negative edgesof SETIclk

The programming sequencefor setiio is listed in Table 6.2. The module must rst be initialized with a
low{high{lo w sequenceon rst in order to resetinternal registersthat keeptrack of the programming state
(e.g. mode, IO_counter, and memcoun). The module is then programmed with the following v e bits that
completely set the state of PulseNet for programming tasks:

thresheenc[20] { the encaded threshold address;this is decaded into a 1-of-7 address,c_coind6:0], which
selectsa V,;[6:0] as the coincidencethreshold.

veto_mode{ the veto mode state; when enabled(veto_.mode= 1), PulseNetwill reject coincidenceeverts
that have a waveform sample> V,[0] during the the rst 16 samples).

clock_half { the clock half state; when enabled(clock_half= 1), PulseNet enters an unusual mode where
the samplersfor odd-numbered pixels are not clocked. The mode was intended as a way to run on
lower power, but is never usedin practice.

The setiio module responds by edhoing the decaded, 1-of-7 threshold address(c_coind6:0]), and the veto
mode and clock half states. Echoing veri es that PulseNet latched and properly decaled the programming
data. This is anice veri cation for daily operation, and was extremely useful for initial testing. At this point
in the sequencesetiio is fully programmed, hasresetthe main memory (memban}, has set the coincidence
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threshold level (c_coind6:0]) and various other internal registers. It switchesto mode= 1 (another state
machine variable) and is ready for a coincidert evert.

When such an evert is received, data from samplershasbeencompletely processedand stored in membank
by the time setiio is noti ed on the internal node coinc ag. The setiio module respondsby setting the Coinc
pin and sequetially passingdata regarding the coincidence,as shown in Table 6.2. These data are: the
addressof the coincidert pixel pair in the form of two 1-of-4 addresseqcoincblk_add3:0], the sampencbank
number that registered the coincidence,and coincpix_add3:0], the pixel within that block), the decaded
threshold address,veto mode and clock half states, as before, and the 3072 samplesin the waveformsfrom
the coincidert pixel pair (memoug?[2:0]  256).

The setiio module must be resetand reprogrammedbeforeit is sensitive to additional coincidences.

6.4 Interface with astronomymodule

The astronomymodule handlesl/O for astronomy-related tasks. It contains four 32-bit ripple counters and

the astraio module, which functions in a similar manner to setiio. The astronomymodule performs one
main function (through seweral steps): it measurescounts. Counts are simply the number of times that the

samplesfor a particular pixel pair are equalto or greater than a particular threshold level. The pixel pair is
chosenwith pix_add.enc[30] and the threshold level is chosenwith threshend2:0]. The four counters are for

the clock edge(a/b) and pixel pair (A/B) combinations. Setting pix_add enc[30] and thresh.enc[20] causes
muxes in the sampencbanis to steer particular thermometer code bits from one pixel pair into lines that

directly feedthe courters.

The astronomymodule has v e I/O pins: an enable (AstEn), a clock (AstCIk), a reset (AstRst), an input
(Astln), and an output (AstOut). Like setiio, it must be enabled (AstEn high) for any 1/0, and it processes
information on the positive and negative edgesof AstClk

The programming sequenceor astronomyis similar to the sequencédor setiio, and is listed in Table 6.3.
The module must rst be initialized with a low{high{lo w sequenceon AstRst in order to reset internal
registersthat keeptrack of the programming state (e.g. I0_counter, and count323.

The module is then programmed with the following sewen bits:

thresheenc[20] { the encaded threshold address;selectsone V[6:0] as threshold for astronomy mea-
suremens. Note that this threshold addressis independert of the one usedfor seti.io.

pix.add.enc[30] { the addressof the pixel pair whoseinputs are to be counted.

It responds by ecoing the addressesof the threshold (c_ast[6.0], which is 1-of-7) and the input pair
(pix_blk_ast[30] and pix_add.as{3:0], ead of which are 1-of-4 addresses). At this point, astronomyis fully
programmed and has set c_as{6:0] and pix_blk_ast[30]/ pix.add.ast[30] sothat the appropriate sampler out-
puts will be counted. On the next rising edgeof AstClk, astronomyenablesits four counters, which incremert
onrising edgesof the selectedsamplerthermometer-coded output, until AstClkis toggledagain, whenit stops
the courters. The valueson the four counters are passedout on the next 128 clock cycles. The module must
be reset and reprogrammedto measureadditional courts.

6.5 Layout

The pin assignmetts and a die photograph of PulseNet are shovn in Figs.6.7 and 6.8, respectively. It is
important that the sampencbankblocks be closeto the chip's edgesso asto minimize on-chip wire length
for the analoginputs. Someof the details of sampencbankare labeledin the instance along the bottom edge
of the chip in 6.8. Just above the pins are eight vertical rectangles,ead with fourteen horizontal structures.
Each rectangle is a 2-phase7-level sampler, with the circuit topology shown in the right pane of Fig. 6.3.
Signals mostly ow from the edgesof chip toward the certer. The 7-bit thermometer-coded samplesare
encaded to down to 3-bits per sampleand digitally delayedin the shiffmemmodules. After identi cation in

3For unknown reasons, this module sometimes does not reset with just one of these reset sequences,but always does for
multiple reset sequences,which are now part the camera's control software.
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Table 6.2. PulseNet{ programming sequencefor the setiio interface

pins state registers

rst ProgIn (input) data (output) Coinc mode IO_counter memcount commen ts
reset mo dule

high { low low 0 0 0 reset internal registers

low { low low 0 0 0
program  mo dule

low thresh_end0] low low 0 0 0 3-bit threshold address

low thresh_end1] low low 0 1 0 "

low thresh_end2] low low 0 2 0

low veto_mode low low 0 3 0 veto mode

low clock_half low low 0 4 0 clock half mode

low { c_coinc[0] low 0 5 0 echo 1-of-7 threshold addr

low { c_coinc[1] low 0 6 0 "

low { c_coinc[2] low 0 7 0 '

low { c_coinc[3] low 0 8 0 "

low { c_coinc[4] low 0 9 0 "

low { c_coinc[5] low 0 10 0 '

low { c_coinc[6] low 0 11 0

low { veto_mode low 0 12 0 echo veto mode

low { clock_half low 0 13 0 echo clock half mode
receiv_e coincidence

{ { { high 1 0 0 asynchronously raise Coinc
output  coincidence  data

low { coinc_blk_add[0] high 1 0 0 1-of-4 blo ck address

low { coinc_blk_add[1]  high 1 1 0 "

low { coinc_blk_add[2]  high 1 2 0 "

low { coinc_blk_add[3]  high 1 3 0 "

low { coinc_pix-add[0]  high 1 4 0 1-of-4 pixel address

low { coinc_pix-add[1]  high 1 5 0 "

low { coinc_pix-add[2]  high 1 6 0 "

low { coinc_pix-add[3]  high 1 7 0 "

low { c_coinc[0] high 1 8 0 1-of-7 threshold address

low { c_coinc[1] high 1 9 0 "

low { c_coinc[2] high 1 10 0 '

low { c_coinc[3] high 1 11 0 "

low { c_coinc[4] high 1 12 0 "

low { c_coinc[5] high 1 13 0 '

low { c_coinc[6] high 1 14 0

low { veto_mode high 1 15 0 veto mode

low { clock_half high 1 16 0 clock half mode

low { memout_Aa[0] high 1 17 0 Aa sample z

low { memout_Aa[1] high 1 17 1 "

low { memout_Aa[2] high 1 17 2

low { memout_Ba[0] high 1 17 3 Ba sample

low { memout_Ba[1] high 1 17 4 "

low { memout_Ba[2] high 1 17 5 "

low { memout_Ab[0] high 1 17 6 aB sample

low { memout_Ab[1] high 1 17 7 "

low { memout_Ab[2] high 1 17 8 "

low { memout_Bb[0] high 1 17 9 Bb sample

low { memout_Bb[1] high 1 17 10 "

low { memout_Bb[2] high 1 17 11

low { low high 1 17 12 loop 256 times to z
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Table 6.3. PulseNet{ programming sequencefor astronomyinterface

pins state registers
AstRst Astin AstOut IO_counter  count32 commen ts
reset _mo dule
high { low 0 0 reset internal registers
low { low 0 0
program  mo dule
low thresh_end0] low 0 0 threshold address
low thresh_end1] low 1 0 "
low thresh_end2] low 2 0 "
low pix_add_end0] low 3 0 pixel address
low pix_add_end1] low 4 0 "
low pix_.add_end2] low 5 0 "
low pix_-add_end3] low 6 0 "
low { low 7 0 no-op; decode addresses
low { high 8 0 no-op
low { c_ast[0] 9 0 echo 1-of-7 threshold address
low { c.ast[1] 10 0 "
low { c.ast[2] 11 0 "
low { c_ast[3] 12 0
low { c_ast[4] 13 0
low { c_ast[5] 14 0
low { c_ast[6] 15 0 "
low { " 16 0 no-op; set internal registers
low { pix_add_ast[0] 17 0 echo 1-of-4 pixel address
low { pix_add_ast[1] 18 0 "
low { pix_add_ast[2] 19 0 "
low { pix_add_ast[3] 20 0 "
low { pix_blk_ast[0] 21 0 echo 1-of-4 block address
low { pix_blk_ast[1] 22 0 "
low { pix_blk_ast[2] 23 0 "
low { pix_blk_ast[3] 24 0 "
start _coun ters
low { low 25 0 send start signal to counters
stop coun ters
low { high 26 0 send stop signal to counters
read coun ters
low { high 27 0 no-op; set internal registers
low { aA_data[0] 27 0 start aA counter output
low { aA_data[1] 27 1
low { aA_data[2] 27 2
low { aA_data[31] 27 31 nish aA counter output
low { aB_data[0] 27 32 start aB counter output
low { aB_data[1] 27 33
low { aB_data[2] 27 34
low { aB_data[31] 27 63 nish aB counter output
low { bA_data[0] 27 64 start bA counter output
low { bA_data[1] 27 65
low { bA _data[2] 27 66
low { bA_data[31] 27 95 nish bA counter output
low { bB_data[0] 27 96 start bB counter output
low { bB_data[1] 27 97
low { bB_data[2] 27 98
low { bB_data[31] 27 127 nish bB counter
Note. | PulseNet programming sequence for astronomy interface. See x6.4.
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Figure 6.7. PulseNet pin assignmens with color key.
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Figure 6.8. PulseNet Rev. 2 die photograph with color-coded block hames overlaid.
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coinc.detect the signalsfrom inputs with coincidert pulsesare muxed out of sampgencbankand into membank
in the middle of the chip.

The membank membankmodule contains four 3-bit wide and 256-bit long shift register memories(lev5
and the synthesized state machine (memcontroller its sewen long rows of gates are visible in Fig. 6.3) that
cortrols the o w of data into the memoriesand communicateswith setiio. Each 3-bit wide sampleis recorded
in onelevSmodule. Inside theseare the 256-bit-long hierarchical lev4memoriesnestedlik e Matry oshla dolls:
four lev3per lev4 four lev2per lev3 etc. down to levl, which contains four 1-bit shift-register cells and clock
driversfor those cells.

The I/O modules and their pins are relegatedto the corners, setiio in the upper left and astronomyin
the upper right. The four 32-bit counters (cnt32) and synthesizedstate machine (astro.io) are visible. (Note
that setiio and astro_io are lessvisible in Fig. 6.3 becausethey are coveredin an uninterrupted plane of the
top metal layer, in contrast to the other modules which have regular holesin the top metal layer that re ect
and diract light.)

