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Abstract

With \Earth 2000" technology we could generatea directed laser pulsethat out-
shinesthe broadbandvisible light of the Sun by four ordersof magnitude. This is a
consenative lower bound for the technical capability of a commnunicating civilization;
optical interstellar communication is thus technically plausible.

This thesis considersinterstellar communication with nanosecondptical pulses.
Its topics arethe theory of sud signaling,natural sourcesiwo astronomicalseartes|
their searth methodologies, experimertal implemertations, candidate ewerts, and
implications|and a custom integrated circuit designedto detect sud signals.

The targeted searth examined some 6000 Sun-like stars with a sensitivity of

100photons/m? in  5ns (350{720nm) using a 1.5m telesco in Harvard, Mas-
sadwsetts. It useda pair of hybrid avalanthe photodetectorsto trigger on coincidert
pulse pairs, initiating measuremen of pulse width and intensity at sub-nanosecond
resolution. An idertical systemon a 0.9m telescog in Princeton, New Jerseypermit-
ted unambiguousidenti cation of evenasolitary pulse. Amongthe 11,600artifact-free
obsenations at Harvard, the distribution of 274 obsened ewerts showns no pattern of
repetition, and is consisteth with a model with uniform ewert rate, independen of
target. With one possibleexception (HIP 107395),no valid evert was seensimulta-
neouslyat the two obsenatories.

The all-sky seart is a pulsedoptical 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 sphericaltelescom to image 1:6 0:2 on two



matched focal planeswith 512 photomultiplier tube pixels ead. Coincidert optical
pulsestrigger custom electronicsto record pulsepro les and ewvert timing. No pulses
were obsened during initial obsenations of 1% of the sky (which includes 1C° Sun-
like stars within range).

Thirt y-two PulseNetchips|a full-custom integrated circuit that formsthe all-sky
instrument's computing core|digitize 1024photodetector 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 signalsare presentthe means of detecting them is now at
hand. Fewwill denythe profoundimportance, practical and philosophial,
which the detection of interstellar communictions would have. We there-
fore feel that a discriminating search for signals deservesa considerable
e ort. The prolability of suaessis di cult to estimate; but if we never

sarch, the chane® of sucessis zero.

| Guiseppe Cocconiand Philip Morrison, 1959[10]

1.1 Plenitude, ubiquit y, antiquit y

Though not always accepted the possibility of life on other worlds captivated thinkers
through the certuries. In the time of Julius Caesar,in 70 BC, Lucretius of Rome
wrote in De Rerum Natura (On the Nature of the Universe) that the world around
us is open to human understanding, and that \such conmbinations of other atoms
happen elsewherein the universeto make worlds sud as this one...so we 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 Gaussproposed
planting large forestsin Siberia into which onewould sov a giant eld of wheat (for

cortrast) in the shape of aright triangle. An elaborated form would have had squares
on eat edgeof the triangle soasto demonstrateour knowledgeof the Pythagorean
Theorem. JosephVon Littro w suggesteduilding canalsin the shape of 20-milewide
geometric gures in the Sahara, lling them with kerosene,and setting them are

in night. By certury's end though, erthusiasmabated for signalling through means
sud as constructing geometricartefact and excitemen 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 possessethe technological capability
to comnunicate with other civilizations in our galaxy. The realization that we could
build the equipmern to sendreceiwe a signal over interstellar distancestransformed
thinking about extraterrestrials from one of speculation to experimert. The seart
for extraterrestrial intelligence (Seti ) had begun.

Along the way, a picture of the galaxy emergedthat appears ertirely consis-
tent 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 aeonsfor
the genesisand ewlution of lifelcan be expressedn many ways, but were perhaps
most eloquertly summarizedby Philip Morrison with just three words: \plenitude,

ubiquity, antiquity."

1.2 Overview of thesis

This thesis descrites the scieri ¢ basisfor pulsed optical commnunication with ex-
traterrestrial civilizations, as well as two seardes for sud signals. Chapter 2 de-
velopsthe rationale for pulsed optical signaling, describes the technical limitations
for transmitting and receivingsud signals,provides examplesof model transmitters,
and speculateson the nature of the signalsthat we hope to receive. Two topics that

would naturally t in this sectionarerelegatedto appendicesbecauseheir treatment



is too long for the main body. Appendix A exploresa novel seart strategy | using
NASA's plannedTerrestrial Planet Finder (TPF) to look for intentional signalsin the
atmosphericspectra of extra-solar planets. Appendix B shows that temporal broad-
ening of pulsedoptical signalsdue to gravitational scatteringis a negligiblee ect. It
waswritten in responseto discussionsith Phil Morrison and Paul Horowitz in which
we worried that the e ect might doom pulsedoptical comnunication over interstellar
distances.

Potential sourceof pulsedoptical signals|astroph ysical, atmospheric,terrestrial|
are examinedin Chapter 3. It isimportant to understandthe sourcesof thesesignals
asthey are the badkground against which intentional signalsfrom other civilization
must compete. It was written in preparation for the Qualifying Oral Examination
and was alsopresetied asa talk and paper at the Third International Conferenceon
Optical Seti in 2000.

Chapter 4 descrikesthe designof the Harvard targeted optical seart instrument
and analyzes v e yearsof data taken with it. The latter half of this seart had the
benet of a conrmatory instrument at Princeton, and the results from this joint
seard are descriked. Additionally, implications of null obsenations are considered,
and quartitativ e limits on the density of pulsedoptical transmitters are set.

The motivation for and designof the all-sky seart for pulsed optical signals|
the primary topic of this thesisl|is discussedn Chapter 5. Initial results from this
instrument are analyzedand implications are consideredin Chapter 8.

The photodetectorson the all-sky instrument generatea prodigious quartity of
data (3.5Th/s, equivalert to the cortents of all booksin print, every second). Digi-
tizing and processinghe photodetector signalsrequiredthe dewelopmen of a custom
chip called PulseNet. The designand implemertation as well as testing and veri -
cation of this novel integrated circuit are descrited in chapters 6 and 7, respectively.
Additional material on the automated testing and veri cation of every PulseNetis in
Appendix C.

There is also a glossaryto de ne acroryms, units, and uncommonterms. This

was intended to make this documen, especially the introductory material, readable



by a larger audience(i.e. the author's family).

Portions of this thesiswere previously published:

Chapter 3is reprinted with permissionfrom the SPIE proceedingdor the Third

International Conferenceon Optical Seti [32).

Chapter 4 is a slightly reworked version of one section of a paper describing
the targeted seart that appearedin The Astrophysi@l Journal [35]. Other
portions of that paper are sprinkled throughout Chapter 2. Theseportions are
reprinted here under the non-exclusie 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 permissionfrom an article in Icarus on the fea-
sibility of using TPF asa Seti instrument [33]. The original copyright notice
reads: \Copyright ¢ 2001by AcademicPress."

1.3 Versions of this document|o cial and com-
pact
There are two versionsof this thesis|\o cial*  and\compact”. The o cial version

ison le in the Harvard library. Unfortunately, becauset's double-spacedand the
margins and fonts are largelall specic requiremerts for Harvard University PhD
theses|it is unnecessarilyilong and low density.

The compactversionsolvestheseproblemswith single-spacingnarrower margins,
and the useof 10-point font for text in the main body. Sincepagenumbersdi er be-
tweenthe o cial and compactversions,citations shouldreferencethe o cial version.
Organizational items sud as the numbers of chapters, sections, gures, and tables
are consistem betweenthe versions.

Electronic copiesof the o cial version(and possiblythe compactversion)will be



postedonline! for aslong asis practicable.

Ihttp://www.physic  s.h arvar d. edu/a cadenic s/ phds. html
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Chapter 2

Search Strategies

Portions of this chapter (perhaps10-20%)were publishel previouslyin 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) was

also 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 whomwe might communicate, it is often
assumedthat they will be approximately our age,and will have roughly the techno-
logical capabilities we possess. The symmetry of this picture is quickly discarded
when one considersthe great range of timescalesinvolved in the ewlution of intelli-

gence.Life emergedon Earth about three billion yearsago. Multicellular organisms
didn't ower until about 500 million ago. The rst anatomically modern homo sapi-
ens walked the Earth half a million yearsagoand deweloped agriculture 10,000years
ago. Yet it wasjust in the last certury that our civilization acquiredthe capability to

communicate over interstellar distanceswith radio transmitters and lasers. That is,

we are only 50-100yearsold asa technologicalcivilization capableof interstellar com-



munication. Surelythe exacttiming of our technologicalbirth wasresult of historical
accidens and is decoupledfrom similar milestonesin the independernt ewlution of
life on other planets.

If one pictures the history of the Milky Way in fast-forward, one can imagine
technologicalcivilizations poppinginto existence growing and thriving for sometime,
andthendying. If Seti isto succeedgivilizations must beborn at asu cient rate and
the lifetime of communicating civilizations must exceedthe typical interval between
the births of sud civilizations, and probably alsothe round trip comnunication time
betweentwo nearly civilizations (at least 103{10* years). If we livein a universewith
marny civilizations, we are surely not the rst.

For the sale of argumert, let us take the typical lifetime of the civilizations with
whomwe hopeto comnunicateto be 10°{10° years. On the average,their presen age
is half of their lifetime. Sofrom their perspective we are a very young technological
civilization. Sincethe Earth only very recerlly made the transition from a planet
full of life to onethat also harbors a technological civilization, we can safelyassume
that any contact will be with a civilization much older, and, consequetly, much more
advanced.

It isdicult to say how much moreadvancedthey will be, or in what ways. Even
on Earth, longterm predictions about speci ¢ technologicaldewelopmerns are usually
wrong. To be consenrative, we will usethe current state of scienceand technology on
the Earth asa minimum bound on the capability of an extraterrestrial civilization.
Thus, when consideringmeansof signalling and the engineeringof signaling devices,
we will limit oursehesto systemsthat are within the laws of physicsaswe know them
and that we could actually build today (if only we had the money time, and patience).
Their sciencewill alsosurpassours, but we will assumeno speci ¢ discoverieson their
part. That is, we shouldnot 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 commnunication available to them are also available to us.

We should assume,becauseof their age,that their sciencehas beenexhaustive

They have done all of the experiments that we can and would like to do. They



have launched spacetelescoges like the onesthat we hope and plan to laund in
the near and long term. We should assumethat they have exhaustive catalogs of
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 instrumerts 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 imagedthe planets of the Solar Systemand
detectedthe atmosphericsignaturesof life on Earth. We can expect to be on their

target list.

2.1.2 Portrait of the galaxy

It is important to considerour placein the population of 400billion starsthat make
up our galaxy. The Milky Way consistsof a pancale-shaped disk of stars (radius

15kpc and thickness 300pc), a attened sphereof stars near the certer 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 starsnearthe Sunareall in the disk, which is, more precisely two disks. The
\thin disk" hasnearly all of the stars and mass,and its scaleheigh? is 325pc. The
\thic k disk" is lessdense,but extendsfarther out (a scaleheight of 1.3kpc). Both
disks have a radial scaleheight of 3{5 kpc. The thin disk also cortains gasand dust
which absorband scatter optical photons. The density of stars (of all types)nearthe
Sunis appraximately 0.15pc 3. Within a radius of 300pc (  1000light-years), there
are 10 stars,and 1P \Sun-like" stars. Out to 1kpc, there are 1 stars, of
which 10" are\Sun-like."

Not all starsare suitable sitesfor life. O, B, and, A starsare probably too hot and

1The distance over which the number density of stars decreasesy a factor of e.



have lifetimes that are too short. The targeted sear® (Chapter 4) conceftrated on
F, G, and K dwarfs sincethey are the most \Sun-like"2. Thesemake up about 10{
20%oof the stellar population. The remaining 75%of the starsare M dwarfs { stars
with low mass(0.08{0.6M ) and luminosity, and lifetimes on the order of 10! years.
The potential habitability of these stars (for microbes or intelligent life) has long
beenquestioned[36] becauseof their temporal variability and high UV output during
active periods, as well astidal locking of planets in the Habitable Zone. Howeer,
recent calculations suggestthat su cient planetary CO, could prevert atmospheric
collapse. Seguraet al. have calculated potential biosignaturesfor planets around M
dwarfs using instruments like Terrestrial Planet Finder [56].