Most of the dark narrow lanesbetweenblocks are full of global signal traces and their repeaters. These
lines typically go betweenthe sampencbanis and the 1/0O cortrollers (upper right and left corners) or the
clock driver circuit (lower right corner). Capacitors are ubiquitous in Fig. 6.3; there is a block of them in the
lower left and they essetially |l any other free space.

There are v e metal layers (m1{m5) above the transistors and polysilicon in the TSMC 0.25 m process
for routing power, clocks, and signals. \Ground bounce”|the inductive e ect from current surges, V =
L dl=dtjw asa seriousconcernfor a highly synchronous designlike PulseNet so it was important that all
circuits have low impedancepower and ground connections. (There are fteen of ead.) Becauseof the need
for low resistance, virtually all of m4 is dedicated to Gnd and all of m5 to \bp. The resistanceof eath
stacked via connection ( 20{30 for the full stack) is large comparedto the resistanceof the ground and
power sheets( 0.07 per square). The other three metal layers were used for signal and clock routing.
Global signalsand clocks were typically routed on m3 and local oneson m2/m1. Moduleswith many data
lines usually had m1 dedicated to either vertical or horizontal traces and m2 dedicatedto the other.

Becauseof the worry of signal coupling, the analog referencevoltages (V,e[6:0]) are bussedaround the
chip in a ground-enclosedring (lik e a 7-strand coaxial wire) on the outer edgeof the chip just inboard of the
pads. They are alsolow-pass ltered at every sampler.
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Chapter 7

PulseNet { Testing and Verication

7.1 Testing Pro cedure

Prior to submitting PulseNet for fabrication, an incremertal testing procedure (Table 7.1) was devisedto
verify functionality of featuresin order of increasing complexity.

There are two versions of PulseNet. Both versionswere generouslyfabricated on the TSMC 0.25 m
processthrough grants from the MOSIS Corporation. \Rev. 1" was fabricated in January 2003and did not
fully work. \Rev. 2" wasfabricated in May 2005and thirt y-two of these chips are usedin the all-sky seard.

7.2 PulseNet Rev. 1
7.2.1 Problems

PulseNet Rev.1 was not a fully functioning chip. In hindsight, it was submitted for fabrication well before
designreviews, testing, and simulation inspired high con dence in a working design.

The rst problem with Rev.1 wasan apparert \bp/ Gnd short in all chips tested. Although it initially
seemedserious,this minor problem wastraced to an on-chip design awi|t wo of the fteen \pp and two of
the fteen Gnd pins (pins 21/22 and 42/43; seeFig. 6.7) were connectedto the wrong rail. This was easily
xed by taping Kapton polyimide Im over the relevant pin contacts to prevent those pins from electrically
connectingin the test socket.

The secondproblem with Rev.1 was much more seriousand ultimately prevented the chip from being
fully tested. While working through the incremertal test procedurein Table 7.1, test #6 (the test of Seti
coincidencelogic) failed becausePulseNet failed to complete the programming sequence.Speci cally, when
programming the Seti module (Table 6.2), it would successfullyecho all of the decaded 1-of-7 threshold
addressbits (c_coind6:0]), but failed to echo the next bit in the sequenceyeto_mode, and becameunrespon-
sive. The problem was independert of the values of the programming parameters and was reproduced on
seweral chips.

It was later discovered that there was a race condition in setiio. The logic in this state machine was
written in Verilog and synthesizedfrom a gate library. In the programming sequencgTable 7.1), when mode
= 0 and IO_counter= 11, it should advanceto the state (mode= 0 and IO_counter= 12) on the rising edgeof
SETIclk Howewer, the code to do this waswritten in such a way that setiio chedked the value of I0_counter,
and, if was 12, it immediately incremerted 1O_counter. This setup a race betweenthe gatesthat ched the
IO_counter registers and those that set them. This is especially problematic becauselO_counteris a 5-bit
register and three of the bits have to change on the transition from 11 to 12 (01011to 01100in binary).
So when one of the bits in 10_counter changes,its value is no longer 11. The other bits of IO_counter that
should transition may not.

The design aw was especially unfortunate becausesimulations using good models for gate delays
(Nanosim) veried the malfunctioning behavior after this problem was discovered. (Simple simulations
(Verilog and IRSIM) done before fabrication did not reveal this problem.)
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Table 7.1. Incremental PulseNet testing procedure

Test Procedure and Comments
1 Smoke test Power PulseNet with \pp = 2.5V. Look for smoke and
elevated Ipp .
2 Ring oscillator test Check for signal. Its frequency should be f ringosc 1.6 MHz.
3 Clock PulseNet Slowly increase f a5t from 50MHz to seweral hundred MHz.

Watch Ipp and make sure that it is linear with fagicik-

4 Program Astronomy port Program Astronomy unit and have it echo back the
programming data. This will verify that the ip- ops
and one I/O port are working.

5 Test samplers Use variable amplitude square waves and verify functionalit y.
Mak e sure that the Astronomy module counts these properly.

6 Test Seti coincidence logic  Send large negative pulses to a matched input pair. Verify
that coincidence is recorded and that waveforms match input.

7 Test sampler sensitivit y With feedbadk through the Astronomy port, decreaseinput
amplitude. Note minim um voltage di erences that trigger
samplers.

8 Check for cross-talk Verify that large pulses on physically adjacent pins do not
trigger.

9 Test with PMT outputs Verify that PulseNet can trigger on real signals.

10 Verify veto Verify that the veto mode feature works.

The solution was to rewrite and re-syrnthesize the setiio and astronomymodules so that every variable
is stored in two registers, one valid on the negative edgeof the relevant clock (denoted with a\ _n" su x),
and one valid on the positive edge(\ _p" sux). So, for setiiio in PulseNet Rev.2, there are two versionsof
IO_counter. On a transition from 11to 12 on the positive edgeof SETIclk the module cheds if 10_counterp
= 11. If that is true then it setslO_countern = 12. On the next negative edgeof SETIclk 10_counterp is
set to the value on 10_countern. Thus cheding and setting 10_counter still happen in clock cycle, but the
two everts never race, becausethey happen at opposite clock edges.

7.2.2 Measuremen ts

The problem with setiio prevernted Rev.1 from being usedin the all-sky instrument and from being fully
tested. However, a small number of measuremets were made.

In test #2 in Table 7.1, f ringosc Wasmeasuredat \bp = 2.4V, 2.5V, and 2.6V and found to be 1.663MHz,
1.748MHz, and 1.828MHz, respectively. Thesefrequenciesare consistert with HSPICE simulations showing
that the transistors in that batch of chips are in the \fast{fast" corner. That is, the transition times of
n-channel and p-channel transistors are at the low end of the expected distribution.

Measuremens of the power consumption (Table 7.2) showved that the current (Ipp) is approximately
linear with clock frequency (fastcik), as one would expect from the P = Ipp Vbp = frastekCVop 2 model of
power dissipation (C is the capacitancethat hasto be charged on the averageclock cycle). The quiescen
current at f rastclk =0 MHz is mostly due to other componerts on the tester board. It is worth noting that the
chip was not hot to the touch after being clocked f tas5tck = 500 MHz for a few minutes.

7.3 PulseNet Rev. 2

The x to setiio described in x7.2.1 worked, and PulseNet Rev.2 passedall of the tests in Table 7.2.
Measuremerts of f ringosc Were similar to those from Rev. 1.
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Table 7.2. PulseNetRev.1{ Ipp and Ipp ° vs. ftastci

frastek (MHZ)  Ipp (A)  Ipp °(A)

0 0.15 0.15
63 0.23 0.20
125 0.30 0.23
250 0.44 0.31
500 0.70 0.46
Note. | PulseNet tester board current (Ipp and Ipp 9 as a

function of clock frequency (f fasieic)- lop ©is the current with half
of the samplers disabled (clock_half = 0). Ipp and Ipp 9 include
contributions from chips on the tester board besidesPulseNet.

The only aspect of Rev.2 that has not performed up to speci cation is the clock interface. With Rev.1,
the chip could be clocked up to f stk = 500MHz at \bp = 2.5V with no problem. For an unknown reason,
Rev.2 has poor input clock coupling at high frequencies. For fgex >  250MHz, the measuredfastclock
amplitude on the PulseNet pin trended downward for a xed fastclock power input (using a Hewlett Packard
H4677A Signal Generator, which is good up to 1GHz). It is not clear where this power was going because
there was only one substartiv e changeto the clock receiver circuit from Rev.1 to Rev.2. Input protection
diodeswere added to protect against surges,but this would not have added enough capacitanceto produce
the obsened clock coupling.

The result of this problem is that PulseNet cannot be clocked above fiagcx = 300-350MHz using the
clock driver on the tester board. With signal generator mertioned above, most chips could be clocked up to
frastck = 450-500MHz at \bp = 2.5V, and somechips wereclocked up to fasiek 575MHz at Vpp = 2.75V.

Some additional results from the testing procedure are described below. Seealso Appendix C, which
describes the automated veri cation procedureto which 52 chips were subjected. (All chips in the all-sky
instrument were veri ed.)

7.4 Test waveforms

Fig. 7.1 shows a PulseNet waveform reconstruction of a fast double pulse with a closelyagreeingoscilloscope
trace overlaid. For this test, PulseNetwasclocked at f t55icik = 500MHz sothat the sampling rate was1GS/s.

Fig. 7.2 demonstrates an important capability of PulseNet in the context of optical Seti. It shows
the reconstruction of a complicated waveform, the recording of which during an optical Seti obsenation
would be, to put it mildly, momertous. Howewer, the information-containing aspects of this signal would
be completely lost on previous optical Seti instruments. The Harvard targeted seard, for example, would
record the rise and fall times of one of the pulses,and possibly multiple events if the signal was broadcast
frequertly. The event-driv en experimerts (e.g. at Leusdtner and Lick Obsenatories) would detect extra
\doubles" and \triples," but if reobsenations of the source did not reveal an increasedevert rate, the
original events would probably be attributed to one badkground or another. Thus, PulseNet provides a
unique and important experimental tool | the ability to precisely measurethe waveformsthat trigger the
instrument.

7.5 Input sampler oset voltage measurements

The nal set of measuremets presered in this chapter are the statistical properties of the sampler o set
voltages. Vyset Measuresthe extra voltage that must be applied to one senseampli er input sothat the
circuit thinks that the inputs are equal. The scatter in this biastranslatesinto scatter in the trigger thresholds
for the 1024PMT pixels, which ultimately increasesthe rate of badkground events and limits sensitivity.
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Figure 7.1. PulseNet waveform reconstruction at 1GS/s with oscilloscope trace for comparison.

There are 448 1-bit comparators on PulseNet (16 pixel pairs 2 inputs per pixel pair 2 clocks and
7 thresholds) and 42 chips were tested using the automated procedure described in Sec.C.3 for a total of
18816measuredvaluesof Vo5t On di erent senseampli ers, a statistically-ric h data set.

The rst stepin analyzingthis data wasto removethe pixel-dependen o sets that resulted from variations
in PCB trace lengths and impedancesfor the samplers'inputs, aswell asthe consistert o sets due to clock
coupling (for inputs whosetraces happen to be near the clock traces). This e ect is shown in Fig. 7.3 and
its removal is illustrated in Fig. 7.4.

Having removed the experimental bias, we can examinethe distribution of V, st , shown in Fig. 7.5 with
subplots for combinations of pixel pair member (A/B) and clock phase(a/b). Fig. 7.6is similar, with subplots
for the sewen threshold voltages. Uncalibrated o sets are shown in red, and calibrated o sets in blue. The
1{ variation for the whole dataset is about 11mV, which is consistert with the 15mV o set for the
senseampli er input pair (Fig. 6.4) predicted by the model in [48]. There appearto be no consisternt o sets
in the subplots of Fig. 7.5, sowe must concludethat the clock phasesand input pair membersare equivalert,
at least in terms of o set voltage.

Fig. 7.6 revealsa consistert small o set for samplersassaiated with two referencevoltages, V,[0] and
V(et[6]. This makessenseupon considering design choicesmade when organizing the layout of the samplers
arraysin PulseNet. At times it wasnecessarnto run a clock line (which transitions frequertly, and haslarge
drivers) next to the voltage references.Soasto minimize the impact, tracesfor the V,¢'s werekept in a tight
grouping, with V,[0] and V¢[6] on the outside. The sensitivity of the samplersassaiated with theseV es's
is far lessimportant than those assaiated with Vi[1] and V[2], which measuresmaller voltage di erences.
In any case,3-5mV is a very small o set.

Fig. 7.7 shows o set voltage variation away from the nominal supply voltage of \bp = 2.5V and the
nominal bias voltage of Vpias= 1.5V usedin Figs.7.5and 7.6.
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Figure 7.2. PulseNet waveform capture demonstrating the ability to trigger on and resolve the details of a signal
with high information content. This test signal shows characteristics that would generate enormous excitement if
it were obtained while observing an astrophysical source. Information is encaded to two ways: by the grouping of
pulsesin the Fibonacci Sequence(l, 1, 2, 3, 5, 8, 13, :::), asindicated by the numbers above the pulses;and in the
four pulse amplitudes, a genetic code whose sequenceis the beginning of the rib osomegenome[69], as indicated by
the RNA baseabbreviations (a, u, g, c) below the pulses. Such a signal would clearly be of intelligent origin (pulsars
don't know integer arithmetic), and would have profound biological implications, possibly demonstrating a common
biochemistry in independert evolutions of life.
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Figure 7.3. Uncalibrated sampler o set voltages for 52 PulseNets shown in 32 panels, one for eac of analog input.
Each panel shows data from samplers for both clock phases(fastclockb = blue or cyan; fastclocka = red or magerta).
The narrow distributions, o set from their common mean, indicate that a substantial portion of the variation in the
o set voltage distribution for all pixels (Figs. 7.5 and 7.6) is due to static o sets assaiated with pixel-dependert
signal trace length and impedance variations, as well as timing-dep endert clock coupling (e.g. some pixels always
have a certain amount of clock coupling at the sampling time).
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Chapter 8

All-Sky Optical SETI Data Analysis

This chapter summarizessensitivity measuremeis and calibrations of the all-sky camera, as well as initial

obsenations and their implications. The obsenations totaled 17 hours over three nights. While thesetotals
are small comparedwith the targeted seard ( 2400hours over v e years), the wide eld of view and large
number of pixels meanthat it has already obsened signi cantly more stars and sky areathan the targeted
seard1. The initial obsenations also provided a way to develop generalobserving proceduresand to plan for
automated obsenations.

8.1 Calibration of telescop e position

Before observing, it is important to know precisely where in the sky the telescoge is pointed. The all-sky
telescope and camerawere calibrated by observing a transit of the Moon. In the Lunar transit depicted in
the two panels of Fig. 8.1, the certer of the Moon crossesthe local meridian with a declination of dy at a
time to. (The right ascension o = tg becauseit is a meridian transit.) As depicted in the left panel of
Fig. 8.1, the Moon's leading limb grazesthe left edgeof a PMT at time t;. Measuremen of t; yields the
o set betweenthe midline of the PMT array and the local meridian via the Eq. 8.1, which is derived by
inspecting Fig. 8.1:

t=1t1 to+ tm tpmT; (81)

wherety; (Moon's radius) and tpy v (the distance from the PMT edgeto the vertical midline of the PMT
array) are measuredin drift time.

A similar analysis of the telescope declination d; (which is set through the telescoge drive cortroller)
that aligns the bottom limb of the Moon with the top of a PMT yields the o set betweenthe horizontal
midline of the array and the telescope declination:

d=d; do dw dpmrt (8.2)

wheredy is the Moon's radius.

These measuremelis were performed on PMT 4L and PMT 5L for the Lunar transit on 7 May, 2006
yielding t=3"13(= 0 48) and d= {1 5° In physical dimensions,the vertical midline of the PMT
array is 63mm to the left of the image of the local meridian (for the left PMT array; it is mirrored in the
right PMT array), and the horizontal midline of the PMT array is 85mm above its expected location based
on the telescope driv e setting.

In the future, calibrating the telescope position may be an automatic function done photometrically using
PulseNet's astronomy mode to watch stars drift through the PMT arrays.
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Figure 8.1. Calibration of telescope position using PMT OL. Each panel depicts the Moon moving through the eight
PMTs in the left focal plane. The left panel shows calibration of right ascension( ) by measuring the time t; that
the right edge of the moon impinges on the edge of the PMT OL. The right panel shows calibration of declination
() by recording the telescope declination d; for which the bottom edge of the moon impinges on the top edge of
PMT OL.

8.2 Measuremen ts

8.2.1 Minim um observing declination

Measuring the southern-most telescoge observing angle determinesthe fraction of the sky accessibleto the
all-sky instrument. During normal operation, a mercury limit switch preverts the telescope from pointing
belov = 20 . At this angle, the telescope points signi cantly above the tree line and hasan unobstructed
view of the sky. By remaving the bolted-on south wall of the obsenatory (below the barn doors) and rotating
the south limit switch to accommalate, there is nothing to prevent the telescope from observing down to
30 .
Thus the telescope is capable of observing declinations in the range 30 < < +90 . The areaof this
ortion of the sky is

P y 1 z 2 z 90

— cos d d = 75% (8.3)
4 0 30

This is a slight increasein sky areafrom the 64% for the planned declination range 20 > > +70
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Figure 8.2. Number of pixel pairs (out the 512 total pairs in the PMT pixel array) with coincident events during
1-minute obsenations as a function of threshold voltage. Compare with Fig. 8.3, which plots these measuremers
sorted by PulseNet pixel number.

8.2.2 Camera Sensitivit y

The sensitivity of the all-sky instrument is determined largely by the threshold voltage used to trigger
coincidert PMT signals, e.g. Vinresh = Vbias { Vret[1]. Unfortunately the camerais not noise-free. There are
seweral reasonsthat the PulseNets may trigger on smaller PMT signals (becauseof threshold/bias o sets
and asymmetries) or on other signalsmay couple into the PMT signals (before or after ampli cation). The
list of candidatesincludes:

coupling with clock traces on the daughterboards
coupling with coronadischarge on the PMTs

o set-v oltage di erences betweenPulseNet samplers| the 1{ variation for onesampleris 11mV (see
Fig. 7.5)

amplier gain variations | the speci cation for small signal gain at 900 MHz? is 21"32 dB. This is
probably a consenative estimate, but on the high side of the range,3dB isa 40% increasein gain.

1Typical gain at lower frequencies is about 1dB (12%) lower, but minim um and maxim um values are not stated in the data
sheet.
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Figure 8.3. Dependenceof PulseNet pixel number on sensitivity. For each humbered PulseNet input pixel pair (of
which there are 16 per PulseNet numbered 0{15), a plot shows the number of pixel pairs (from all 32 daughterb oards)
with coincident events during 1-minute obsenations asa function of threshold voltage. The three red traces highlight
an excessof coincident pixel pairs in PulseNet pixels 1, 2, and 3. Compare with Fig. 8.2, which combines these 16
plots.

variable PMT cathode sensitivity | the variation can be as high as a factor of 2{3 on a tube, but
typical pixels vary by 30{50%; note that this variation will not a ect the single photoelectron pulse
size,just the rate of sud pulses.

To determine the threshold voltage for obsenations and to ched for sourcesof noise, the camera sen-
sitivit y was measured. Each measuremenh was a 1-minute obsenation on a dark night during which the
number of pixel pairs (for all 512 pixel pairs in the array) that registeredat least one coincidert event were
counted. Many obsenations were made at se\eral threshold voltagesto obtain Fig. 8.2.

Note that above Vinesh = 170mV, no coincidert evernts were recorded. Between 125{150mV Fig. 8.2
shows a sharp increasethat levelso to 50{60 pixel pairs for Vinesh < 125mV. FOr Vipresh < 150mV, the
total number recordedin ead 1-minute obsenation was approximately the same. This is likely the result
of a nite ewvent processingrate (a few per second)with the PC104 and host computer. For obsenations at
the high end of the threshold range (Vinresh 150mV), the events were concerrated in oneto three pixel
pairs in the ertire array, ead of which received 20{50 everts. For obsenations with Viyesn < 150mV, the
everts were distributed much more evenly amongthe larger number of pixel pairs that recordedany everts;
in this threshold range, there were no pixel pairs that recorded more than v e events.
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Fig. 8.3 plots the same data sorted into 16 subplots according the to PulseNet pixel number?. Note
the traces for PulseNet pixel numbers 1, 2, and 3 (highlighted in red); for Viresh < 150mV, these pixels
are responsible for a large fraction of the total events. There is clearly something unusual about these
PulseNet pixel numbers 1/2/3, whose corresponding PMT pixels uniformly tessellate the ertire array of
photomultiplier tubes. This correlation only appearswhen the pixels are sorted by PulseNet pixel number,
and not by PMT pixel number.

The above data suggestthat there are (at least) two classesof the everts in Figs. 8.2 and 8.3. For
Vihresh 150mV, the dominant sourceof events must be spatially localized on the daughterboardsin suc
a way that favors certain PulseNet pixels. The likely culprit is coupling from fastclock. Inspecting the
daughterboard PCB revealsthat signal traces for PulseNet inputs in00B, in01B, in02B, and in03B run close
to termination resistors for fastclock; the trace for in01B (the pixel with the largest number of pixels with
coincidert everts in Fig. 8.3) runs between the fastclock termination resistors.

There is another hypothesis for the concerration of events in low PulseNet pixel numbers. It is more
complicated and doesn't t the obsened data nearly as well as the fastclock-coupling hypothesis. This
hypothesis has to do with the priority given to multiple coincidert events that occur on the same clock
edge in a single PulseNet chip. A set of such coincidencescould be generated by a transient that af-
fects a large number of inputs. When multiple events are received, the memcontrollermodule in PulseNet
gives priority to sampenchank, which corresponds to PulseNet pixels 0{3, over sampgencbank::3. The
memcontrollermodule within membankcheds for coincidert events from the four sampencbankblocks (by
cheding coincadd0::3[3:0]) in their number order 0{3 (seeFig. 6.2 for a diagram of top-level PulseNet
blocks), by latching the address (e.g. coincadd a({3:0]) of the pixel pair with an evert. Under normal
operation, where everts are infrequent and uncorrelated, only one bit of this 4-bit addresswill be high
(corresponding to the pixel within that block with the event), and the 1-of-4 addresswill mask the the
appropriate bits of the streaming input samples (G20::3[2:0]) so that samplesfrom the coincidert pixel
pair (e.g. G40[2:0]) are passedout of sampencbankand stored in memory. However, if two or more bits of
coincadd a([3:0] are high whenit is latched, the maskwill bitwise OR the samplesfor the pixels with everts,
resulting in meaninglessdata stored in memory.