It alsoappearsthat planetsare common. In the last 15years, 150planetshave
beendiscorered orbiting nearby stars. This number is expectedto grow by ordersof
magnitude in the near future with astrometric and photometric experimerts sud as
Gaia, Kepler, and SIM. By closely studying our galactic neighborhood, it has been

estimatedthat morethan 20% of stars have planets [44].

2.1.3 Num ber of communicating civilizations

One usually estimatesthe number of comnunicating 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 used more for estimation than rm calculation. Newertheless,it is a
usefulguide for thought experimerts and helpsorganizeour ignorance. The equation
is the product of seweral terms represeting ewerything that hasto goright to geta
comnunicating civilization. The uncertainty in the terms grows dramatically from

left to right, which are de ned asfollows:

2That is, their masses,lifetimes, spectral characteristics, etc. are most like those of the Sun,
which is a G2V dwarf.



R is the star formation rate in our galaxy (per year)
f, 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 thosethat evertually dewelop life

f; is the fraction of thosethat dewlop intelligent life

f¢ is the fraction of thosethat are willing and able to comnunicate
L is the expectedlifetime of a commnunicating civilization (in years)

The Drake Equation is the subject of much debate. Optimists have usedit to
estimate that there are 10° comnunicating civilizations in the galaxy [54], while
pessimistshave found that number to be 1 (=1) [66]. Some nd that the product
of the rst six terms (someof which are completelyunknown) is appraximately equal
to one, sothe equation reducesto N = L. In this view the number of civilizations

with which we might commnunicate is equalto 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 starsthat currently harbor communicating civilizations is very small:
foow = NNyw = 25 10 ¢ (Nww = 4 10" is the number of starsin the Milky
Way). In this scenario,we must searqh 4 10° randomly selectedstars just to
nd one signal (which is, on average, 100pc away). For an intermediate, though
certainly not pessimistic,valueof N = 10%, fow = 25 10 8 and a successfukeart
will encompass 4 10’ starsto nd asignalthat is almosta kiloparsecaway. If the
obsened stars are selectedby habitability criteria [63, 64] the number that we have
to seard probably shrinks, but by an unknown amourt. Seti is a long-term activity

and oneshouldnot be disheartenedby the lack of immediateresults. To speedup the

10



Table 2.1. Ciriteria for selectinga meansof signaling

Criteria

a) number of particles received must signi cantly exceedthe badkground
b) signal must exhibit somenon-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) be readily 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
requirements for interstellar signalling, and c-h are properties of an ideal
particle.

seart, we should focuson techniguesthat canincreasethe number of stars searted
at once(e.g. sky surveys) and onesthat increaseour con dence that the stars we
obsene harbor life.

The above argumeris|our relative youth, the enormouslength and time scales
involved, the fraction of stars with comnunicating civilizations|also suggestthat
transmissionis foolhardy until we have seardiedthe sky for directed communications.

Let us go about that easiertask and the onewith potentially faster returns.

2.2 Means of signaling

In order to designexperimerts to sear® for extraterrestrial signals, we must rst
determine somebasic characteristics of the signal carrier. Among the large number
of elemetary 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 Cyclopsreport [6]. The
report (with argumerts attributed to Barney Oliver) constructsa list of a criteria for

a signal particle (Table 2.1). Criteria a-b are requiremerts for interstellar signalling,
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and c-h are properties of an ideal particle.

Following the logic of this approad, criteria a, ¢, and h excludeparticles of non-
zerorest mass(e.g. protons, neutrons, electrons),criteria d and e excludeall charged
particles, and criteria f and g excludegravitons and neutrinos®. The only elemetary
particle that remainsis the photon.

Cocconi and Morrison put it succinctly: \In terstellar comnunication acrossthe
galactic plasmawithout dispersionin direction and igh t-time is practical, sofar as

we know, only with electromagneticwaves." [10]

2.3 Wavelength choice

Having chosenelectromagnetiaadiation, what wavelengthis bestfor interstellar com-
munication? The Project Cyclopsreport, along with most of the Seti literature at
that time, concludedthat the microwave portion of the radio spectrum is ideal. This
was the radio paradigm. Cocconi and Morrison spert considerabletime discussing
the \optim um channel" in their original paper [10. A year after citing argumeris
including the transparencyof spaceand of the atmosphereat radio wavelengthsand
the large sourcepower requiremen for optical and other wavelengths,they concluded
that it was 1420MHz (21cm), the radio emissionline of neutral hydrogen. Frank
Drake independerly readed 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 exclusionof
other wavelengths. No one could imagine sendingan interstellar signal with optical
seart lights. Why shouldthey look for one?

The world changedone year later when Charlie Townesinverted the laser. Af-
ter that, in 1961, Schwartz and Towneservisioned interstellar commnunication with
scaled-upversionsof these\optical masers"[55]. They pointed out that optical trans-
missionwas now conceiwable, and that it was an historical acciden that laserswere

not invented thirt y yearsearlier. They proposeda seart for optical signals.

3Neutrinos are now known to have massand would be also be eliminated by criteria a, ¢, and h.
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Sincethe early days of Seti , lasertechnology hasbeenin a phaseof rapid catch-up
relative to the mature technology at radio frequencies.Laserswith seweral megavatts
of cortinuous optical output have beenbuilt, and picosecondpulsesof more than
a petawatt (10W) have been produced. Progressin solid-state lasershas been
impressie, and there are laserdesignson the drawing board to produce repetitiv ely
pulsed meggoule nanosecondpulses. These beaconspermit detection with a very
simple apparatus { just a telescom with a pair of white-light photomultipliers in
coincidence.

Even with the rapid growth of laser technology it remains unclear if there is
a single preferable wavelength. A prudert approad, in the view of the author, is
to seard for signalsat all wavelengthsand modulation schemesfor which we can
reasonablyimagine building a transmitter, and to initially concetrate our e orts in
thoseplacesthat: a) are easiestto designand build detection equipmen for; b) have
beensearted the least; c) optimize someparametersthat we beliewe extraterrestrial
civilizations might deemimportant (sud as minimum energyper bit, or transmitter
size/weight). Thesecriteria arguefor the pursuit of radio Seti (in asbroad a portion
of the spectrum as is practicable) and optical Seti (including new seartiesin the

near- and mid-infrared). Both are plausible.

2.3.1 Trade-os

Historically the Cocconiand Morrison [10] suggestionthat Seti be carried out at the
21cm emissionwavelength of neutral hydrogen cameat a time in our technological
dewelopmen when no other astronomical lines were known in the microwave, and
there were no lasers. The rapid dewelopmen of laser technology sincethat time {
a Moore's Law doubling of capability roughly every year { along with the discov-
ery of many microwave lines of astronomical interest, have lessenedsomewhatthe
allure of hydrogen-lineSeti . Indeed, on Earth the exploitation of photonicshasrev-
olutionized communications technology, with high-capaciy b ersreplacingboth the
historical copper cablesand the long-haul microwave repeater chains. Additionally,

the elucidation [13] of the consequence® Seti of interstellar dispersion (rst seen
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in pulsar obsenations) has broadenedthinking about optimum wavelengths. Even
operating under the prevailing criterion of minimum energyper bit transmitted, one
is driven upward to millimetric wavelengths.

Moreover, there are other considerationsthat might well encouragethe use of
shorter wavelengthsstill. A transmitting civilization might wish to minimize trans-
mitter sizeor weight, or usea systemcapableof great bandwidth, or perhapsdesign
a beaconthat is very easyto detect.

In comparingthe relative merits of radio versusoptical, it hassometimesbeenin-
correctly assumedhat onewould always prefer coheren (heterodyne) detection, and
that the noisebadkground is given by an e ective temperature T, = h =k. For ultra-
high resolution spectroscoy one must use sud a system, mixing the optical signal
down to microwave frequencieswhereradio techniquescan be used;but if oneis in-
terestedinsteadin the detection of short pulsesit is far better to usephoton-courting
detectors (e.g., photomultipliers) [52]. That is becausethe processof heterodyning
and linear detection is intrinsic ally noisy, for fundameral reasons:becausehetero-
dyne detection allows a measuremen of phase, there must be uncertainty in the
amplitude. The addednoiseis immaterial in the radio region, wherethere are many
photons per mode; but it is seriousin the optical, wherethe photon eld is dilute.

Taking these and other factors into accourt in a comparisonof received signal-
to-noiseratio (SNR) versuswavelength, and making reasonableassumptionsabout
antenna apertures and accuraciesdetection methods, transmitter power, and so on,
Townesconcludedin 1983that optical methods are comparable,or perhapsslightly
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 easily
tip the balance. His conclusionwasthat the Seti community's historical biastoward

microwaves should be reconsidered62].
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2.3.2 Pulsed versus contin uous

Are pulsesthe bestbeacon?Or shouldwe be looking for laserlines, transmitted con-
tinuously at some guessablevavelength, analogousto the microwave seardes that

have beenconducted?What is natural at radio frequenciesmay not be soat optical.

At radio frequenciesit is easyto do coheren detection, using the ordinary hetero-
dyne techniquesof mixing with alocal oscillatorto a complex(quadrature) baseband.
With classical lter techniques,or with cortemporary 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 resolutionis the inverse
of the coheren integration time). Furthermore, the interstellar medium is kind to

carriers|at gigahertz frequenciesa carrier is broadenedonly milli hertz in its pas-
sagethrough the interstellar medium, if one avoids the most congestedregion of the
galactic certer, and ewen there the broadeningis only a few hertz. Scattering and
absorption are also small or negligible over galactic distancesfor sud signals[13].
In other words, a signal that is a spike in the frequencydomain is a natural candi-
date for interstellar signalingat microwave frequenciesfor reasonsboth sciertic and
technical.

Moreover, interstellar dispersion, and the presenceof natural and \cultural" im-
pulsive interference(switching transiens, spark plugs,and soon), make pulsesin time
lesse ective. Finally, the relatively low carrier frequency(along with dispersion) pre-
vens high bandwidth comnunications. By cortrast, at optical wavelengthsthe situa-
tion is reversed: One cannotrealizeextremely narrowband systemswith optical Iters
or gratings, but is forcedto optical heterodyne techniques, ultimately applying pre-
ciseradiofrequencyspectroscopicmethods at the microwave IF. This resultsin added
noise,asmertioned above and well descriked by Townes[62]. Furthermore, at optical
wavelengthsthe higher carrier frequencie 10'Hz) result in much larger absolute
Doppler shifts; for example,1kms ' $ 5kHz at 1.4GHz, whereaslkms ' $ 1GHz
at 1 m. Howeer, dispersionis negligibleat optical wavelengths,even at nanosecond

timescales[17]. Furthermore, natural and cultural sourcesof nanosecondashes of
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signi cant intensity appear to be ertirely absen (seeChapter 3). In other words, a
signalthat is a spike in the time domainis a natural candidatefor interstellar signal-
ing at optical wavelengths,for reasonsboth scierti ¢ and technical. An addedbonus
is that, at nanosecondime scalesthe stellar background becomesmegligible.
Newertheless,one can construct plausible scenarioswith cortinuous optical sig-
nals, particularly in the infrared, wherethe stellar badkground is reduced. Knowing
that this approad works best with large telescoms already out tted with precise
spectrometers,Amy Reinesand Geo Marcy searted archived stellar spectra from
the Keck Telescop for laserlines (discussedn greaterdetail in Sec.2.5). Appendix A
discussesnother highly sensitive approad { using TPF to nd cortinuouslaserbea-

cons.

2.3.3 The case for optical SETI

Put most compactly, the primary argumers in favor of conducting Seti at optical

(rather than radio) wavelengthsare:

1. Transmitted beamsfrom optical telescogsare far more slenderthan their radio

courterparts owing to the high gain of optical telescogs?

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

guencies.

3. The capability of radio transmitters has readed a stable maturity, while the
power of optical lasershasnot yet plateauedand hasshovn an annual Moore's

law doubling extending over the past 30 years.

4. Natural and cultural badkgrounds are negligible (though instrumental bad-
grounds are signi cant, but manageablein the currert optical seartes). See
Chapter 3.

4150dB for the Keck Telescogat =1 m versus70dB for Arecibo at =21 cm, an 80dB advan-
tage at optical wavelengths.
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5. The complexity, computational power, and sophistication characteristic of sen-
sitive microwave seartiestoday is unnecessaryfor optical Seti . Detection can
be quite simpleja pair of fast, broadband photon-courting detectorsin coinci-

dence.

It is alsoworth noting that scattering and absorption limit the range of trans-
mission in the visible spectrum to a few kpc (seex2.4.3); howewer, at far-infrared
wavelengths (as at microwave wavelengths) transmissionscan penetrate nearly the
ertire galaxy unattenuated. Thus, choice of transmissionwavelength may re ect the
average separation between civilizations, 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 least as technologically advancedas our own, that
wishesto establishcortact with its galacticneighbors. Its task would beto illuminate,
with a beacondistinguishable from astrophysical phenomenaand from noise, the
planetary zonesof the nearestN Sun-like stars within somerangeRax (comparable
to the averageseparationbetweenintelligent civilizations), or, more likely, a subset
of N that the civilization deemsmost likely to harbor life. In our region of the galaxy
N 10 for Rnax = 300pc.

To send a pulse (or more generally a padket of information of short duration)
to eadh of N = 1P stars with a single laser system, the senderwould probably
usean assemly of fast beam-steeringmirrors of relatively small sizeand weigh, in
combination with a large objective that is steeredslonly. Assumingthat the sending
apparatus could settle to di raction-limited pointing in  10ms (feasibleby today's
engineeringstandards), the recipiert would obsene an optical pulse coming from a
nearly star repeatedevery 10* seconds.(This period could be dramatically reduced
by transmitting only to an intelligently selectedsubsetof the targets and/or by using

multiple transmitters; it seemsaltogether reasonableto expect a pulse period of 10°
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secondsor lessin this scenario.)

The recipiert would be ableto obsene thesepulsesonly if a) the received uence
per pulse correspnds to at least sometens of photons delivered to the receiving
telescom aperture, and b) the ux of laser photons, during the pulse, exceedsthe
stellar background. It is a remarkable fact, as we'll show presettly, that using only
\ Earth 2000"technolay we could geneate 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 ."

These pulses could be detected with an optical telescog 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 badkgroundsdisappear at this time scale;seeChapter
3). The electronicscan be as simple as a pair of pulse height discriminators driving
a coincidencecircuit. The telesco would track the star by the photodetector's
\singles" rate while waiting for the unique coincidencesignature of sometens of
photons arriving in ead detector within the resolving time of a nanosecond. As
we will see,this signature is easily detectedeven in broadband visible light; i.e., no
spectral Iters are required.

In the sectionsthat follow, we derive seeral important quartities to demonstrate
the feasibility of transmission. Along the way we will calculate these quartities for
a model \Earth 2000" system: a Helios laserbeamed100pc (  300ly) usinga 10m
Keck-like telescope. Heliosis a diode-pumped Yb:S-FAP solid-state laserdesignedat
LawrenceLivermore National Laboratory for inertial con nemert fusion, potentially
capableof generating3ns, 3.7MJ pulses(10'® W) at 349nm (or 4.7MJ at its native
1.047 m wavelength) at a 10Hz repetition rate [39].

There appearto be no physical limitations to scalingup Heliosto an even greater
pulse energy say 100MJ. (Its architecture is scalableand highly parallel.) Optical
telescoms are also getting larger; for examplethe OverWhelmingly Large Telescoe

(OWL) is plannedto be 100m in diameter. In x2.4.5we calculate the transmission

5The light from the Sun and from the transmitter both fall o as 1=r?.
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characteristicsof seeral sut systemsthat are even more advancedthan \Helios with

a Keck," but still within our technological grasp.

2.4.1 Directivit vy

An important advantage of optical interstellar comnmunication is the narrow width
of beamsformed by optical transmitters (telescopes used in reverse) allowing for
precisetargeting. The angular beamwidth, , is a function of the wavelength of the
transmitted light, , andthe 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 Fraunhoferdi raction formula,

Ji( Dr=sin y) 2_
Dr= sin

I(p) =4 (2.2)

whereJ; is a rst order BesselFunction [27]. Eq. 2.2 is normalizedso that | ( ,=0)
= 1. The half-power beamwidth is obtained by nding the solutionto I ( ) = 1=2,

which is Dt= sin = 1.61. The full width at half maximum is twice this:

D . .
T sin p= 322! sin = 322

5 (2.3)

which givesthe standard result for the di raction-limited beamsize,

For a target at rangeR, the beamis geometrically broadenedto a linear diameter,

Dp=R (25)

Transmitted optical beamscan be quite narrow. For our exampleHelios with a
Kedk system( = 1 mand Dt = 10m), the , = 2milli-arcseconds(mas) beamis
only Dy = 2 astronomicalunits (AU) wide at 100pc. For targetsthis close,the beam

may be arti cially broadenedto ensurethat the beam encompassethe target. The
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transmitting civilization may ewen tailor the angular beam width with an adaptive
aperture, soasto havea xed beamsizeand photon uence at the target, independer
of range[11].

The gain, G, provided by using a telescoge, is the ratio of the solid angle for

isotropic radiation, isoropic = 4 , and the solid angle of the beam, = 2=A+,

G= isotropic __ 4 _ 2D'|2'_ (26)

b 2=A 2

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

2.4.2 Aiming precision

The useof a high-gain antenna puts substartial, although not overwhelmingburden
on the transmitting civilization. A beamtypically of width 10 ” must be pointed
accuratelyin order to hit the target. The task is more challengingthan just pointing
the transmitting aperture at the position where the target appearsnow. Sincethe
target is moving, the aiming must accoun 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, ), asastronomersdo on Earth. How accurately must thesequartities be
known for successfutransmission?

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

(2.7)

Note that R=(c v,) R=cis the light travel time. At R = 100pc, 10AU beaming
accuracycorrespndsto a proper motion uncertainty of 100 asyr * and a positional
accuracyof 100mas. To position the beamwithin 1AU, the gures are 10 asyr !
of proper motion uncertainty and 10mas of positional accuracy The required range
accuracydependson the star's proper motion; for example,to target the planetary

zone(say 10AU) of a star whoseproper motion is 10kms !, the range uncertainty
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Figure 2.1. Isotropically-averagedinterstellar extinction as a function of wavelength. The
plot on the left shaws the relative extinction as a function of wavelength. The plot on
the right shaws the fraction of a signal that would remain after traversing 1000 light-years
(1 Kkly), 1000 parsecs(1kpc = 3260 light-years), 3kpc, and 10kpc for R3 extinction. The
feature at 10 m in all of the curvesis due to a CO, absorption line.

cannotexceedsly. Theserequiremens are certainly within the graspof an advanced
civilization, given that SIM is expectedto adcieve astrometric precisionof 4 as for
single measuremets (and down to 1 asfor stars with a nearby reference)[65]; and
in any casethese accuraciesare relaxed if the transmitted beam is broadenedto
illuminate a larger zone,at the expenseof received signal strength.

Onemight alsoworry that while transmitted pulsesmay hit their target, they will
be signi cantly dispersedin time dueto scattering. Appendix B considersoneaspect
of this|temp oral dispersiondue to the gravitational scattering of large bodies|and

nds the e ect insigni cant.

2.4.3 Extinction

The interstellar medium both scatters and absorbsoptical pulses. The e ects of
scattering over large distancescan be quite sewere. It tendsto reducethe \prompt"

pulseheigh while simultaneously producing two exponertial tails, onedueto forward
scattering (which lasts a few seconds),as well as a much longer tail due to di use

scattering [12]. The prompt pulse (\ballistic" photons) is unscattered(therefore un-
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broadenedin time) and reducedin amplitude. Absorption acts also to 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
lesserextert, direction. Although extinction mapsaccouring for the distribution of
matter in the galaxy have beenmade(1, 47], we will usethe isotropic meanextinction,
A( )=A(V), which istypically expressedelativeto the extinction at V-band (550nm).
The left panel of Fig. 2.1 plots relative extinction as a function of wavelength for
two casesof the optical parameterRy = A(V)A(V) A(B)]. (A(B) is the mean
extinction in B-band, 440nm.) The curve labeled R3 appliesto the di use ISM; R5
is usedin denseclouds[7, 15, 25].

Using the appraximate 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 remainsafter traversing various distances,as shavn in right panel of
Fig. 2.1. Note that interstellar extinction exponenially suppressesransmitted signals

with distance;the fraction remainingis

I:ext( ) =10 2Am ( )=5; (28)

whereAn( ) is A( ) expressedn magnitudes.

Fig. 2.1 implies an e ective rangeof 1-3kpc for visible-light comnunication, de-
pending on how much extinction the transmitting civilization is willing tolerate’. It
may be the casethat in designinga transmitter, a civilization will choosea shorter
wavelength, perhapsbecauseof decreasedransmitter size and weight or the avail-
ability of high-power laser at those wavelengths, even at the expenseof photons
squandereddue to extinction.

Newertheless,Fig. 2.1 clearly arguesthat longerwavelengths( 2 m) are optimal

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 onesare about magnitude v e. Five
magnitudesis de ned a factor of 100in brightness;one magnitude is a factor of 10°=°  2:5 (4 dB).

’SinceFig. 2.1 s isotropically-averaged,it only represens typical extinction. In somedirections,
suppressioncan be much more sewere.
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if one wishesto 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 commnunicating civilizations spacedfar apart, their

only options may be at longer wavelengths(including radio).

2.4.4 Num ber of photons sent and received

We alsoneedto calculatethe number of photonsser per pulse,the number receiwed,
and the number of badkground photonswith which the signal photonscompete. The
number of transmitted photonsper pulseis simply the ratio of the transmitted pulse

energy Epuise, to the energyper photon, E photon :

E pul E puise .
Npuise = E = = hp:se. (2.9)

photon

The Helioslasergenerates 2 10?° photons per pulse.
The number of photons received is reducedfrom this number by se\eral factors:
the ratio of the receiver areato the beamareaat the target, the fraction not lost to

extinction, and the fraction not lost to detector ine ciencies (Q):

D2=4
Niec = Npulse ﬁ Fex( ) ¢
2D2D2
— TR 2Am( )=5.
quuIse 716 2R2 10 . (2-10)

If we're interestedin the uence of photonsthat arrive at the Earth (independent
of receiwer particulars), we can corvert Eq. 2.10to the number of photons received
per squaremeter (using Sl units for the other quartities),

D3

Nyec = Npulse 1 °R?

10 #An()= perm?: (2.11)

For our examplesystem,N . = 190 photons per m?.
We must compareN . with the number from the transmitter's star, Npacground »

that arereceived during a shortinterval, . We canput an upper bound on Npacground
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by assumingthat all energyradiated by the star goesinto photonsin the wavelength

range detectableby the recipient,

Estar Di=4
Npg = F
bg Ephoton 4 R2 ext( ) q
2
- gt DR 10 2am()=s. (2.12)

E photon 16R?

Note that thesephotonsalsosu er from extinction and detector ine ciencies.

The ratio of signalto badkground photonsis approximately

Nrec = N Ephoton 2D'|2'
Nbg - pulse Li 2
E
= GNpuse E“"“’”; (2.13)

whereL is the power output of the Sun (which hastypical stellar brightness) and
Epnoton 1S the energyof a typical optical photon. Note that Eq. 2.13is independert
of range, extinction, detector size,and e ciencies.

For our example system, Ny = 0:02 photons (per m? in a 3ns interval), and
Nrec=Npg = 10"

2.4.5 Mo del pulsed transmitters

To give a senseof the di cult y (or relative ease)of pulsedoptical interstellar com-
munication, we calculate se\eral of the above quartities for a variety of transmission
sthemes. Table 2.2 lists the characteristics of our model Helios with a Kedk sys-
tem, and three groupsof more powerful model transmitting systems(for = 500nm,
1 m,and2 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 thesetechnically feasiblesystemswould be very expensiwe by our
current standardsand set of priorities, they are certainly within read for an older,
more advancedcivilization.