This hypothesis has two obsenable consequencesOne is that there should be more events in PulseNet
pixel number 3 than in 2, more in 2 than in 1, etc.3 Sud a trend is not obsened in Fig.8.3. The other
obsenable consequencas that waveform data from suc events will be meaninglesscombinations of seweral
waveforms, and, when plotted, will appear atypical. A small number of waveforms do have an atypical
appearance (among other things, they appear to lack samplesat voltage levels that would have triggered
PulseNet), however there are other possiblereasonsfor this.

In either case,a hypothesisthat explains events at low pixel number doesnot accourt for all everts in
Figs. 8.2 and 8.3. For Vinresh 150mV, the evernts are concerrated in a small number of PMT pixels that
are independert of PulseNet pixel number and are consistert from one obsenation to the next. These hot
pixels are likely on the tail of the Vinesn distribution. This distribution probably has contributions from
most of the bullet points above: hot pixels may experiencesomecoupling from fastclock; they are probably
on the high side of the PMT cathode sensitivity and ampli er gain distributions; and their PulseNetsampler
o set voltagesare probably a few from the mean.

Improving the sensitivity remains a challenge. The clock-coupling mechanism will likely be reducedin a
planned daughterboard replacemen sincethe new daughterboard has ying clocks. The hot pixels may be
dealt with by individually tuning the componerts along those signal paths. Suc (time consuming) solutions
include: verifying solder joints connectivity for componerts near those signals (particularly on ampli er

2The 512 pixel pairs in the array can be classied by the PMT number (where the photons are detected) or by PulseNet
number (where signals from the PMTs are terminated). PulseNet pixel numbers correspond to input pairs (e.g. inO0OA=in00B)
on PulseNet chips. PMT pixel pairs with the same PulseNet pixel number may be from quite dierent locations in the
photo detector array, but use the same PulseNet inputs (on dieren t chips) and sample similar electrical environments on their
respective daughterb oards as the signals are routed from the ampliers to the PulseNets.

3This is because software in the host computer calculates int(log »(coinc_add_a0[3:0])) to determine the coincident pixel
address. When coinc_add_aQ[3:0] is a 1-of-4 address this function properly identies the pixel address (0{3) within the given
block. However, if coinc_add_a0[3:0] has two or more bits high, the result will be the highest pixel number (0{3) that registered
an event; information about lower pixel numbers are lost when logz(coinc_add_a0[3:0] is integer truncated. The software can
and should be rewritten to identify and handle such multiple coincidence events.
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Table 8.1. All-sky survey| initial obsenations

Date Declination Range Observations Total Observing Time  Triggers Events
26 April, 2006 0 179{ 1 53° 5 2hr 33min 2 0
28 April, 2006 1 53%{ 3 29° 12 6hr 9min 0 0
29 April, 2006 3 299{ 5 05° 17 8hr 19min 0 0
Note. | |Initial observations using the all-sky instrument and following the proceduresin Fig. 8.4.

bypasscapacitors), replacing the ampli ers on hot pixels with slightly lower gain versions,and changing the
50 termination resistorsto reduce PMT signal amplitude (with the attendant risks of re ections).

8.3 Observing pro cedures

For the sake of consistency safety, and meaningful results, it was necessaryto dewvelop a set of manual
observing procedures(Fig. 8.4) before conducting the initial obsenations described in x8.4. An important
aspect of this is the tests on the camera functionality done ead night, and other set of tests before each
30-minute obsenation. Additionally , telemetry data provide constart feedbad on the the programming
state of the PulseNets, clocks, and programmable voltages, the state of power supplies, and ernvironmental
conditions. In an experiment looking for rare everts, it is easyto confusean unresponsive or malfunctioning
instrument with one making obsenations with null results.

The \self-coincidencetest" veries that all 32 PulseNets can be programmed and properly detect and
record coincidert events. This test relies on the trick of reversing the standard ordering of V[6:0] and
Vpias by setting Viet[1] > Vpias and setting the PulseNetsto trigger on Vi[1]. Since all 32 PulseNets will
immediately register coincidencesthis cheds the health of thesechips aswell asthe layersof communication
betweenthe userinterface and the electronics.

The Gelfand Flasher | test sendsan optical ash at PMT arrays from a de-focused LED with pulsed
input. It triggers 8{12 simultaneous coincidenceeverts that have a characteristic pulse shape and width
( 80ns). It alsoteststhe GPS timestamping electronics;sincethe coincidert events happen simultaneously,
their GPS timestamps should be identical.

For nightly operations to survey the whole Northern sky, these procedureswill likely be automated.

8.4 Initial observations

The initial obsenations listed in Table 8.4 were conducted over three nights in late April, 2006 using the
proceduresoutlined in x8.3. The 34 obsenations of 30min duration ead totaled 17hr observingtime. The
obsenations were all near the equatorial plane so asto maximize sky coverage(at the expenseof dwell time
per sourcepoint).

These obsenations served seweral purposes: they tested the instrument, encouragedthe developmert
of observing procedures,and, becauseof the sky coverageand sensitivity of the all-sky instrument, these
small number of initial obsenations comprise the most extensive seard for pulsed optical extraterrestrial
transmitters ever conducted.

All three nights had completely clear skies,with excellert seeing,and moderate humidity (45{60%). Each
night the all-sky instrument was programmed with the following parameters:

fastclock was set to 300MHz for a double-edgesample rate of 600MS/s and a sampling interval of
1.7ns

Threshold voltage programming levels: the threshold voltage was 250mV using Ve[2] as the trigger
with the referencevoltages spacedas follows: V,e[0] = 1.700V, Vypias = 1.500V, Vig[l] = 1.375V,
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Prepare Observatory

Check weather conditions.

Power and open roof (only after dark).

Remove telescope cover.

Power and move telescope to selected declination.

Prepare Camera

Power OSETI camera and PMT high voltage.

Power and open shutter

Program PulseNet clocks, check it in the Ul.

Program PulseNet DACs, check it in the Ul, and record voltages in notes.
Program PMT DACSs, check it in the Ul, and record voltages in notes.
Check uC temperatures/humidity and record in notes.

Test Camera

[ Y N

Self-coincidence test:

Program DACs with Vref[1] > bias.

Program PulseNets' SETI mode with threshold=Vref[1].

Look at CoincLine for all PulseNets in the SETI status panel. They should all be high.

Gelfand-Flasher | test:

Program DACs with the regular settings.

Program PulseNets' SETI mode with threshold=Vref[2].

Generate a Gelfand | flash.

Check to see that the pulse was received several times.

v If you'd like, enable CoincMask on some/all PulseNets so that the coincidences will be processed and can
be viewed in the Event Viewer.

Observation (repeat on 30 minute interval)

Program PulseNets' SETI mode with threshold=Vref{2].
Enable CoincMask on all PulseNets.
Click on "Observe" to officially start the observation
Watch the SETI Status panel for the status of one or more PulseNets to change to "Coincidence Read".
If this happens:

Reprogram that PulseNet.

Examine the coincidence in the Event Viewer.
Occasionally click on "Get Telemetry" to make sure that the server is still responsive.
Continualy check weather, voltages, temperature, humidity, moon, time of day.
Run observation for ~30 min, then click "Debugging" to officially end the observation.
V Click on Gelfand Flash I. Make sure that it sees several coincident events.

End of observations

Turn off high voltage, camera power

Turn on camera heaters

Close shutter

Move telescope to 0 degrees (not declination). It will stop at the lower limit and shut off its power
Close roof (and barn doors, if necessary) and turn off its power

Turn off shutter power

Replace telescope mirror cover

Double check: roof and barn doors closed? high voltage off?

The Shulsky Box items that should be left on are: Red Ceiling LEDs, Lights and Cameras, Camera
v Heaters, Mirror Heaters - Primary, Mirror Heaters - Secondary

Figure 8.4. All-sky observing proceduresfor initial manual obsenations.
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Figure 8.5. Initial sky coveragefor the all-sky seard in equatorial coordinates. The 34 obsenations over 17hr, each
represerted by arectangle in right ascensionand declination, are summarized in Table 8.1. The dashedline represerts
the galactic equator.

Viet[2] = 1.250V, Vie[3] = 1.100V, Viet[4] = 0.950V, V(ef[5] = 0.75V, V(ef[6] = 0.500V
PMT high voltages: all PMTs were programmedto 900V

There were two \triggers" and zero\events" detected during the rst night. No triggers or events were
recorded in the last two nights' obsenations*. As with the targeted seard, a \trigger" is de ned as an
instance when one or more PulseNets register coincidenceevens. The subset of these that pass sanity
cheds are called \everts." The two triggers on 26 April, 2006 are not classi ed as events becausein eadh
casethe trigger was recorded simultaneously in seweral PulseNets that correspond to non-adjacert PMT
pixels. This non-locality is a signature of badkground triggers, and is an anti-signature of geruine optical
pulsesimagedthrough the telescope that are focusedto a spot sizeencompassingat most four adjacert pixels
that sharea corner. Note that thesetriggers are probably not due to Cerenkov radiation from cosmic-rays.
Scaling the result from x3.3.2, the minimum energy cosmic-ray that would deliver 100 photonsm 2 into
a PMT pixel is 10 eV, which has a frequency about once every seweral yearsfrom an arbitrary point on
the ground.

4Note that the instrument successfully detected the optical pulses in the Gelfand Flasher | tests conducted before each
observation. The lack of triggers/ev ents during the observations these two nights does not indicate malfunction.
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Table 8.2. Comparison of all-sky survey and targeted seard data

Targeted Search All-sky Survey

DSqlean DSoverlap Initial Observations Full Survey
Sensitivit y (photons/m 2) 100in 5ns 100in 5ns 95in  3ns 17in 5ns
Sky Coverage 0.0002% 0.00005% 1% 64{75%
Objects 4730 1142 108 108
Observations 11,600 1721 17 2700
Observations per object 2.5 15 1 1
Observing time 1721hr 244hr 17hr 1350{1800 hr
Observing time per object 22min 13 min 48sec 48{140 sec
Events 274 130 0 {
Event Rate 0.16hr 1 0.53hr 1 0.00hr 1 {
Triggers 1066 614 2 {
Trigger Rate 0.62hr 1 2.52hr 1 0.11hr 1 {
Note. | Statistics comparing the all-sky survey and the targeted search. Data for the targeted

search are from Table 4.2. The events and triggers listed for DSoyenap are the number recorded in the
Harvard targeted search instrument; none were conrmed by the Princeton instrument. For the all-sky
survey, projected numbers are listed for searches ranging from 20 < < +70 to 30 < < +90
The sensitivities listed are for the wavelength ranges listed in x4.2 and x5.9 and, in the caseof the full
survey, assume a successful daughterb oard upgrade.

These initial obsenations covered 1% of the sky (400sg-deg, asillustrated in Fig. 8.5. Note that this
is approximately a factor of 4000 larger than the sky coveragefor the ertire targeted seard. The number
of objects obsened is also impressive. Using a model of 107 Sun-like stars in range (and 10° total stars
in range), 1% sky coverageimplies that  10° Sun-like stars | a factor of 200 more than in the targeted
seardr | were surveyed for 48secead. Even with a consenative threshold voltage setting of 250mV, the
initial obsenations had approximately the samesensitivity asthe targeted seard (95photonsm 2 in  3ns),
and no obsenations produced everts that were consistert with geruine interstellar optical ashes.

8.5 Implications
8.5.1 Metho dology

By adapting the procedureusedin the targeted seard (x4.11.2), we can put constraints on the density of
transmitting civilizations in our region of the galaxy. As with that seard, let us assumethat none of the
all-sky obsenations detected signals from extraterrestrial civilizations.