Note that the visible-band optical systems(rows b-e in Table 2.2) all produce
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Table 2.2. Signal characteristics of model pulsedtransmitters

Transmitter __Received
Epulse Dt R G b Dy Fext N pulse Nrec (M 2)

a)  47MJ 1m 10m 100pc 10  2lmas 2AU 096 2 10%° 190
b) 100MJ  500nm 3m 100pc 4 10" 34mas 3AU 090 3 10% 670
c) 100MJ  500nm 10m 300pc 4 101 10mas 3AU 0.73 3 10% 670
d) 100MJ  500nm 30m 1000pc 4 1016 3mas 3AU 035 3 10% 260
e) 100MJ 500nm 100m 2000pc 4 10%7 lmas 2AU 0.12 3 10% 247
f)y  100MJ 1 m 3m 100pc 1014 69mas 7AU 0.96 5 10% 360
g) 100MJ 1 m 10m 300pc 1015 2lmas 6AU 0.89 5 10% 400
h)  100MJ 1 m 30m 1000pc 1016 7mas 7AU 068 5 10% 250
i) 100MJ 1 m 100m 2000pc 1017 2mas 4AU 046 5 10% 471
i) 100MJ 3 m 3m 100pc 10'%  206mas 21AU 099 2 10% 120
k) 100MJ 3 m 10m 300pc 1014 62mas 19AU 0.98 2 10% 150
)y 100MJ 3 m 30m 1000pc 1015 2lmas 21AU 0.92 2 10¥ 110
m)  100MJ 3 m 100m 2000pc 1016 6mas 12AU 0.85 2 10% 290
n)  100MJ 3 m 100m 10000pc 1016 6mas 62AU 0.44 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 speci cations: the energy per pulse
(Epuise ), the transmitting wavelength ( ), and the diameter of the transmitting antenna (Dt). The remaining
columns are the resulting system characteristics, as derived 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 eac pulse (Npyse ), and the number of photons that
hit the target per square meter (Nyec).
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signalsthat signi cantly exceedthe sensitivities of the targeted and all-sky seartes
(both are 100photonsm 2 in their sensitive regions;the all-sky seart is expected
to achieve a sensitivity of 17 photons m 2 with a planned electronics upgrade).
Becauseof the short wavelength (500nm), thesesystemsproducevery 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 currert pulse optical Seti instruments. Their superior
range (through reduced extinction) demonstrate a key advantage of longer wave-
lengths and argue for infrared searties when the detector technology becomesless

expensie.

A note of caution when interpreting the equationsin this sectionand the systemsin
Table 2.2: Eq. 2.8 only 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 systemscan deliver the
speci ed number of photonsto all targets in range. A more detailed model of the
stellar and extinction distributions of the galaxy is neededto more accurately assess

the capabilities of long range and short wavelength optical signaling.

2.5 A brief history of optical SETI

Scienceis a collaborative erterprise. The optical Seti experimerts described herein
build onthe work of many physicists, astronomers,and technologist$. After the birth
of optical Seti with Sdwartz and Townes' groundbreakingpaper \In terstellar and
Interplanetary Communication by Optical Masers"in 1961[55], it was many years
before seriousobsenations began.

During the 1970sand 1980sa team of Russiansled by V. F. Shvartsman and
G. M. Beskin seartied for non-Poissonstatistics in photon arrival times in a project

called MANIA. They obsened about 100 objects and did not nd any signi cant

8For a more complete history of Seti , see[18] and [61].

26



brightnessvariations within the temporal range2 10 8to 10 3s[57]. In the following
decadeBetz and Townessearted for cortinuous narrowband CO, lasersignalsfrom
300nearhy stars usingthe 1.7m telescog on Mt. Wilson [4].

During this time there weredozensof radio seartesfor intelligent civilizations and
optical Seti waslargelyignored. Stuart Kingsleyjoined Charlie Townesin advocating
optical seartes, and also organizedthree conferencesand opened an optical Seti
obsenatory. In 1997-1999the Seti Institute sponsoredworkshopsto reewaluate
Seti seart strategiesand techniquesgenerally They recommendedand co-funded
a set of modest targeted optical seartes,including the targeted seard descriked in
Chapter 4 and the optical searty by Dan Werthimer's group at UC Berkeley

Werthimer was the rst in optical Seti to usetwo photomultipler tubes with
outputs wired in a coincidencecircuit. (The technique haslong beenusedin high-
energyphysics.) Background everts dueto radioactivity, cosmic-rgs, photon pile-up,
etc. obsened in one detector are unlikely to be seenin the other detector, provided
the ewerts are unoorrelated (seeChapter 3). This technique improvessensitivity since
most badground ewerts are newer recorded. Their two-detector operated for seweral
yearsas a dedicatedseart at Leustiner Obsenatory [67].

The Berkeley group later teamedup with ShelleyWright (UC Sarta Cruz), Rem-
ington Stone (UC Sarta Cruz/Lick Obsenatory), and Frank Drake (Seti Institute)
to dewelop a three-detectorsystemthat measureghe statistics of \singles" (pulsesin
one of three detectors), \doubles" (coincident 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 Leusdiner Obsenatories [59].

One noteworthy di erence betweenthe two- and three-detectorsystemsdescriked
above and the Harvard targeted and all-sky experimerts is that the former are statis-
tical, while the latter are event-driven Statistical experimerts court the number of
singles,doubles,and triples during a time interval and comparethese numbers and
their ratios with expected valuesbasedon Poissonstatistics, target brightness, and

ewvent threshold. At the core of theseexperimerts is a set of comparators(to detect
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signalsabove threshold) and courters (to court the singles,doubles,and triples), and
the data read from these experimerts are courts, which are read at regular inter-
vals (typically 10sec). Evert-driven experimerts, on the other hand, have a di erent
design philosoply. The detection of signals of su cient amplitude in ead of two
detectors constitutes an event which initiates a cascadeof actions including mea-
suremen of the waveform pro les (with four voltage levels in the targeted seart
and seen in all-sky survey) and time-tagging using a GPS clock. The data in these
experimerts are the evert details (waveform pro le, arrival time, etc.), from which
statistics about coincidert everts (\doubles" in the statistical experimerts) can be
derived. At the core of theseexperimerts is a larger set of comparators(for seeral
voltage levels) and the circuitry to recordthe evernt detalils.

Returning to the history optical Seti, Geo Marcy and Amy Reinesused the
Kedk radial-velocity data (which wasusedto seard for planets)to conducta sensitive
seard for spuriouslinesin the spectraof 600F, G, K, and M main-sequencestars.
Their seart covered 400-500hm 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 programsof their
own, and Robert Lodder and his group at the University of Kentucky have looked for

800-3000m pulsedsignalsin the direction of supernovae [45].
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Chapter 3

Backgrounds for Pulsed Optical

Comm unication

This chapter was previously publishe as part of an article in the SPIE Proceedings

of the Secondinternational Conferenceon Optical Seti [32].

3.1 Astroph ysics on short timescales

Breakthroughs in astrophysics are often the result of technological advances. As
astronomershave broadenedthe parameter spacein which they seart (this rst
happenedin wavelength, and then in spatial and temporal resolution), a wealth of
new phenomenahave preseited themseles: pulsars, quasars,active galactic nuclei,
just to name a few. Will astrophysicson milli-, micro-, and nanosecondimescales
o er similar discoveries?

In preparation for the construction of the Very Large Telescop (the VLT { four
8m telescomsworking in tandem), D. Dravins hasreviewed this problemin a paper
[21] in The Messenger He notes that using fast detectors, astronomersmay learn
about the rapid variability of astronomical objects. The scalesthat short-time tech-
niques hope to probe are remarkably small, and certainly un-imageable{ down to

perhapskilometer scalesat galactic ranges. Dravins lists the following phenomenaas
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candidatesfor milli-, or possibly microsecondtimescaleemission:

1. Plasmainstabilities and ne structure in accretion o ws onto white dwarfs and

neutron stars.

2. Small-scaldmagneto-]tydrodynamicinstabilities in accretiondisksaround com-

pact objects.

3. Radial oscillationsin white dwarfs ( 100{1000ms), and non-radial onesin neu-
tron stars( 100 s).

4. Optical emissionfrom millisecond pulsars( 10ms).

5. Fine structure in the emission("'photon shawers') from pulsarsand other com-

pact objects
6. Photo-hydrodynamicturbulence ("photonbubbles’) in extremelyluminousstars.
7. Stimulated emissionfrom magnetic objects (‘cosmicfree-electronlaser")

8. Non-equilibrium statistics (non-Bose-Einsteindistributions) in sourcesar from

thermodynamic equilibrium.

Note, howeer, that none of these phenomenais expected to produce nanosecond
speed ashes of light.

The physical requiremens for nanosecondspeedoptical ashes are quite restric-
tive. The transmitting region must be certimeters in size (or, if larger, it must be
coherem), and yet able to emit an enormouspower in the form of optical photons
(greater than a solar luminosity in EIRP) in nanoseconds.We cannot think of a
regionin which sud physical conditions exist.

We do howewer rest easyknowing that the discovery of sud a novel phenomenon
would be of tremendousastrophysical interest. Until we have evidenceof sud phe-
nomena,we will have to concernourselheswith more pedestrian astrophysical and

terrestrial badkgrounds{ the topics of the remainder of this paper.
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3.2 Stellar photon pileup

Oneobvious candidatefor nanosecond-spedoptical pulsesis the candidatestar itself.
This light is spatially unresolhed from laser light, which presumablyis producedon
or around a planet orbiting the target star. On a nanosecondimescale,most stars
are obsened as a patter of single photons arriving individually; multiple photons
rarely arrive during the samenanosecondFor example,a solarluminosity at 1000 ly
(my = 12) deliversonly 1P photonsm 2s 1, or 1 milli -photon per nanosecondnto
a squaremeter aperture. Most of thesephotons are not corverted to photoelectrons
sincephoto-courting detectorshave peak quartum 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 quartity: courts of photoelectronsper unit
time.

The probability per unit time (\false alarm rate") of detecting two or more pho-
toelectronsduring a time interval , with a photoelectron arrival rate r, (assuming
that the arrival times are Poisson-distributed)is r?2 = 20 per secondfor = 2ns,

and r = 10° Hz. More generally the falsealarm rate for n photoelectronsis

[non 1e r
R= — 3.1
(n 1) (3.1)
In the limit of r 1, the falsealarm rate for n or more photoelectronsgoesto
non 1
R = : 3.2
(n 1) (3.2)

Note that the quartity r is the expectednumber of photoelectronsin atime . The
Poissonformula is interpreted asfollows: Onefactor 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 " comesfrom the probability of all
of the other photoelectronsnot arriving in , and the factor of (n 1)! ! accourts for
the rearrangemen of the (n 1) additional photoelectrons. Sometimeghe falsealarm

rate, in the above limit, is quotedasR = r" " 1 without the factor of 1=(n 1)L
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Although this factor is typically lessimportant comparedwith factorsofr , it belongs
there, 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 eah of the two
photodetectors{ which roughly correspndsto observingan my = 0 star, the bright-
est object we obsene in the targeted seard { the rate of detecting two photoelec-
trons in one photodetector during the same2nsisr, = 8 10! Hz. The rate
of pileup of these two-photoelectron ewverts in both detectors, by chance alone, is
ry=r2 1 10 ° Hz, or onceewery 30 years. To get this falsealarm rate up to,
say, onceper hour the courtrate hasto be greaterthan  10° Hz.

There are at leasttwo di erent strategiesfor dealing with stellar photon pileup.
Our group setsa xed threshold of three photoelectronsin the electronicsthat follow
our hybrid avalandhe photodiodes (for the targeted seard; we use photomultiplier
tubesin the all-sky survey). Other groups, sud as the optical Seti programs at
UC Berkeley and Lick Obsenatory, have variable thresholdsfor their multiple pho-
tomultiplier tubes. With this strategy, the thresholdsare setfor ead object soasto
keepthe falsealarm rate reasonablylow, while maintaining high sensitivity to faint
objects.