One key di erence betweenthe targeted and all-sky data hasto do with the de nition of an obsenation.
In the targeted seard, obsenations were of individual stars for xed durations, while all-sky obsenations
are of patches of the sky that drift through the eld of view at a certain rate. The all-sky seard does not
record the namesof the stars that it obsenes, nor would it even be practical to try to enumerate. The
obsenational target of this seard is the sky itself. As sud, the methodology for constraining the number
of transmitting civilizations should re ect this distinction betweendiscrete objects and cortin uous patches
of spacewith densitiesof objects. In short, the sumsmust be turns into integrals and the probabilities into
probability densities.

A necessaryrst stepin this analysisis constructing models of the density of stars that are closeenough
for optical communication and of extinction, both of which are functions of the structure of the galaxy
and depend on observing direction. In general, the density of Sun-like stars within range is a function of
the celestial coordinates, right ascension( ) and declination ( ). Constructing such a detailed model for

stars (; ) is complicated and will be left to future work.
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We will usea simple model: a uniform density of stars within range, of which 10% are Sun-like>. When
integrated over the whole sky, yields 108 stars:
zZ

stars €0s d d = 10° stars: (8.4)

This model corresponds approximately to a range R = 1kpc and a loss of up to 50{80% of transmitted
photons due to extinction in the visible part of the optical spectrum. In this simple model there are 10’
Sun-like starsin range. Note that sincethere are about 41,000sg-degin the sky, this worksout to stars 2400
stars per sqg-deg( 240 Sun-like stars per sg-deg. It is alsoworth noting that with an instantaneous solid
angle of 0.3sg-deg the all-sky instrument surveys 700stars (70 of which are Sun-like) at a time.

Although this approximation considerably simpli es the analysis, we will develop a methodology that
allows for the use of models of sas(; ) that depend on celestial coordinates. This will be useful in the
near future when such models are developed to analyze data from a full survey.

The next stepin the methodology is to represen each obsenation asafunction of the celestialcoordinates:

) _ tait () for all (; ) obsenedin the ith obsenation
TG )= 0 otherwise (8.5)
where tgit ( ) = (48sec)/cos . That is, when plotted, eac T;(; ) looks like one of the rectanglesin
Fig. 8.5, and hasan approximately constart value of the drift time through the array for the patch of the sky
obsened. There are 17 T;'s in the initial obsenations; to fully coverthe the Northern sky ( 20 > > +70 )
oncewith  30min. obsenations, there will be 2700o0f them.

Recallthat in the targeted seard analysis(x4.11.2)ead obsenation of duration tepsy hasa corresponding
probability of detection, pepsy (P) = min(1; topsy =P), that is a function of the transmitter repetition period
P. The analogousstatemert in the all-sky seard is that for the ith obsenation, Ti(; ) hasan assaiated
probability density function,

pi(; sP)=min(L;Ti(; )=P); (8.6)
where the minimum function boundsp; 1.
Although no point in the sky was obsened more than once during the initial obsenations, they will

be during longer runs. In the targeted seard, folding together the probabilities of detection for multiple
obsenations of the sameobject was accomplishedwith Eq.4.2. For this seard we have

Y
p(; ;P)=1 '(1 pi(; sP)): (8.7)

The nal stepin this analysisis to calculate the expected number ofsigﬁaldetectionsfor all obsenations,
S. Recall that in the the targeted seard analysis, this is just S = f (P) obj Pobj and we adjust f so that
the Poissonprobability of observingzeroextraterrestrial signalse S = 0:5. To say it another way, we choose
f sothat we have a 50% chance of successwe assumethat the seard was on the cusp of detection and f
becomesan upper bound.

With probability densities instead of probabilities, we have to integrate over the celestial coordinates
instead of summing over objects:

zZ

S=1f(P) p(; ;P) stas(; )cos d d: (8.8)

Using e S = 0:5, as above, and solving for f (P), we obtain an upper bound on the fraction of transmitting

civilizations:
In2

p(; ;P) sas(; )cos d d !

where the minimum function boundsthe density of extraterrestrial transmitters at 100% of stars.

f(P)= min 1;FR (8.9)

5For the purp ose of this model, \Sun-lik e" is an F, G, or K dwarf. This may be conservativ e, particularly if M stars are
found to have habitable planets.
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8.5.2 Constrain ts on transmitting extraterrestrial  civilizations

Applying the methodology of x8.5.1 to the initial obsenations of 1% of the sky yields the plot of f (P) in
Fig. 8.6 (red trace). For comparison, results from the targeted seard (Fig. 4.7) are plotted in blue (Harvard
seard) and cyan (Harvard-Princeton joint obsenations). The dashedlines from these plots represen the
data reported in Chapter 4 and [35], while the solid lines represen the addition of 1.5yr of obsenations
(through May, 2005, when the searhesended). Additionally , the greentrace approximates the limits that
could be set by null obsenations with the all-sky instrument by observingthe Northern sky twice.

The features of the targeted and all-sky searhesare apparert in plots of f (P). The wide eld of view,
512 parallel pixels, and resulting large number of stars simultaneously obsened, give the all-sky seard
the capability of setting more sensitive limits on the fraction of stars with transmitting civilizations. One
trade-o is reduced obsenation time per star. The f (P) curvesfor the targeted seardhesthus extend to
the right (longer transmitter repetition periods) at their maximum sensitivities. To be fair, Fig. 8.6 may
underestimate the e ectiv enessof the targeted seardhessincethey obsere a non-random set of stars.

It is important to consider the vertical scalein Fig. 8.6 in the context of estimates for the number of
transmitting civilizations N (seex2.1.3). Estimates for N range from 1{106. At the optimistic end of the
range, N = 10° correspondsto f = 2:5 10 ©. If civilizations are packed in the galaxy at that density, the
targeted seardes are still 2{3 orders of magnitude away from detecting transmitters with relatively short
periods (not accourting for the unknown advantage of target selection). The all-sky survey doesmuch better
by this metric. Initial obsenations with the all-sky instrument (1% of the sky) achievedf (P) 7 10
for P < 48sec,which correspondsto a limit of N 3 10°, using the atove model for extinction and stellar
density. A full sky survey hasthe potential to constrainf (P) 10 &, achieving a sensitivity of N 4  10*.

8.6 Recommendations for future work

The all-sky experiment took 6{7 yearsto dewelop and build (including designingthe obsenatory building,
telescope, instrument, PulseNet, etc.). Surveying the Northern sky is the obvious next step. This task will
be made easierby automating the obsenatory and instrument for unattended obsenations; the observing
procedures(Fig. 8.4) should serve as a guide when developing the automation.

A full survey of the Northern sky will comprise, by far, the most comprehensiw optical seart ever. Our
ability to calculate the implications from suc a seard will improve if a detailed, spatially-dependert model
of the number density of stars by spectral type is folded into a similar model for interstellar extinction. Such
a model would allow for more meaningful application of the methodology in x8.5.1.

The sensitivity of the all-sky seard could be signi cantly improved. In the initial obsenations, the
voltage threshold was set at 250mV 17 photoelectrons. By identifying and xing hot pixels, this might
be brought down to 150mV 10 photoelectrons. However, the residual background noise of fastclock-
coupling on PulseNet pins in01B, in02B, and in03B will limit the impact of this solution. Secondgeneration
daughterboards with ying clocks may cure the fastclock-coupling problem. However, before replacing the
daughterboards, all sourcesof background triggers should be more fully understood so that they can be
minimized in the replacemen design.

The longer term future of optical Seti lies in the infrared and with very large collecting areas. Pulsed
infrared Seti has the advantagesof greater signaling range (due to decreasedscattering and absorption in
the IR; seex2.4.3), lower energy cost per photon, and decreasedstellar background. These are o set by
the challengesof building a sensitive instrument to detect infrared pulses. Terrestrial sourcesof background
photons (including the atmosphereand the experimental apparatus) are signi cant. Contemporary detector
technology (e.g. solid-state photomultiplier) requires cryogenics,and is often limited by small sensitive area
and slow response. Major improvemerns in detector technology could enable pulsed IR seartes.

Optical Seti canbenet from collaborations with cosmic-ray and gamma-ray obsenatories[14, 23]. Such
instruments have large collecting areas(tens of squaremeters), sensitivity to nanosecond-scaleptical pulses,
and wide elds of view | precisely the demandsof a sensitive optical Seti . Presertly these experiments
routinely discard pulsescomingfrom point sourcesbecausesudc events are inconsistert with the larger source
size of di use air showers. Optical Seti programs could usethe large aperture and fast detectors of these
experiments with no hardware madi ¢ ations at the site. The improvemen in collecting area compared with
the current seardesis dramatic. For example, the Solar Tower Atmospheric Cherenkov E ect Experiment

93



10-3

L0-

10-°

1078 &

10-7

10-8

f(P) — Fraction of Stars with Transmitting Civilizations

10—9 Il llHHM Il llHHM Il XHXHM Il llHHM Il llHHM Il llHHM Il llHHM Il llHHM L 11ll
10! 102 103 104 105 108 107 108
P — Transmitter Repetition Time (seconds)

—_
—_
(@]

©

Figure 8.6. Upper boundson the fraction of stars with transmitting civilizations asa function of transmitter repetition
time for three seardhes| the Harvard targeted seardy (DScean) in blue, the Harvard-Princeton targeted searc
(DSoveriap ) in cyan, and initial obsenations from the all-sky survey (1% of the sky) in red | along with projected
results from the all-sky instrument after surveying the Northern sky twice in green. Two curvesare shown for each
targeted seard: the dashedlines are those reported in Chapter 4 and [35]; solid lines incorporate data from 1.5yr
of additional obsenations. Each curve asymptotes to f = 1=Nq; for small P and cutso atf = 1for P T=In2.

(STACEE) usesa researt solar power plant with 200 large mirrors (37m? ead). STACEE uses64 of these
mirrors to focuslight onto PMTs (one per mirror) and triggers on coincidert pulsesin multiple PMTs. It's
sensitivity is 2 photonsm 2, a factor of about 50 greater than the targeted searthesand the all-sky seard
in its presert con guration. The mining of the data archivesfrom cosmic-ray and gamma-ray experiments
has just begun. Jamie Holder from the University of Leeds, and colleagues,recertly begun searding the
Whipple 10m gamma-ray telescope data archive for signalswith characteristics (compact and circular source
images)consistert with pulsed optical communication. This instrument has seweral hundred PMTs and can
achieve a sensitivity of 10 photons m 2. The data archive cortains 5000 hours of observingtime [29].
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App endix A

Optical SETI with Terrestrial Planet
Finder

This appendix was previously publishel as an article in Icarus [33)].

A.1 Abstract

NASA's space-lorne nulling interferometer (the Terrestrial Planet Finder { TPF) will look for the traces of
early life in the infrared spectra of extrasolar planets, beginning in roughly 2010. We point out that this
instrument will alsobe sensitiveto deliberate lasertransmissionsfrom a technologically advancedcivilization.
A kilowatt-class infrared laser with a 10-m beam director would produce a signal visible to TPF at a range
of 15 pc that is distinguishable from astrophysical phenomenaand noise.

A.2 Intro duction

Slatedfor construction in roughly a decade, TPF will be asetofinfrared (3-30 m) telescopswhosecombined
light forms a nulling interferometer. Although details have yet to be worked out (separated spacecraftvs.
single spacecraft,and 1 AU vs. 5 AU orbit), its high angular resolution (0.75 masat 3 m and a free- ying
1000 m baseline, which is equivalent to 0.01 AU resolution at a range of 15 pc) will allow it to examine
extrasolar planetary systemswhile nulling the light from the parent star. TPF will hunt for planets and will
examine their structure, formation, and ewolution. It will also seard for the chemical signatures of life on
these planets, in the form of CO,, H,O, CH,4, and O3 absorption bands. We argue below that the features
of this spacecraftalso allow it to receive and identify intentional laser transmissionsof modest power from
extraterrestrial civilizations.

Historically, the Cocconi and Morrison [10] suggestionthat SETI be carried out at the 21 cm line of
neutral hydrogen cameat time when no other astronomical lines were known in the microwave spectrum. In
the following two years,the laserwasinvented, and Townes[55] noted that theserelatively low power \optical
masers" could be usedfor interstellar communication. The suggestionhas received increasing attention as
lasershave continuedto showv an annual Moore's Law doubling in power over the past 40 years(during which
time radio technology has remained relatively static). Today, there are optical SETI' programs at Harvard
[34], Berkeley [40], Columbus [38], and elsewhere.

The merits of optical SETI are well documerted in other articles [62, 37, 52], but we highlight a few
advantageshere. Giventhe high gain of optical telescopes,optical beaconscan be narrowly focusedon target
systems. The bandwidth-limiting dispersive broadening obsened in radio pulsesis negligible in the optical

I\Optical" SETI isto beinterpreted in the broad electromagnetic sense{ including the near IR and UV { and is characterized
by photon counting; this is to be contrasted with the heterodyne techniques of microwave SETI.
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regime. The computational power and sophistication required for broadband microwave SETI searhesis
unnecessaryin optical SETI. Also, the pace of laser developmert on this planet has made possible optical
interstellar communication from Earth; shouldn't we be looking for such communication to Earth?

TPF will be one of a handful of instruments in the Solar System sensitive to optical interstellar com-
munication. Clearly, sudh instruments have to mitigate the badkground light from stars. One approac in
optical SETI is to build instruments capable of detecting optical pulseson a very fast timescale, where the
received optical pulse manifestsitself as many photons arriving at the detector in an unresolved ( ns) time
interval, against a background patter of single, Poissondistributed photon arrivals from the host star. A
simple calculation, assumingonly \Earth 2000" technology { a transmitter capableof delivering nanosecond
speed,meggoule optical pulsesat a 10 Hz repetition rate attachedto a Keck-classtelescope { would outshine
our Sun by a factor of more than 1000in broadband visible light, and could be easily detected by another
Keck-classtelescope at distancesof up to 300 pc [34]2. Sewral optical SETI programs monitor nearby stars
for optical pulsesof this type in roughly the 300-600nm band. Our group is how developing a pixelated
wide- eld camerato seard the Northern sky for such high-intensity pulsed signals.

An alternative approad in optical SETI is to reduce the stellar bacground by high resolution spec-
troscopy and/or nulling interferometry. In such a strategy, one looks for unexplained lines in the spectra of
starsand their planetary disks. Suc lineswould be either cortin uous-wave (CW) lasers(possibly modulated)
or pulsed lasers. Thesewould be detectable at considerably lower transmitted power levels than is possible
without interferometry and spectroscoyy, aswe will demonstratebelow. TPF is the rst interferometer with
the angular resolution capable of separating starlight from planetlight and has a modest spectral resolution
(uptoR= = = = = 10°). Thusit can probe the ertire zodiacal disk of a nearby star for planets
and life.

The discovery of extraterrestrial communication from a nearby planetary systemusing TPF might proceed
along the following lines. A planet candidate is discovered after seweral hours of obsenation at minimal
spectral resolution (R of order unity). Followup obsenations at modest spectral resolution (R 100) reveal
a rich absorption spectrum with a large spectral peak in a particular wavelength bin. The spectral purity
is then probed at still higher resolution (R 10°), revealing an unresolved narrow emissionline®. Ground-
basedtelescopesthen look for modulation in the signal, down to the scaleof nanosecondsthey also examine
the full range of wavelengthsaccessibleto terrestrial telescoges.

A.3 Laser power required

Extraterrestrial laserswould have to compete with at least four badkgroundsin potential TPF seardes: (1)
incompletely nulled stellar photons, (2) re ected photons from the extrasolar planet, (3) photons from the
extrasolar planet's blackbody spectrum, and (4) light scattered by zodiacal dust in both the target solar
system and in ours. We will examine these backgrounds in greater detail below, but rst note that they
are all isotropic (roughly) and spectrally broad. Therefore,as Geo Marcy [51] pointed out, the laser power
necessarnyfor interstellar communication is reducedby the following factors:

A.3.1 Directionalit y

Lasersare directional and therefore have gain. A laser of wavelength transmitted through an aperture of
diameter D emergesas a beam of width , =D, with a gain of g = 2?D?=2. At =10 m, a 10-m
telescope hasa gain of g~ 10%3, or 130 dB. (Note that this is a factor of 10° greater than the gain of the
305-m Arecibo dish at =21 cm.)

2Note that extinction limits optical SETI to a range of 1 kpc in the visible part of the spectrum and 10 kpc in the
infrared. These distances correspond to roughly the thic kness and radius of the galactic disk and volumes enclosing 107 and

100 sun-lik e stars, respectively.

3The time requirements to detect microscopic or intelligent life on an extrasolar planet are lengthy. NASA estimates that
planet detection will require observations with 2.0 hour integration times (with R = 3, S=N = 5). Detection of atmospheric
gasessuch as CO;, and H>O would require integrations of 2.3 days (R = 20, S=N = 10), and for detection of life-indicating O3
or CH4 the corresponding gure is 14.7 days (R = 20, S=N = 25).
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A.3.2 Spectral resolution

The spectrometer onboard TPF will sort the incoming radiation into frequency\bins" (of width ) thereby

reducingthe badkground in any givenbin by approximately = = 1=R(assuminga at spectrum). Because
lasersare spectrally narrow, all of their photons will fall into one bin. The spectral resolution R of TPF

varies widely, from R = 3{20 for \planet detection and spectroscopy,” to R = 3{300 for \continuum and
spectral line imaging," and extendingto R 10° for \speci ¢ lines" [3]. Let us assumethat extraterrestrial

laserswould be discoveredin TPF's \planet detection mode," and take R = 20 for this calculation.

A.3.3 Fluctuations

We must not forget that the laser signal competesonly with the uctuations in the badkground, and not the
badkground signal itself. Pixel-to-pixel uctuations in the spatial image will inhibit TPF's planet detection
power. These include physical processessuch as emissionfrom the incompletely nulled star and dust, as
well as instrumental e ects such as telescope jitter, intrinsic detector noise, and emissionfrom the cooled
telescope. Diractiv e intensity scirtillations should be insigni cant at TPF's high frequency (compared to
radio), and long integration times [13]. Spectral uctuations will limit the spacecraft'sability to identify
atmospheric gasabsorption bandsand extraterrestrial laser emissionlines. Noise sourcesof this type include
spectrometer noise, and noise in the re ected and blackbody light from the planet. On large spectral or
spatial scalesthese uctuations are characterizedby a signal-to-noiseratio; Appendix A of [3] nds SNR 7
during a typical run of TPF.4 Howevwer, for the purposesof detecting extraterrestrial lasers{ which deposit
all of their light into one spectral bin { the gure of merit is the bin-to-bin variation in the spectrum, that
is, the deviation from a smooth spectrum. Note that uctuations of this type include not only the above
noise sources,but also spectral features (such as absorptions lines) whosewidth is comparableto the bin
size. For the purposeof the calculations in the paper, let us assumethat the \signal-to- uctuation ratio" is
the sameasthe signal-to-noiseratio; in practice they may di er by perhapsa factor of two.

Taking accourt of thesefactors, the laser power su cien t for detection by TPF is

2 5

PL. =Zpz — SR

Lt Lt; (A1)
whereL is the total isotropic radiated power of background sourcesseenin a spatial TPF pixel, and where
we have assumedthat a 5- signal is required for detection.

To get a senseof the order-of-magnitude of | let us assumethat the transmitting deviceis simply a CO,
laser ( =10 m) coupledto a Keck-classtelescope (D=10 m). Combining this with the above results, we
nd =4 10 15 This means,for example,that alaserof 10'W averagepower would be visible over the
badkground of its G2V host star, without the use of interferometry. In other words, the high transmitting
aperture gain at IR wavelengths, combined with only modest wavelength speci cit y, already reducesthe
required transmitting power (relativ e to solar luminosity) by some14 orders of magnitude. Moreover, aswe
shall now demonstrate, TPF's exquisite interferometric nulling capability greatly reducesthis gure, bringing
it within the range even of modest contemporary lasers.

A.4 Backgrounds

As discussedabove, the badkground for extraterrestrial lasers can be broken down into seweral distinct
sources.Incompletely nulled stellar photons, aswell asinhomogeneitiesin the zodiacal and exo-zadiacal dust,
are important during spatial imaging, while re ected and blackbody photons from the planet are important
during spectroscopic integrations. In the discussionthat follows, we calculate these backgrounds using
Earth/Sun valuesfor the physical parameters of planets and stars in units of broadband visible equivalent
isotropic radiated power (EIRP).

4This calculation is for either 2 m mirrors at 5 AU or 3.5 m mirrors at 1 AU imaging a planet at 10 pc and integrating for
10° s (roughly aday) at 12 m with R = 20. It includes (i) the e ects of zodiacal and exo-zodiacal emission, (ii ) the galactic
cirrus, (iii ) leakage signal and jitter from the target star, (iv) the telescope properties, (v) and detector noise.
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A.4.1 Incompletely nulled stellar photons

The most technically challenging aspect of TPF is nulling light from the parent star. Although a nascen
eld today, astronomical nulling is being developed at various obsenatories on Earth, and will soon be
dewveloped on the Spacelnterferometry Mission in orbit. After this decadeof researd, TPF is projected to
achieve a null depth of N=10 °{10 6. Taking the more consenative estimate of N=10 5, the nulled stellar
luminosity is

Ln N L (A.2)

4 10°* W:

Note that Ly is only important for spatial imaging near the parent star (assumingthat Ly doesnot saturate
TPF's spectrometer). During spectroscopicintegrations on a planet separatedfrom its parent star by many
pixels on the TPF image, Ly is unimportant.

A.4.2 Reected photons

Light re ected o of the extrasolar planet will be a badkground for discovering a planetary atmosphereand
detecting extraterrestrial lasers. Assuming an albedo of unity, the power re ected from a planet of radius
R at adistancer from its sunis approximately

RZ
L = —— L A.3
R 4 r2 ( )
= 5 1019 L
= 5 10 ° Ly:

This estimate may be high by perhapsan order of magnitude sincethe hot star's blackbody peak is in
the visible part of the spectrum, rather than at TPF's infrared wavelength. We have also not taken accourt
of the variations in apparent planetary brightnessdue to orbital phaseas seenfrom Earth.