The above false alarm rate formula immediately demonstrateswhy two or more
detectors, wired in coincidence,are used with most optical Seti experimerts. In
addition to reducing the rate of stellar pileup, this technique immunizesOseti ex-
perimerts to many detector pathologies. As we discussin x5.1, photon-couring
detectors occasionally produce large amplitude pulsesdue to coronadischarge, ion
feedbak, cosmic-rgs, etc., at a rate of, say, 1 per second. With just a single pho-
todetector, the falsealarm rate dueto theseinternal detector pathologiesis just that,
oneper second.With two photodetectorswired in coincidencethe falsealarm rate is
r2 10 ° per second,or about three per certury. In practice, we nd that the false
alarm rate is closerto oneper night of obsenation (5 hours) becauseof correlations
{ someof the large amplitude pulsesproducedin one detector are seenby the other.

Scattered zodiacal light and airglow are completely negligible when looking for

nanoseconapeedpulseswith narrow eld-of-view telescogs. A typical observingsite
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has a nighttime \sky badkground" of 18{22 magnitudesper squarearcsec.Thus, for
the targetedseart at the 1.5m telescomin Harvard, MA (sky brightnessof 19-20mag
per squarearcsec)with a 15arcsec-diametereld of view, the sky cortributes about
13.5{14.5magnitudes{ two to three magnitudesdimmer than the faintest objects we
obsene. For the all-sky survey, eat 1% 15 pixel will see9{10 magnitudesof sky
brightness.

In fact, daytime optical Seti is possible. The daytime sky brightness has been
measured9]at 8 10°candelagperm?, or 3 10 °W/m ?/arcse@. In astronomical
terms, this correspndsto 7 magnitudes per square arcsecond. For a telescog
with a rather narrow eld of view, the courtrates are large, but manageablefor the
targeted seart, the sky badkground is 1.5 magnitudes{ bright by astronomical
standards, but nearly invisible to pulsed Oseti experimerts (the falsealarm rate is
substartially lessthan onceper hour). Our group has not yet obsened during the
day (the targeted seart runs piggybad on existing nighttime obsenations), but may
experimert with it soon. Experimerts with larger elds of view could use neutral
density lters to attenuate the sky badkground down to manageablelevels, at the
expenseof sensitivity. Care should be taken to avoid pointing the telescop at the

Sunwith its 1.4kW/m 2 (most of which would be focusedonto the detectors).

3.3 Cosmic-ra ys and gamma-ra ys

Cosmic-rys|the most energetic particles in the known universe|pro duce optical
photons and other particles when they interact with the atmosphere,which form
a potertial badground for optical Seti experimerts.! Under the broad de nition,

cosmic-rgy primaries are made of individual atomic nuclei (most commonly), elec-

trons, gamma-rays or neutrinos. Their energiesangefrom lessthan 10° eV to greater

IFor classicand recert reviews of cosmic-rays, seeRossi[53] and Cronin [16], respectively. For
gamma-rays, the paper by Cataneseand Weeles|[8] is relevant and useful.
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than 10?°eV. The di erential ux for theseparticles is strongly energydependert:

dN
aE E ; (3.3)
where 3 for most of the energy range’, meaning that for ewvery factor of ten

increasein energy the ux of particles (which scalesasN) 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'®5 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-ry family, are typically
lower in energy: gamma-rays in the 3 10* to 10 of eV are considered\v ery
high energy"® Like cosmic-rgs, gamma-ra/s interact with the Earth's atmosphere
producing an electromagneticcascadeof particles, and a ash of Cerenlov light.

When a cosmic-rg (or gamma-rgy) 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 arntiparticles. Thesefrag-
merts are extremely energeticthemseles, given the kinetic energyof the cosmic-ry;
they too collide with atoms and produce even more particles. Many of theseare un-
stableand deca (via the weakinteraction); pions, for example,decs into muonsand
neutrinos, if charged, or into a pair of photons, if neutral. Other processesare also
at work. Energetic positrons and electronsbraking in the electric eld of nuclei emit
bremsstrahlungradiation (gamma-rays). Pair production generategositron-electron
pairs (and positive-negative muon pairs to a lesserextert) out of the energyof neutral
particles and gamma-rays. Many of theserelativistic particles are also speeding: by

exceedingthe speedof light in air, they radiate Cerenlov radiation and slov down.

2For primaries in the range 10'2eV  Ep;  10%eV, the dierential ux scalesas 2:7; for
Epri 105 eV it scalesas 3:3. The most energetic cosmic-reys obsened to date have E,y; of
order 10?° eV.

3The fact that we obsene charged cosmic-rays, but not neutral gamma-rays above a certain
energythreshold probably implies that the most energeticcosmic-rays are acceleratedby very large,
extended magnetic or electric elds.
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The survivors of theseprocessegwhich are obsened on the ground) are electrons,
positrons, muons, neutrinos and photons. The chargedparticlesand photonsare both
potertial badkgroundsfor optical Seti experimerts. We investigatethem in greater

detail below.

3.3.1 Muons

Most of the chargedparticlesthat survive to sealevel are muons; with a meanenergy

of 2 1CQeV. Their total ux (all energies)is given [53] approximately by
I()=1 cog; (3.4)

where is the zenith angle (muons arriving at anglescloseto the horizon are at-
tenuated by more atmosphere),andl = 8 10 3cm ?s ?sr 2. Theseparticles are
essetially unimpededby an obsenatory domeroof, or the 1.25cm thick aluminum
(a few gcm 2) experimertal enclosurein the targeted seart:. Muons passthrough
individual photodetectorsat a rate of onceevery few seconds.The rate of two muons
randomly striking the two detectorsin the samenanoseconds thereforeof order 10 °
per second.

It takesa lucky hit for a singlemuon to passthrough both photodetectors. We can
roughly calculate the angle-areragedrate for the targeted seart asfollows: assume
that the detectorsare 10cm apart and that ead have a 0.25cm? cross-sectionthe
rate of muonstraversingboth detectorsis 10 ° per second,or onceevery 25hours
(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 experimerts that have obsened for many thousandsof hours, sud as
our targeted searti. We have not attempted to correlatethe zenith angle (which is a
function only of the sky coordinatesof the object being obsened and the time) of the

photodetectorsfor the residual badkground events (about onefalsealarm ewery eigh

4The atmosphereis 10°gcm ? thick, while high-energy photons have a typical \in teraction
length”|]a fraction 1=e of particles remain after traversingthis distance|of 30gcm 2.
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hours of obsenation) to look for a cog dependenceyet, although this is certainly
warranted®. This badkground can of coursebe completely eliminated by placing a
scirtillator and PMT in anti-coincidencewith the two photodetectors.

Another way to have a falsealarm is to capture a muon in an atom in the beam-
splitter where it will subsequetly deca into an electron and a neutrino. The en-
ergetic electronwill then scirtillate|the  processof ionization of matter by an ener-
getic chargedparticle and the subsequen photon emissionthat occursasthe excited
moleculesreturn to their ground states|in the beamsplitter glassand might be de-
tected by both photodetectors. Howewer, sud an evert would be exceedinglyrare
sincethe capture crosssectionfor 10°eV muonsis small. It is also unlikely that
a muon would be sloved down to energieswhere capture becomesmore likely; a
cosmic-ry muon dissipates 5 1PeV per gcm 2, and the longest dimensionin
the beamsplitter (density of order gcm 3) 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 mertioned above, Cerenlov radiation is formed when a particle exceedsthe
local speedof light. The radiation is beameddown in a narrow conewith an opening
angle

1
c = arccos - ; (3.5)

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

Fortunately for optical Seti the image of a cosmic-rg (or gamma-rg) induced
Cerenlov pulseis too di use to be detected by the current experimerts. A typical
102 eV primary cosmic-ry does produce a short (5ns duration) optical pulse with

about 30photons/m? falling on the baseof the narrow light cone( 150m radius).

5This statistical correlation has sincebeendone. Seex4.7.
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But, the sourceappearsdiuse { about 2° FWHM. Thus, the narrow eld of view
of the targeted seart telesco will obsene only 2 10 “4photons per ash, i.e.
rarely one photon, and almost newver two or more.

The rate of such ewvents, asseenfrom an arbitrary point on the ground, is given by
UX  Asootprint image 15 per secondfor 10'? eV primaries. Scalingthe above result
(and using the fact that the photon uence per ash is roughly proportional to E ),
we nd that a 10'"°eV primary would deliver 100 optical photonsto the targeted
seart telesco; however sut evernts happen about onceewery thousandyearsin an
arbitrary part of the sky asviewed from an arbitrary point on the ground.®

One also hasto worry about Cerenlov radiation producedby cosmic-ry muons
(or from alpha-particle decas) passingthrough the beamsplitter glass. The number
of Cerenlov photonsin oneof thesepulsesis a function of the energyof the relativistic

particle, and the distanceit traversesin the material:

dN

dEdx " 370sir? ¢(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 seardt might be ableto seesud a ash. The probability
of this was reducedthough when we installed a lower volume beamsplitter.
Scirtillation in the beamsplitter is alsoa potential sourceof pulsedlight. We have
calculatedthat, aslong asthe yield is lessthan 10 2 of Nal (a classicscirtillator),

the ux of optical photonsis insu cien t to trigger the targeted seara.

3.4 Instrumen tal and terrestrial backgrounds

In our experimerts to date, the dominant badkgrounds are not astrophysical or at-

mospheric,but instrumental. We explorethese,and others, below.

SDetecting the Cerenkov radiation from such energetic cosmic-rays requires e ectiv e collecting
areasmeasuredin km? and a wide angular acceptance.
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Figure 3.1. Here we shaw the humidit y-induced seasonaltrend in the \good" hit rate for
the rst two yearsof the targeted seard. This is likely the result of coronadischarge. (See
Fig. 4.3 for the seasonalrend over six years.)

3.4.1 Photo detector problems

There are a host of potertial problemswith high-voltage photodetectors(radioactive
decy in the PMT glass,ion feedbag, scirtillation of electronimpacts from within).
Corona disdharge is the largest badkground in the targeted sear® though. This
processoccursin high voltage environments when sharp points (e.g a dust particle,
or a burr on metal) produce an extraordinarily high electric eld. This eld ionizes
the gas betweenthe sharp point and an electrade resulting in coronaradiation (a
short burst of optical photons) and cradkling noise. This is the familiar hum heard
around high-voltage power lines. Humidity tendsto acceruate this highly non-linear
phenomenon.lt is also characterizedby dischargesclusteredin time.

The hybrid-avalande photodiodes(HAPDS) in the targeted seart run \negative
cathode” (that is, the anodeis grounded)at a voltage of -7.5kV. The commonwisdom
in the photodetector comnunity is that the negative-cathale arrangemetn is prone
to coronadischarge,a tradeo againstits corveniert output signal coupling.

As shawvn in Fig. 3.1, there is a marked systematic seasonaltrend in the rate
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of coincidert hits that is consiste 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.” Howe\er, the hit rates are 30-40times higher during the warmer
and more humid summermonths (May-Septenber). Furthermore, we seea memory
e ect: obsenations following wet weather exhibit hit rates many times higher than
the summer average,but drop badk 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 decag time constart
( 15days). Thesehits tend to be clusteredin time with, say, 10 hits in 3 minutes
followed by many quiet tens of minutes.

We beliewe that humidity promotes corona breakdavn in one detector, which
a ects the other detector via electromagnetic(EMI) and optical coupling. To conbat
this problem we have added gaslinesto the optical and electrical compartmernts, to
keepthem under a slight positive pressureof dry nitrogen, and we installed a glass
ertrance window. We also installed bakeout heaters(250W total) to the aluminum
exterior of the experimert to purge absorbed moisture. Most of theseupgradeswere
completed during the summer of 2000and the good hit rate appearsto have gone
down to manageablelevels { lessthan 0.2 good hits per hour of obsenation.? We
beliewe that we largely mitigated the humidity problem, and that regular bakeouts
can reducedit to levelssud that no seasonabdata needsto be excluded.

To further reduceour badkground rate, we are collaborated with Dave Wilkinson
and colleaguest Princeton University who duplicated the targeted seart instrument
on their 0.9m Cassegrairtelescog in the Fitz-Randolph Obsenatory. This telescoe
will followed the Harvard targeted seart telescom through its nightly observing
programsfor seeral years. Even with a coincidencerate of 5 good hits per hour,

the rate of inter-obsenatory coincidenceis once ewvery 600 years, with a 1 ms time

\Good" hits are a subset of the coincidert everts that pass basic sanity checks. (After the
publication of the paper basedon this chapter [32], good hits were later renamed\events" and all
hits were renamed\triggers.” See[30] and Chapter 4.)