A.4.3 The planet's blackbody spectrum

Although cooler and smaller than its parent star, the planet emits a blackbody spectrum of its own, which
peaksin the infrared. This will be spatially resolved from the parent star, aswell asfrom other planets in
the system,and will be seenasa bump on the zodiacal badkground. In total power, the planet emits far less
than its nulled parent star,

T 4 R 2
Lg = — — L A4
B T R (A.4)
= 4 101 L
= 4 10°% Ly:

However in the infrared, where TPF is sensitive, the nulled stellar and planetary blackbody power per unit
frequency are more nearly comparable. For example,at =10 m ( =3 10 Hz),

Le , 2h 3 1
— = N 4R 2 e =*T 1
= 8 10 W Hz ! (star)

= 1 10° W Hz ! (planet);

(A.5)

where we take the null depth to be N=10 ° for the star and N=1 for the planet. These signalsshould be
within the dynamic range of the spectrometer on board TPF. Sud results should not surprise us, given that
TPF is being designedto resolve and identify extrasolar planets.
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Table A.1. Alternativ e planetary systems

Planet Minim um P (kW) Lr=L Lg=L r=r R=R T=T
Mercury 1 4 10 00 4 10 10 0.39 0.38 1.61
Venus 2 8 10 0 7 10 W0 0.72 0.95 1.17
Earth 1 5 10 10 4 10 10 1 1 1
Mars 0.2 6 1012 5 10 1 15 0.53 0.81
Jupiter 6 2 10° 2 10° 5.2 11 0.44
Saturn 1 4 10 00 4 10 10 9.5 9.4 0.32
Uranus 0.05 2 101 1 101 19 4.0 0.21
Neptune 0.03 8 1012 1 101 30 3.9 0.20
Pluto 0.01 1 10 % 9 10 5 39 0.18 0.16
Note. | Minim um power of a 10 m laser with a 10-m diraction limited beam

director on a Solar System model planet at a range of 15 pc for detection by TPF under
the assumptions of Sec.A.3. This power is calculated using Eq. A.1 with Lt = Lr+ Lpg
(LN is unimp ortant when doing spectroscopy on a planet well separated from its sun).
Physical data in the three rightmost columns are from Zeilik and Gregory [70] (T is
equilibrium blackbody temperature). Lgr=L and Lg=L were calculated using Egs.
A.3 and A.4, respectively. Note that Pluto would be not be detected by TPF since it
emits lesspower than a background 0.03 0.03 AU patch (TPF's pixel sizeat 10 m) of
a 1 Zodi cloud. Extraterrestrial laserson such planets would have to exceedthe radiated
power of the local zodiacal dust (this directed laser power is roughly 10 W).

A.4.4 Zodiacal and exo-zodiacal dust

Dust in the Solar System will create a diuse infrared glow that will cloud, but not block TPF's view.®
Exo-zodiacal dust also presents a signi cant challenge. A \1 Zodi" cloud of Solar System-like dust is only
0.3 AU in diameter, yet it emits and scatters roughly the sameamount of infrared and optical radiation as
the Earth. This dust is warm (275 K and decreasingwith distance asr %4), small ( 40 m grains), and
smoothly distributed over the ecliptic, except for wakesand rings due to gravitational e ects from planets,
and bands due to recert asteroid or comet collisions[2]. TPF's high angular resolution is therefore essetial
to subtract out this largely uniform exo-zaiacal badkground from the image of extrasolar planets (and their
possibleinhabitants' lasersf.

With detail on a scaledown to 0.01 AU, the TPF image will be a certral bright star surrounded by a
di use zodiacal disk. Within this shroud of dust we will seethe re ection and emissionfrom a planet. An
extraterrestrial lasera xed to or orbiting the planet will therefore only have to overcomethe badground
from the planet itself. Any techniques usedto spatially resolve the planet from the zodiacal disk and the
parent star will also resolve the extraterrestrial laser. Taking the total badkground to be the sum of the
re ected and blackbody backgrounds,Lt = L+ Lg =9 10 ° Ly 4 10Y W, we estimate that the
laser power su cien t for interstellar communication, P, = Lt 1 KkW. In just 40 yearsof developmert
on Earth, we have managedalready to produce megawatt infrared CW lasers[58]. Taking \Earth 2000"
technology as a lower bound on extraterrestrial technological sophistication, we concludethat infrared CW
lasersare an altogether reasonableway to achieve interstellar contact.

5This is the primary motiv ation to reduce TPF's mirror size and place it in a 5 AU orbit.

6Note that the above quantities were calculated assuming that the ecliptic plane of the imaged planetary system is perpen-
dicular to TPF's line of sight. As this angle varies to an edge-on view, the background from exo-zodiacal dust will increase
by a factor whose maximum value is roughly the ratio of the diameter to the thickness of exo-zodiacal disk. In a beautiful
measuremert using COBE, Reach et al. [50] found this factor to be 3 in the Solar System.
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A.5 Alternativ e planetary systems

In this rather simple treatment, we have calculated various quartities for detecting laser transmissionsfrom
the vicinity of an Earth-Sun systemwith TPF. Although it will not dramatically changethe above results,
the bodies of extrasolar systemsstudied by TPF will almost certainly di er in size,temperature, and relative
separation. For example, supposethat the extraterrestrial civilization liveson the moon of a Jupiter-lik e
planet in an Earth-lik e orbit, where its laserswould have to compete with a larger planetary badkground.
Substituting R ! R, we nd that the required laserpower, P. 100kW, is still well within our presen
capability. Table 1 shows that P_ is at most a few kW for Solar System planets in their natural orbits as
viewed by TPF from 15 pc (its speci ed maximum range for planet detection). Moreover, as our arbitrary
choice of \Earth 2000" technology for the transmitting device suggests,this discussionwas intended not as
a blueprint for Earthly transmission, but rather asa sanity ched for optical SETI with TPF.

We alsonote that the extraterrestrial lasercould be on a satellite in a wide (say 5 AU) orbit and therefore
spatially uncorrelated with planets in the system. In this case,the signal would be a narrow spectral peak
on the exo-zadiacal badkground. Such signals might be missedif planetary systemsare rst scannedin low
spectral resolution and only followed up with higher resolution spectroscoyy if planets are discovered.

A.6 Conclusions

Although not designedfor optical SETI, TPF is uniquely sensitive to infrared extraterrestrial signals orig-
inating from extrasolar planets. This sensitivity in an unexplored corner of frequency/location spaceis
particularly important in the logic of SETI where we have no a priori knowledge of the signal. Given
NASA's congressionallymandated inactivity in SETI, we do not expect stand-alone seard programs in
the near term. However, TPF sciertists should be aware of the possibility that their experiments may
serendipitously extend the reach of humanity far beyond the Solar System.
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App endix B

Interstellar Gravitational Disp ersion
of Optical Pulses

This appendix demonstratesthat onepotential technical obstacleto interstellar pulsedoptical communication
| temporal broadening due to gravitational scattering o of large bodies| is a negligible e ect.

B.1 Convergent and divergent scattering

There are two classesof gravitational scattering for optical pulses. If the extremal rays of the optical pulse
(in the paraxial plane) passon either side of the scatterer, then ead ray is bent toward the scatterer and the
beamcornverges(seeFig. B.1). If, onthe other hand, the beammissesthe scatterer and passertirely to one
side of it, then the extremal rays are both de ected toward the scatterer, but the outer ray is de ected less
| anetdivergence.In the skew plane (perpendicular to the paraxial plane and parallel to the line of sight;
seeFig./,refdistort for a head-onview) for this latter case,extremal rays converge but this corvergenceis
much smaller than the expansionin the paraxial plane. Sincethe location of the scatterer will be random
with respect to the line of sight, the smaller skew contractions will be more than compensatedfor by the
larger paraxial expansions. This leadsto an overall broadening of the beam, or divergert scattering.

Convergert, or multi-path, scatteringis su cien tly rare that we neednot worry about it for optical SETI.
Gravitational lens seardesput the probability of multi-path imaging at roughly 10 . In uid medanics
terms, the ow is laminar; paths never cross. Although this e ect is rare in the vacuum of space,we still
needto consider multi-path scattering due to atmospheric inhomogeneities(for ground basedoptical SETI
programs). A ray which scatters at an altitude h by an angle s will travel an extra pathlength h 2=2.
For h = 25km and s = 10 arcsec,the time delay t = h 2=(2c) = 10 1® sec. In reality the photons
will random walk through the seeingdisk by a larger number of smaller scatterings, but the above single
scattering calculation setsthe scalefor this time delay asentirely negligible. One might alsoworry that the
e ectiv e aperture of the telescope will be much larger than the physical aperture when atmospheric seeing
is considered,but again the e ect is negligible. The \extra aperture" due to seeingis h = 0:05 m, using
the above numbers.

Now let usreturn to the subject of divergert gravitational scattering. Rays arriving at the atmospheric
seeingdisk will be delayed relative to one another for two reasons. First, scattered rays will travel di er-
ent distancesleading to a geometric delay. These rays also take di erent paths through the gravitational
potentials of stars sothere is a geneal relativistic time delay, aswell.

B.2 Geometric delay

Gravitational scattering causesa light ray to de ect by an angle (b) = 2Rs=h whereRs 2GM=¢ is the
Scwartzschild radius of a massM, and b is the impact parameter. Rays which diverge from the host star
by an angle in the paraxial plane will be separatedby a distancedb= r; at their closestapproach to
the scatterer. The ray closerto the scatterer (1) will scatter by an angle (b), while the more distant ray (2)
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Figure B.1. Convergert and divergert gravitational scattering in the paraxial plane.

will scatter by a smallerangle (b+ db) = 2Rs=(b+ r; ) (b) (1 db=bh (seeFig. B.3). Thus (1) and (2)
divergeby an additional angle (b) db=bwhen they scatter on the sameside of a star.

In the skew plane, the extremal rays converge, but only slightly. The angular width in the paraxial
direction goesfrom to (1 + db=l, while the angular width in the skew direction goesfrom to (1
db=b Rs=b. The additional factor Rs=bis 1, giventhat Rg for a solar-type staris 3 km , whereasthe
mean solar separation in our region of the galaxy is  10*3 km (or, roughly speaking, 10 lightmicroseconds
vs. 1 lightyear). Since the solid angle of the beam increasesby a factor of 1+ db=h there is a net
broadening. As mentioned previously, the small contraction in the skew direction is washedout over many
scatterings since the locations of scatterers with respect to the beam is arbitrary. We will therefore only
consider scattering of paraxial rays.

Consideragainthe paraxial rays (1) and (2) from Fig. B.3. They travel di erent distancesasthey scatter.
Ray (1) will travel a distanced; and ray (2) will travel a distance d;:

q q
di= r2+r2 2+ rZ+r3( 2+ ()%
q q
d= r2+r2 2+ r3+7r3( =2 (b+ry )2
skew
M M

paraxia

Figure B.2. A circular annulus of light is distorted into an ellipse. Note that the expansion along the paraxial axis
is much larger than the contraction along the skew axis. Thus the area enclosedby the beam increasesand there is
an overall broadening.
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Figure B.3. Scattering Diagram in the paraxial plane.

The path length di erence betweenthe two rays is

& d = rf T+ ( =2+ ®)7 | I+( =2 (b+1: )%

r £ (B (b+ry )g=2

riroRs
212
in the limit of ; 1. and aredened in Fig.B.3.

Sothe geometrictime delay from a single scattering evert is

riroR 2
tgeo = 12;3 = (B.1)

B.3 Gravitational delay

Light pulses are also slowed down as they dip into the gravitational potential of stars. The travel time
betweenA and B (seeFig. B.4) is given by (see[19)):

ct = rZ P+ r3 P+
r2 R+ry 13 R+ r2 r3 mw
2M | M + : B.2
n b b rp ra ( )
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Figure B.4. General relativistic time delay.

We considerthe generalrelativistic part (secondbracket) in the limit of ri;r, b Rs. The travel time
reducesto

Cter Rs In %[n P =an+ T 1T (=7
4r1r2 .
Rs In=12 1 (B.3)

Now considertwo slightly di erent paths, one with impact parameter b, and the other with b+ dh The
time di erence betweenthesetwo paths is

ter ter(b+ db) ter(b)
2Rg b+ db
= — In
c b
ZRZ? (B.4)
Note that tgeo = ter Zr  tor P,ie., tgeo  tor.