8The origin of this small residual background is unclear.
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window?®.
The all-sky survey usesmulti-anode photomultiplier tubesthat run at 900V. At
this lower voltage, we do not expect, nor have we obsened, coronadischargeasseere

asin the targeted seard.

3.4.2 \Cultural" backgrounds

The world is full of pulsedoptical lights { sparks,lightning, automobile turn signals,
discolights, etc.; the questionthough is: are there any cultural phenomenathat will
deliverof 100or moreoptical photonsinto oneof our telescogsduring a nanosecond
interval? Fortunately, most cultural badkgrounds are either insu cien tly bright on
nanosecondtimescales,or they couple poorly into the experiment, i.e. one would
newer point a telescoge at them.

Lightning is of coursea sourceof intense, pulsed light. Measuremets [26] have
shown that the ashesare30 slong on average,with structure onthe single slevel,
and perhapsewen faster. Howewer, Oseti researbers do not obsene during local
storms. And it is dicult to imagine lightning re ecting into a telescog from an
overheadhazewith su cient intensity, while retaining the short time structure, that
would trigger an Oseti experimern.

Arti cial satellites orbiting the Earth form a badkground of steady (or transient
over a few milliseconds) light. Most of these satellites are small and re ect only
modest amourts of sunlight; the Hubble SpaceTelescop, for example,appearsas a
magnitude 4.5 object. (Our targeted seart program obsenes stars with my, = 0{
12; the brightest star in the night sky, Sirius, hasm, = 1.7.) Satellites with
larger surfaceareasare brighter still: the International Spacestation and Mir have
my = 2:8 and {3.5, respectively. The constellation of 66 Iridium low Earth orbit
comnunications satellites are bright enoughat times, my = 8, to be seenduring
the day. What about planets? They look approximately like the brightest spacecratft.

The brightest two, Verus and Jupiter, have maximum brightnessesof {4.4 and {2.7,

9This was subsequetly implemented with a time stamping accuracy of 0.1 s and proved quite
e ectiv e at vetoing badkground everts. SeeChapter 4 for details.
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respectively, during their peaks.

The questionstill remainsthough: will thesebodiesgive a \false alarm” to optical
Seti systems?Sincethey are constant sourcesof optical photons, we needto worry
about pileup. Scalingthe resultthat anm,, = Ostardelivers 2 10* photoelectrons
per secondin eat of the two photodetectorsin the targeted seart, an Iridium
satellite|8 magnitudesor a factor of 1500 brighter|w ould give courtrates of 3
10’ in eah detector. When the latter passesdirectly through the 15arcsec eld
of view of the targeted seart (for a few milliseconds), the false alarm rate with 2
and 3 photoelectron thresholdswould be 60 and 0.006 per milli second,respectively.
Note, howewer, that satellite and planetary orbits are well characterized and well
documerted; Oseti obseners can simply avoid observinglocations where satellites
will are.

NASA is experimerting with pulsedlasercommnunication betweenEarth-orbiting
satellitesand the ground, and betweendeep-spaceatellitesand the Earth [28]. Their
conclusionsare similar to those of optical Seti researbers: Beamedlaser commnu-
nication o ers a low-power, low-mass,and high-bandwidth alternative to RF com-
munication. The tradeo, for both NASA and optical Seti applications, is that the
transmitter hasto be aimedvery precisely Consequetly, it is unlikely that a narrow
beam would be accidenally intercepted by an Oseti experimert. The transmitter
and detector would both have to be pointed at eat other to within a beam width
(eadh having a probability of order 10 °). On the other hand, laser pulsesintention-
ally beamedfrom a satellite to an optical Seti experimert 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 airplaneswill 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 15arcsecondsn diameter, the targeted seart
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telesco® obseneslessthan 10 ° of the sky at any onetime.

All of the other potential cultural badkgroundsthat we have dreamedup so far
{ local light pollution, electrical sparks, etc { would fail to trigger pulsed Oseti
experimerts becauseeither (1) they are relatively low power sourcesof cortinuous
radiation and are therefore insu cien tly bright on nanosecondtimescalesto showv

multiphoton pileup, or (2) they are short and intense,but do not coupledirectly 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].

Basedupon the argumerts above, and their elaborations (which ewlved during
a set of workshopssponsoredby the SETI Institute in 1997{9 [24]), we designed
and built a detector system for pulsed laser beacons. It sav rst light on 1998
October 19 at Harvard, and ran cortinually untii 2005 May 10; a secondsystem

begansyndironized obsenations at Princeton on 2001 Novenber 17.

4.1 Instrumen t design

The Harvard systemrides piggybad on the CfA Digital Speedometemounted on the
1.5-m Wyeth Re ector at the Oak Ridge Obsenatory in the town of Harvard, Mas-
sadwsetts. The CfA Digital Speedometersupports seweral dozenresearb projects,
mostly involving radial-velocity measuremets of stars[41, 42]. Roughly half the light
re ected o the erntrance slit of the edelle spectrometer(about onethird of the total

light) is de ected into our photometer, as shavn in Fig. 4.11 Incoming light is re-

1The Princeton system has full use of its smaller telescope, hence comparable light-gathering
aperture; subsequeh instrumentation is identical.
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Figure 4.1. Block diagram of the Harvard targeted optical pulse detector. Unused light
from the edelle spectrograph is imaged onto a pair of hybrid avalanche photodetectors,
whose coincidencetriggers fast time-stamping of waveform crossingsthrough four preset
levels.

imaged and passeshrough a beamsplitter onto two hybrid avalance photodiodes
(Hamamatsu R7110U-07), whose outputs feed a pair of multi-level discriminators
with levels correspnding to roughly 3, 6, 12, and 24 photoelectrons. By time stamp-
ing level crossingswith a LeCroay MTD-135, we obtain appraximate \w aveforms" of
incoming pulsesto a precisionof 0.6ns2 Coincidert pulsesseenin the two channels
trigger the microcortroller to record the arrival time and waveform pro les. Arrival
times are recordedtwice|b y a GPSclock (0.1 s precisionand accuracy),and by a
computer's internal clock (1 ms precision,but only 50ms accuracy as determined
by comparingmany GPS and computertime stamps). A \hot event” veto Iters out a

classof large amplitude, bipolarity signalsthat appearto be producedby breakdavn

2HAPDs have the advantage of cleanpulse height discrimination, at the price of increasedcorona
discharge, as comparedwith traditional lower voltage multi-stage photomultiplier tubes.

3As con gured, the LeCroy chip only timestamps the last upward and downward crossing for
ead level, thus the waveformsof more complicated shapes(e.g. double pulses)cannot be completely
reconstructed.
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Figure 4.2. The Harvard targeted seard photometer, with covers removed. Light enters

from the rear of the righthand compartmen, focusedonto a 30arcsecaperture, then passes
through 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 amplied 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.

ewerts in the photodetectors. Pulse courters, threshold adjusting circuitry, and vari-
ous cortrols and monitors allow us to test the apparatusto con rm its stability and
proper operation. Fiber-coupledLEDs test the detectorsand coincidenceelectronics
beforeewery obsenation. Figure 2 shavs the complete photometer.

Ead clearnight the CfA Digital Speedometerobsenestypically 20{50 stars with
integration times of 2{40 minutes. The observingsequences determinedby the con-
ditions at the telescope and the priorities establishedin the monthly observingplans.
Becauseof courtrate limitations (6000courts 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 elimi-
nating false events due to photon pileup. Se\eral of the projects involve monitoring
variable stars, sud as spectroscopicbinaries and pulsating stars, sothat the targets

with the most obsenations and longesttotal integration times had beendominated by
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variable starsand othersunlike the Sun. Scon after the Harvard instrument wert into
operation we establisheda new observingproject designedto provide a large sample
of promising Seti targets. The sampleof morethan 11,000stars was drawn from the
Hipparcos Catalogue and consistsof all the main-sequencelwarfs between spectral
typeslate A and early M with distanceslessthan 100pc and declinations between

20 and +60 . SinceNovenber, 2001,the Princeton telesco has simultaneously
pointed at the samestars on many observingnights. Coordination is achieved by
automatically passingtarget RA/dec and other parametersto a Princeton computer,
where volunteers point the telesco. During eat obsenation, the diagnostic data,
alongwith coincident pulsedata, are sert to a PC and recordedin alog le at eat
obsenatory. After eat night of obsenations, the log les are incorporated into a
web-enableddatabaseto facilitate analysis. We track the data through automated
daily emails that summarizethe previous night's obsenations. Additionally, the
web-enableddatabaseallows us easilyto view the data in many forms: chronological
summaries,orderedseardiesby various criteria (total ewens, event rate, total obser-
vation time, etc.), obsenational summariesfor individual objects, diagnosticdata 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 (eath

85%e cient), alens( 92%),and abeamsplitter ( 92%). One of the mirrors is the
ertrance 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 eatc HAPD, which hasabroad 20%plateauin quartum e ciency (QE)
for = 450{650nm (and QE > 1%for = 350{720nm). The signal must exceedhe
lowest threshold (three photoelectrons)in ead detector during the discriminator's

averagingtime (5ns). Accourting for thesefactors, the Harvard instrument's thresh-
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Table4.1. Project parameters{ targeted optical Seti at Harvard and Princeton

Telescopes
1.6m Wyeth telescope in Harvard, Massadwsetts|1/3 of light usedfor Oseti
0.9m Fitz-Randolph telescope in Princeton, New Jerseyl|all light usedfor Oseti

Photometer
Beamsplit pair of hybrid avalanche photodiodes(350-720nm response,
peaked between 450-650nm)
Pulse amplitude pro les recordedto 0.6ns resolution
GPS-derived timestamping of events to 0.1 s at ead obsenatory

Ob jects Observ ed
15,897 0bsenations of 6176 stellar objects with Harvard instrument
1721 simultaneous obsenations of 1142 stellar objects with Princeton and
Harvard instruments
Objects selectedfor radial velocity surveysiman y FGK dwarfs

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

old sensitivity is 100optical photons( = 450{650nm) per squaremeter, arriving at
the telescom in a group within 5ns.

The Princeton instrumert is identical, exceptthat it receiwesall of the light from
its 0.9m primary mirror, and the light path includesonly three mirrors. Multiplying
the appropriate factors, the Princeton instrumert is sensitive to signalsof 80 optical
photons ( = 450{650nm) per squaremeter arriving in a group within 5ns. With
both instruments simultaneously observing, Princeton can \v eto” a Harvard signal,
although the con dencein this veto dependson the signal intensity at Harvard and

the observingconditions at the two sites.

4.3 Harv ard observations

From October 1998through Novenber 2003, the targeted seart with the Harvard

instrument performed 15,8970bsenations of 6176stars, for a total of 2378hours of
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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 possibleobsenations
by next generationtargeted microwave Seti , seekingevidenceof stellar companions
that would prohibit planetsin the habitable zone. The radial velocities of a sampleof

3000nearby G dwarfs are being monitored to characterizethe population of stellar
companionswith spectroscopicorbits. Other programsobsene a variety of additional
targets (very young stars, A dwarfs, and very old stars in the Solar neighborhood,
amongothers).

In its v e yearsof obsenations, we recorded4746\triggers,” i.e., instanceswhen
the lowestthresholdsare simultaneouslyexceededn both channels. Although all trig-
gersare recorded,the reported \w aveforms" are passedhrough a lter that enforces
certain validity cheds: the signalsseenin ead channel must be roughly the same
amplitude (within onelevel of ead other), and they must overlap in time. The sub-
set of triggers that passthis test are labeled events to date, we have registered1117
ewerts. This Iter isunlikely to excludea geruine pulsed ash|the LED test ashes,
which are done beforeevery obsenation, passthis test with only rare exceptions.

Sincethe 1117 ewerts are distributed impartially among 6176 objects (x4.6), we
have con dence that the majority of the ewerts arise from natural causes.Further-
more, in attempts to identify their source,we loggedeens even during testswith the
obsenatory domeclosed. Clearly, instrumental e ects cortribute badkground eerts.
In the analysisthat follows, we attempt to remove the instrumental badkgroundsfrom
the Harvard data to look for residual everts, possibly of extraterrestrial origin. We
alsoexaminedthe Harvard obsenations during which Princeton provided veri cation
through simultaneous obsenations; with one possibleexception, we found no ewverts

syndironously occurring at the two obsenatories (x4.10).
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Figure 4.3. Seasonavariation in the evert rate at Harvard. Coronabreakdown substartially
elewates the rate during the humid summer months. This plot includes all obsenations,
regardlessof quality.

4.4 Seasonal variation

A histogram of the event rate by month (Fig. 4.3) revealsthe largest sourceof badk-
ground ewens, evidencedby a marked systematic seasonalrend in the ewert rate,
apparerly dueto ambient humidity. During the dry morths of fall, winter, and early
spring (October{April), the data exhibit an evert rate of about 0.16hr * and a trig-
ger rate of about 0.5hr 1. Howewer, the evert rates are 30{40 times higher during
the warmer and more humid summermonths (May{September), as shovn. Further-
more, 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. Openingthe camera(which is normally kept tightly closedand ushed with

dry nitrogen) for maintenancework similarly raisesewert rates, but with a longer
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Table4.2. Summary of data from Harvard seart

DSaII DScIean DSoverlap

Objects 6176 4730 1142
Obsenations 15897 11600 1721
Obsenations per object 2.1 2.5 15
Integration (hr) 2378 1721 244
Integration per object (hr) 0.39 0.37 0.21
Evernts 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 seard

for three data sets: DSy consistsof all obsenations made
from Harvard. DSgean is @ subsetof DSy with certain high
trigger rate nights removed (seex4.5). DSqyeriap is the sub-
set of DSy during which Princeton jointly obsened (see
x4.10). Princeton contributed 429 events and 2327 triggers
to DSoverlap -

recovery time (15 days). Theseewerts tend to cluster in time with, say, 10 evernts
in 3 minutes followed by many tens of minutes of quiet. Thesesymptomsall point
to coronadischarge, a high voltage breakdovn characterizedby radiofrequencyand
optical emission. We mitigated the humidity e ect beginningin 2002by adding dry
nitrogen gaslines, bakeout heaters,and an ertrance window, but thesee orts reduced
the summerewernt rate only by a factor of two or three (seeFig. 4.3).

We examined, and excluded,the possibility that the seasonalariation was due
to temperature-dependert gain in the HAPDs: the HAPD bias power supply (Power
Tednology PD-3) includestemperature compensationmatched to the detector char-
acteristics, and furthermore the obsened pulse waveforms produced by the HAPDs
during hot and cold weather are indistinguishable. In addition, the evernt rate shows

no statistically signi cant correlation with temperature.
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Table 4.3. Harvard obsenations { distribution of evernts

Objects Observations Integration Time (hr)
Events Observed Simulated Poisson Total  Per Obj Total Per Obj Events/hr

0 4496 4495 14 9518 2.1 1327 0.3 0

1 206 207 14 1378 6.7 257 13 0.80

2 20 21 4.4 418 21 75 3.8 0.53

3 4 4.9 2.0 81 20 14 3.5 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 basedertirely on the
evert rate and the distribution of integration times|correlates well with the actual number of events.
Also note that both the number of obsenations and integration time per object is much higher for
multiple-evernt objects, as one would expect for randomly distributed everts.

4.5 Data sets

Throughout this paper, we referto the three data setsshavn in Table4.2: DS, is the
data set usedabove, and consistsof all obsenations madefrom Harvard. DSgjean IS @
subsetof DS, from which nights with anomaloustrigger rates have beenremoved. To
be excludedfrom DS,;, a night's obsenations must have a trigger rate greater than
one per hour, and two or more ewverts spreadamongtwo or more objects. Although
this cut may seemarbitrary, in practiceit cleanlyremovesnights with corona-polluted
data. The data excludedfrom this set were scrutinized for clear extraterrestrial
beacons(e.g., a pulsetrain of everts for one object). DSyyeriap iS the subsetof DS
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

DSgean includes11,6000bsenations, summarizedin Tables4.2 and 4.3. Of the 4730
objects obsened, 95% (4496) had no ewerts at all. Note particularly that among

the objects with ewerts, those with more everts were obsened for longer durations
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(Tables4.3 and 4.4) and more often (Table 4.5). The 274 events were distributed
among 234 separateobjects as shovn 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 ewverts, and four objects with four everts. Do any
of the objects shov an extrastatistical number of everts? Is there any evidenceof
periodicity? Is this distribution consisten with any model?

The events in DSgean Were modeled with a Monte Carlo simulation of the ob-
senations using Poisson statistics. We assumedthat the ewvent rate was constart
(0.16hr 1, to generatethe obsened total of 274ewerts in 1721hours)|as onewould
expect for a random physical process(e.g. radioactivity, cosmic-rgs) unrelated to
the telesco's targetland calculated the average number of objects with 0, 1, 2,
etc. everts during 10,000runs (with standard deviations in the averagesgiving the
error bars), as shovn in \Simulated Poisson"in Table 4.3. The Monte Carlo ewert
distribution was veri ed by direct calculation of the Poissonprobabilities for eat
object having 0, 1, 2, etc. ewverts, and summing over objects. Sincethe total inte-
gration time per object varied substartially (Table 4.4), the calculation and Monte
Carlo simulation usedthe actual distribution of observingtimes.

The obsened ewvert distribution in Table 4.3 appears consisten with the model
of uniform badground rate. The slight discrepancybetweenthe obsened and mod-
eled event distributionsjmore obsened objects with four everts|can be plausibly
explained by postulating that the obsenations during a few corona-plaguednights
(with their highly variable evert rates) were included in DSgean. The objects with

multiple everts are newerthelessof interest, and are discussedurther in x4.8.

4.7 Other sources of events?

What, then, causedthese 274 Poissondistributed eweris? Low level coronais a
plausible explanation, but seeral others warrant investigation as well.
Cosmic-rgy muons (and other charged particles) are a potertial sourceof ewers.

Could a muon traveling by chance down the axis of the telescom produce enough
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Table 4.4. Distribution of integration times

Events
Integration (min)  Objects 0 1 2 3+
0{1 36 36 0 0 O
2{3 1207 1203 4 0 O
a{7 1048 1027 21 0 O
8{15 876 845 29 2 O
16{31 821 783 36 1 1
32{63 410 355 53 1 1
64{127 211 172 33 6 O
128{255 83 61 19 3 O
256{511 27 14 6 4 3
512+ 11 0 5 3 3

Note. | Distribution of integration times in DSgjean -
Note that on averagethe objects with multiple everts
were obsened for longerthan those objects with zeroor
one evert.

Table 4.5. Distribution of obsenations

Obsenations Objects Everts

1 3223 65

2{3 767 51

a{7 437 55

8{15 239 46

16{31 42 19
32{63 19 35
64+ 3 3

Note. | Summary of the distri-

butions of events and objects from
obsenations in DSgean -
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beamedCerenlov radiation to be detected by the Oseti instrument? Cosmic-rgy
muons have an averageenergyof 2Gevanda ux of I( ) =1 cog , where isthe
zenith angleand | = 8 10 3cm ?s ?sr 2 [53]. The number of photons from a
singlemuon is a function of its energy (with a threshold energyof 4.3Gev), and its
pathlength: dN=d&Edx = 370sin® ¢(E) eV 'cm *, where ¢ = ( n) %, =v =g
and n is the index of refraction. At sealevel, this is 10 optical (2eV) photonsm 1.
Although the light cone'sopening angleis small ( ¢(E) < 1:4 for air), most of the
photonseither missthe telescog, or don't coupleinto the instrument, evenfor muons
traveling down the telescop axis. (SeeChapter 3.)

Fig. 4.4 shaws the probability density of evernts and obsenations as a function
of telesco zenith angle for a restricted set of DSgean With a particularly low evert
rate (9400obsenations of 39280bjects with an ewvert rate of 0.15hr 1). If Cerenlov
photonswere a signi cant badkground, we would expect to seeexcesgrobability for
ewerts at low zenith angles,which we do not. A histogram derived from triggers
(instead of events) from the samedataset (not shown) is qualitatively similar. Thus
we conclude, from both calculation and obsenation, that Cerenlov ashes do not
cortribute everts.

Another potential sourceof the residualevens is energeticmuonstraveling through
both HAPDs. Sud muonswould have energysu cient to eject electronsfrom the
photocathodes, which would be ampli ed and detected. Howeer, it would require a
lucky hit for a singlemuon to passthrough both photodetectors: Estimating the rele-
vant detector cross-sectionso be 0.25cn?, a simple geometriccalculation shows that
muons traverseboth detectorsat a rate of 10 °s !, or onceevery 25 hours. We
calculated the \detector zenith angle" (the angle betweenthe vector connectingthe
two detectorsand the zenith) for ead obsenation to test for the excesse\erns that
would be expected at small zenith angles,owing to the cog dependenceof muon
ux. Fig. 4.4 shavs the probabilities of everts and obsenations as a function of the
detector zenith angle for the samedata set usedfor Fig. 4.4. We seeno evidenceof
excesse\erts dueto this medanism. Usingtriggers instead of everts in Fig. 4.4 leads

to a qualitativ ely similar histogram.
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Figure 4.4. Histogramsof the probability of everts at Harvard for arestricted setof DS¢jeanas
a function of telescope zenith angle (left) and \detector zenith angle" (right; the angle
betweenthe vector connecting the two detectors and the zenith). If a signi cant 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 passingthrough both
detectors (on the right, then the probability of events would be concerrated at small
telescope zenith angles.

Cerenlov radiation from muons passingthrough the 25mm-cube glassbeamsplit-
ter is another potertial sourceof everts. For glass(n = 1.5, ¢ = 0:84rad), 500
visible-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 seems
plausible that this scenariocould produce events. Scirtillation in the beamsplitter
glassfrom muons or radioactive decag products is unlikely to trigger an event due
to the small size of the beamsplitter and the low scirtillation yield of glass. Muon

capture in the beamsplitter (whereit would energeticallydecy) is unlikely given the

low capture cross-sectiorand small beamsplitter size. To test thesebeamsplitter sce
narios, howewer, we temporarily replacedthe cubical beamsplitter with a thin (1 mm)
coatedplate beamsplitter. During se\eral nights of tests, we obsened no statistically
signi cant changein ewert rate.