To get a sensefor how large this e ect is, let's plug in some numbers. For a close scattering (e.g.,
b= 0:01ly) o of alarge mass(say, 100M ),

M b ! r .
100 M 0:01ly 10ly 5nas '’
wherewe have takenthe opening angle betweenextremal rays that strik e our detector to be 5 nanoarcseconds

(100 m over a baselineof 10ly). It is dicult to imagine that millions of such scatterings will conspirein
such a way asto give a detectable broadening of nanosecondpulsesfor rangesof kiloparsecsto megaparsecs.

ter = 3 10 % ns

B.4 Conclusions

Pulse broadening has an insigni cant e ect on nanosecondoptical pulsestraversingthe galactic medium for
both convergent and divergert gravitational scattering. In the convergert case,the probability of aligning
a scatterer on the line of sight is extremely small. For divergert scattering, the magnitude of the e ect is
negligible. The path length dispersion due to atmospheric seeingis likewiseentirely negligible.
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App endix C

PulseNet { Automated Testing
Pro cedure

BecausePulseNet has a large number of inputs and has two independert modes of operation (Seti and
Astronomy), testing all or even more signals paths was impractical when done by a person. An automated
test was the only reasonableway to verify the chips.

C.1 AutoT est pro cedure

Fift y-three PulseNet Rev2 chips were tested using AutoT est, an graphical automated test program written
in Python. For consistency the following sequettial protocol was used.

1. Label chip with serial number of the form sn001and glue down lid (unless already sealed by
MOSIS).

2. Measure ring oscillator frequency at \bp = 2.4V (2.41V as measuredon power supply meter),
\bp = 2.5V (2.51V on meter), and \pp = 2.6V (2.61V on meter) with clocks disabled. Remenber to
resetthe Astronomy and Seti ports prior to making the measuremets.

3. Measure maxim um clock frequency ! at \bp = 2.5V (2.59V on meter) and \bp = 2.7V (2.78V on
meter). Setthe figck OUtput to 17.5dBm on the signal generator. Start at f g0k = 450MHz soasto
not blow out the clock inputs with a large signal.

4. Measure minim um clock amplitude for stable operation at ftasick = 400MHz and \bp = 2.50V
(2.59V on meter). Unstable operation is characterized by a precipitous drop in Ipp asthe fsicik IS
reduced.

5. Measure input sampler osets with Astronom y channel for all combinations of pixels and
thresholds (28 minutes). This is explained below in xC.3.

6. Verify Seti coincidence trigger and pulse recording circuitry for all pixel pairs (13 minutes).
This is explained below in xC.2.

C.2 SETI functions

AutoT estveri ed the functionality of the Seti componerts of PulseNet by simultaneously sendinga specially
tailored waveform to ead pixel pair, sequettially. The waveform consists of twenty negative pulseswith
amplitudes evenly spacedbetween1500mV and 75mV. AutoT est then retrieved and plotted the coincidert
waveform data. An exampleis shown in Fig. C.1. A closeupof the rst forty data points appearsin the
upper left corner of the plot.

1A Hewlett Packard 8648C Signal Generator was used to generate the fastclock inputs.
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Figure C.1. Example output from automated coincidence functionalit y test for one pixel pair. The inset plot (upper
right) shows the rst forty data points.

Note the placemer of the voltage thresholdsin Fig. C.1 (the dashedhorizontal lines). V,e¢[3:1] are closely
spacedand clustered below Vyias to resolve small pulses. V,.;[6:4] are spacedfarther apart below V,¢[3:1]to
increasedynamic range. V,e[0] > Vypias for vetoing signalsthat exceedVyias.

Fig. C.1 alsodisplays useful test parameters, e.g. the PulseNet serial number, the pixel pair and voltage
threshold that triggered the coincidence,and the sampling rate. Thesedata are automatically passedfrom
AutoT est to the plotting program.

Totest all analoginputs, AutoT estloopsthrough the pixel pairs, eat time programming and reading out
the coincidert waveforms, like that onesshawn in Fig. C.1. Thesesixteen plots are arrayed in another plot,
like the one shown in Fig. C.2which is not designedfor detailed cheding (the data les are saved if oneis
really interested), but is intendedto verify, at a glance,that the coincidencefunctions of the PulseNetin test
operate properly. One can seeimmediately by looking at Fig. C.2 that the waveformsrecordedby all sixteen
pixel pairs are as expected and approximately the same. One can also verify that ead pixel pair received a
coincidenceduring the right test by reading the pixel numbersin ead sub-plot (e.g. \sn001-0A/0B") and
cheding that they are in order on the larger plot.

The Seti coincidencetests were all done at f 550k = 350MHz. This speed was a compromise between
wanting be above the expectedclock speedin the experiment (f astex = 333MHZz) and the maximum operating
clock speed (f fastcik = 500MHz when run at Vygq = 2.87V).
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Figure C.3. Diagram of automated voltage o set test waveform (\ramp ed comb") consisting of 400 negative pulses
with amplitudes between 200-600mV and two counting pulses. Only those pulses with amplitudes greater than
Vouse (shown in red) are counted. The lower inset diagram shows the relationship betweenvarious set and measured
voltages for the minimum amplitude pulse that triggers PulseNet.

C.3 Astronom vy functions

AutoT est cheded the astronomy functions on PulseNet by sending a waveform consisting of many pulses
of increasing amplitude (a \ramp ed comb”, illustrated in Fig. C.3) individually to ead pixel pair. The
amplitudes of the 400 negative pulseswere evenly spacedfrom 200mV to 600mV at 1 mV/pulse. Prepended
and appended to this sequencewere two \counting pulses" (more on these below), positive 500mV and
negative 1000mV, respectively. This waveform was generatedusing a Tektronix AFG Arbitrary/F unction
Generator.

The astronomy courting functions weretested and the samplero set voltageswere measuredin one pixel
pair and threshold by programming PulseNetto count for a xed duration ( 2 seconds)with the reference
voltage (Vie) for the threshold in question set between200 and 600mV below the input bias voltage, Vpias
(seeFig. C.3). For eah ramped comb, only those pulseswith amplitude greater than Vpas Vet plus the
o set voltage (V; set ) trigger the analogsamplerand included in the court for one senseampli er, n; (shown
in red in Fig. 6.2).

During the 2 secondcourting interval, the samplers on PulseNet see many (>1000) ramped conmb
waveforms. The precisenumber is determined by a secondmeasuremen in which the referencevoltage is
changedto either greater than Vyjas Or lessthan (Vpias 600mV), and courting for the same 2 second
interval. In this case,only the counting pulseswill be counted sothat the valueson read o of PulseNet's
four counters (ny) will beidentical and equalto the number of ramped combs during ead courting interval.
Thus we can calibrate out the courter duration: the number of pulsescounted in eath ramped comb is the
quotient of thesetwo counts, Ncoynt = N1=Ny.

Now, the ramped comb waveform is only useful if we can corvert ncount iNt0 Voset - We do this by
comparing two expressionsfor Vyyse, the amplitude of smallest pulse in the ramped comb waveform that is
counted by PulseNet. The rst expressionfor Vpuse comesfrom examining the upper portion of Fig. C.3,

Vpuise = (Vbias ~ Vret) + Voset - (C.1)

108



Table C.1. Serial numbers of PulseNetsthat failed AutoT est

Serial Number Reason for Failure
sn011 \bp /Gnd short | bond wires bent square
sn015 \bp /Gnd short | foreign material seenon chip through microscope
sn027 no signal on three analog inputs (0A, 1A, 1B); Vpias Wwas high (short?)
sn029 \bp / Gnd short
sn031 ak ey performance; occasionally no coincidences on 2A/2B and 3A/3B
Note. | Serial numbers of PulseNets that failed AutoT est for the reasonsindicated. All

other PulseNets with serial numbersin the range sn000{sn052 passedthe tests listed in xC.1.

The secondexpressioncomesfrom examining the inset closeupof the minimum amplitude pulsein Fig. C.3,

imVv

Vpu|se = Zoomv + 400mV (ncount 1) Court

(C.2)

Combining egs.C.1 and C.2 we get an expressionfor the o set voltage in terms of measuredquartities:

imVv
count

Voset = 600mV (ncount 1) (Vbias Vref): (C-3)

Note that although the measuremen outlined above was for V,set 0N one senseampli er, it actually
yields the o set voltagesfor four senseampliers | both clocks phases(a/b) on one pixel pair (A/B), for
the giventhreshold | since PulseNet has four courters.

A successfultest of the astronomy functions using AutoT est tells the user two things: 1) that all 448
senseampli ers work properly, and 2) the valuesof V¢t for ead senseamplier. In AutoT est, the user
erters the referencevoltage levels, the thresholds and pixel pairs to be tested, the number of times eadch
combination should be tested. In twenty-eight minutes, AutoT est loops through the variables and outputs
les with the raw courter values,which are converted to o set voltagesusing Eq. C.3.

C.4 Results

All chips in the serial number range sn001{sn053passedthe tests listed in xC.1, exceptfor the chips listed
in Table C.1, which failed for the reasonsindicated.
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Glossary

arcmin ute angle of 1/60th of a degree.
arcsecond angle of 1/3600th of a degree;approximately equalto 5 rad.
as arcsecond

AU astronomical unit { The distance from the Earth to the Sun.

CMOS complimertary metal-oxide semiconductor{ a major classof integrated circuits that usescompli-
mentary transistors (NMOS and PMOS) to achieve relatively low power and high density designs.

dec declination, sometimesabbreviated { north/south coordinate in the equatorial coordinate system.
Range= -90 to +90 .

DS, data setfrom the targeted seard { all obsenations made from Harvard. Seex4.5.

DSean data setfrom the targeted seard { a subsetof DS, from which nights with anomaloustrigger rates
have beenremoved. Seex4.5.

DSoverap data setfrom the targeted seard { a subsetof DS, during which Princeton jointly obsened. See
x4.5.

FIF O rst in rst out { a queue-like memory device.

GHz gigahertz { frequencyof 10°s !

GS/s gigasamplesper second,10° samplesper second.

I/O input/output
IC integrated circuit

ISM interstellar medium

kly 1000light-years
km kilometers

kp ¢ 1000parsecs

LST Local SiderealTime { Greerwich Mean Sidereal Time plus an o set for the longitude of the obsener.
Seealso sidereal time.

ly light-year{ the distancelight travelsin oneyear, 9.5 10 m.

m meters
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as microarcsecond
mas milliarcsecond

MHz megahertz{ frequencyof 10°s !
ns nanosecond{ 10 °s

pc parsec{ 3.26light-years
PCB printed circuit board
PMT photomultiplier tube { atype of photodetector

PulseNet a full-custom integrated circuit designedfor the all-sky survey. It digitizes sixteen pair of analog
inputs at up to 500MHz, triggers on and stores coincidert pulses,and measurescourt rates.

RA right ascension{ east/west coordinate in the equatorial coordinate system. Range= 0 to 24hours.

SETI seard for extraterrestrial intelligence

sidereal time a measureof the rotation of the Earth with respect to the stars rather than the Sun. One
siderealday is the time it take for the Earth to rotate oncewith respectto the stars and is approximately
23hr 56min 4sec.

SIM Spacelnterferometry Mission { A planned spacetelescope NASA recertly changedthe name of this
missionto SIM PlanetQuest

SNR signal-to-noiseratio

TPF Terrestrial Planet Finder { currently a set of two proposed satellite telescopes (an infrared nulling
interferometer and an optical conoragraph) designedto obsene the atmospheric spectra of extra-solar
planets in seardt of life-indicating features.

Ul userinterface| the web pageby which an operator cortrols the all-sky instrument.

UPS uninterruptible power supply
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