The Cerenlov radiation and scirtillation scenariosdescribed above, as well as

other potertial badkgrounds, are discussedn Chapter 3.
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Table 4.6. Interesting objects in DS;ean { Observingstatistics

Observations in DS¢jean Reobservations
Object Evt Trig Obsv Hrs Rate Multiple EVU/T rig Veto Hrs Evt Trig Obsv
HD 14535 4 7 52 133  0.30 [ 0/1 | | | |
CYG 4 10 59 76 053 | [ | | | |
RZ Cnc 4 7 54 156 0.26 | 0/0 | | | |
SSLAC 4 8 40 117 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 1.0 311 | | [ | | |
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 12 170 | 0/2 | | | |
BD+61 1045 2 2 6 16 123 [ | [ | | |
Capella 2 8 37 5.4 0.37 | | | | | |
EU Del 2 9 72 71 028 | 1/2 | | | |
G65-43 2 2 7 19 1.05 | | | | | |
HD 32306 2 3 8 25 080 | 0/0 | | | |
HD 57769 2 4 18 44 045 | | | | | |
HD 72746 2 3 4 12 1.62 2/3 on 1998 Dec 27  0/0 3.0 1 2 9
HD 86579 2 4 8 26 075 | 0/1 | | | |
HD 94292 2 8 26 5.4 0.37 | 1/5 | | | |
UMa 2 7 58 106 0.20 | [ | | | |
HD 18884 2 5 3 0.1 14.49 | | | [ | |
HD 40084 2 4 13 31 064 | 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 42 127 0.16 | 0/1 | | | |
Serge3151 2 3 3 09 226 | 11 | | | |
TV Psc 2 4 38 2.0 1.01 | 0/0 | | | |
UU Her 2 7 51 105 0.19 [ 1/2 | | | |
Note. | Objects with two or more events in DSgean 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 that were
\v etoed" (not observed) by Princeton during concurrent observations (a dash indicates no concurrent observations
in DSgjean ). Statistics from the Harvard instrument for joint Harvard/Princeton reobservations are listed in the four
rightmost columns (which occurred after November 2003 and are not in DSy ; a dash indicates no reobservations).
No simultaneous Harvard/Princeton triggers were recorded during the reobservations. Table 4.7 lists coordinates and
descriptions for these objects.
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Table4.7. Interesting objects in DSgean { astronomicalinformation
Name Other Name R.A. Dec. Vm Parallax Description

HD 14535 HIP 11098 22253 +57 1443 8 0.37[0.88] A2lalsup ergiant, variable

Cyg HD 185734 193923 +30 0912 5 13.00[0.59] KOl ll|binary , 433 day period
RZ Cnc HD 73343 83909 +31 4744 9 3.25[1.56] cool Algol binary, 21 day period
SSlLac HIP 108981 220442 +46 2538 10 1.13[1.39] triple, 14.4 and 678 day periods

Ori HD 39801 55510 +7 2425 1 7.73[1.64] M2Ib|sup ergiant, variable
DU Leo HD 84207 94411 +25 2111 10 | GOV|binary , 1.37 day period
HD 220077 HIP 115279 232053 +16 4239 9 13.07[1.51] F7V|visual binary, 0993 sep.
LSR2-1471 GSC03600-00123 210953 +50 49 18 11 | GOV|binary , 210 day period
BD+18 2930 GSCO03598-00615 144657 +18 1800 9 | G8Vv
M67 1221 GSC 01481-00366 85144 +11 4426 11 | K1l l|binary , 6394 day period

Equ HD 202448 211549 +5 14 52 4 17.51[0.89] GOIll & Albinary , 99 day per.
BD+61 1045 HD 70050 82316 +61 27 38 8 3.88[0.95] G2V|binary , 14.35 day period
Capella HD 34029 51641 +45 5953 0 77.29[0.89] GS5lll|binary , 104 day period
EU Del HD 196610 203755 +18 16 07 6 9.16 [0.99] M6l Il|semi-regular  variable
G65-43 HIP 69893A 141812 +12 4429 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 83409 95710 8 11.22[1.11] F2V|visual binary, 0921 sep.
HD 86579 HIP 48963 95919 30430 7 7.57 [1.02] F5V|binary , 2729 day period
HD 94292 HD 53212 1053 02 +4 57 43 8 13.02[0.92] G5V|double-lined binary

UMa HD 98230/98231 111811 +31 3145 4 | F and G dwarflquadruple
HD 18884 HIP 14135 30217 +4 0523 3 14.82[0.83] M2lllllo w level variable
HD 40084 HIP 28343 55922 +49 5528 6 2.90[0.79] G5lllbinary , 219 day period
HIP 14420 HD 232747 30611 +51 0606 10 14.64[1.79] KOV
RT Lac HD 209318 220131 +43 5326 9 5.19[1.05] RS CVn binary, 5 day period
Serge3151 GSC03598-00615 212352 +49 07 37 11 | GOV|sp ectroscopic binary
TV Psc HD 2411 02803 +17 5335 5 6.65[0.78] M3l ll|semi-regular variable
UU Her HIP 81272 163557 +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, minutes, seconds),

visual magnitude (V ), parallax (mas, with uncertainties in brackets), and spectral typesfor the objects in Table 4.6.
Information was not available where dashesare presert.
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4.8 Interesting objects and reobserv ations

Tables4.6 and 4.7 shav the objects that have two or more events in DSgean, their
observingand ewent/trigger statistics, and astronomical information. We examined
the obsenational histories of theseobjects for indications that the ewverts from oneor
more of them was due to intentional extraterrestrial communication|an extrastatis-
tical number of ewverts, a clustering of an object's everts in onenight's obsenations,
or simultaneousevent detectionat Harvard and Princeton. Objects with any of these
characteristicswere concurrerily reobsered by Harvard and Princeton (\Reobsena-
tions" in Table 4.6). Thesereobserations 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 becausdhey are suspectedshort period binariesor arevariable on short time
scales.Theseobjects are thereforedeemedesslikely hostsfor intelligent civilizations.
Although many Sun-like stars were obsened ( 60% of the objects and obsenation
time in DSean), few are represeted in Tables 4.6 and 4.7 becausethey had less
observingtime per object; that is, Tables4.6 and 4.7 selectfor objects with long total
observingtimes, which tend not to be Sun-like. Newvertheless,given the consequences

of a con rmed nanosecondulse, a careful analysisis warranted.

HD 220077

The three triggers (all everts) recordedby HD 2200770on 2000 November 4 warrant
the greatestattention.* The three everts were recordedduring 10min spread over
5 obsenations. The experimert ran for only 46min that night, and none of the
10 other objects registeredan event (although two triggered), as shavn 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 diagnosticdata (courtrates, temperature,

4We useUniversal Time (UT), and star namesfrom the CfA Digital Speedometersurveys,which
in somecasesare not in common use. Other namesfor objects (such asHenry Draper or Hipparcos
numbers) and celestial coordinates are givenin Table 4.7.
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Table4.8. Obsenations of HD 220077

5 %g* HD 220077 Other Objects
S & & _ . . . .

Date O O 0O Obsvs Min Evt Trig Objects Obsvs Min Evt Trig
2000Nova P P 5 10 3 3 10 11 36 0 2
2000Nov 18 o P 2 6 0 0 44 49 38 2 3
2001Jan26 o P 1 2 0 0 52 57 399 0 0
20020ul 7 P 1 4 0 0 19 23 255 2 14
2002Sep13 © 1 3 0 0 33 34 365 2 10
20020ct 21 1 4 0 0 45 51 410 1 11
2003Jan15 o P 1 3 0 0 22 29 320 0 0
2003Jul 16 © 1 4 1 1 19 23 284 5 17
2003Aug 21 P P 1 8 0 0 28 29 205 5 27
2003Sep30 © 1 8 0 0 20 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. | Obsenations of HD 220077. Columns detail the number of obsenations (Obsvs), the

obsenation duration in minutes, and the number of everts and triggers for HD 220077 and other
objects obsenedthat night. The datasetsthat eat obsenation belongsto are chedked. Obsenations
on 2004 February 12 and 14 were reobsenations with Princeton after the closing date of the three
listed datasets. Note that HD 220077had three everts, and no non-ewert triggers, on 2000Novemnber
4,

weather, etc.) appear normal. The event rates during autumn of 2000wererelatively
low ( 0.15{0.20nhr 1).

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

As shown in Table4.8,HD 22007 Avasobsened 15times over 50min in DS,;. One
additional evert was recordedon 2003 July 15 (in DS, but not DSgean), however
the trigger and ewert rates were both elewated that night. This object was jointly
reobsered by Harvard and Princeton for 99min and no ewerts or triggers were seen
at Harvard.

In general, one can calculate the Poisson probability of recording no everts in
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Figure 4.5. Obsenations on the night of 2000 Novenmber 4 beginning at 05:43:53UT at
Harvard. The boxes indicate obsenation intervals of objects listed belowv. Everts (solid
lines) and non-ewent triggers (dashedlines) are shavn above the obsenations with times-
tamps 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 DScjean, but not in DSyyeriap. (These obsenations are
atypically short and sparse;seeFig. 4.6 for a typical night's obsenations.)
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reobserations of a given duration, assumingthat an event rate from previousobser-
vations should apply. We calculate two sud \reobsenation probabilities,” p,, and
Pr,, using the ewert rates for HD 220077from 2000 Novenber 4 (r; = 0:33min 1),
and for all obsenations of HD 220077in DSgean (r2 = 0:14min 1), respectively, and
the reobsenation times listed in Table 4.6. Although instructive, p,, 10 * and
pr, 10 © are probably unrealistically low sincean ewert rate is poorly de ned by
sofew ewverts | a constart rate may not even be an accurate characterization of a
processwith sud limited statistics. Newertheless,it remainsunlikely that a natural
or arti cial sourcewould produce three events in ten minutes, and then no eerts
for nearly ten times aslong. We concludethat the everts in questionwere probably
a statistical uctuation of badkground processes.The strength of this conclusionis
limited, howeer, giventhe modesttime spernt reobserving.Additional reobserations
(for, say, tens of hours) could test this conclusion.

HD 220077is an F7V dwarf with a visual companion0.25 mag fainter at a sep-
aration of 0°23. The 38 CfA radial velocities for the composite light of both stars
show a hint of a slow drift over the obsened span of 4147days, which supports the
ideathat the two stars are a physical pair in orbit (for which their separationwould
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. Se\eral objects had long total obsenation times and are probably ex-
plained as statistical uctuations in a constart badkground of Poisson-distributed
ewernts.

The six objectswith multiple ewverts in onenight weredeemedhe mostinteresting,
and were reobsenred for oneto three hours. Although someewerts and triggers were
recordedat Harvard during the joint reobsenrations, noneof them weresimultaneously
seenat Princeton.

Of note in the reobsered group is DU Leo, which recorded3 ewerts and 7 trig-

gersin 40 minutes over two obsenations on 1999May 30. Although this night was
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included in DSgean, it is worth noting that the 1999seasorof coronadischarge, 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 passegshe Ratio-
nal Period Test. Taking r; = 0:075min ! and r, = 0:006min !, the reobseration
probabilities for this object arep;, 10 “andp,, 05.

The properties of many of the objectsin Tables4.6 and 4.7 (supergiarts, multiple
systems)make them lesslikely sitesfor Earth-lik e life. None of them are members of
the Habitable Catalog [63], a catalogof 17,000potentially habitable stars from the

120,000star Hipparcos Catalogue[49].

4.9 Conclusions from Harv ard observations

Basedon the Harvard obsenations and reobserations, our conclusionis this: Given
the low ewent rates and correspnding small-number statistics, we have found no
evidenceof clustering or periodicity from any candidate star, and the ewens are
distributed impartially among the targets. There is additionally no correlation of
ewert rate with stellar magnitude, con rming the conclusionthat Poissondoubly-
coincidern \accidentals" do not cortribute candidateewerts at ordinary single-photon
court rates. Reobserations of thoseobjects with multiple ewverts in onenight did not
reveal sourcef optical ashes. From the resultssofar, therefore,we concludethat we
have found no evidencefor pulsedoptical beaconsfrom extraterrestrial civilizations.

In consideringthis conclusion,onemust keepin mind the possibility that a trans-
mitting civilization might chooseto senda solitary pulse, or, equivalertly for our
obsenational protocol, a pulserepetition rate lessthan, say, onceper hour. To put it
another way, what do you do with isolated non-repeating ewerts|particularly  when
any one of them, if authertic, would constitute the greatestdiscovery in the history
of humankind? You nd a better way to do the experimert. It was this motivation
that led to the construction of the Princeton experimert in 2001,and to the two years

of joint obsenations, which are discussedelow.
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4.10 Synchronized observations with Princeton

Givenour current background level of roughly oneevent per night of obsenation with
the Harvard instrument, a single optical pulse from an extraterrestrial civilization
would likely be dismissedas a badkground evert. To attract attention, the signal
would have to consist of a successiorof pulsesfrom a source candidate, perhaps
exhibiting non-randomarrival times. As we remarked above, we recognizethat this
is a shortcoming of the experimertjw e may missa true pulsedbeacon.

To addresghis problem, we duplicated the detectorsystemat the 0.9m Cassegrain
at the Fitz-Randolph Obsenatory in Princeton, New Jersey Since Novenber 2001,
this telesco has followed the Harvard telescog through its nightly observingpro-
grams, syndironized via the internet. Given that the baselinebetweenobsenatories
isL=c =T 1.6ms of light-time, the absolutetiming precisionof 0:1 s permits
us not only to idertify appraximate coincidencesjt further de nes an error band in
the sky whosewidth is of order =T = 12arcsec. This is comparableto the
obsened target eld, setby the focal plane aperture stop. Thus with good accuracy
we can verify that a candidatetwo-obsenratory coincider ewert is consistem with the
observinggeometry

To seehow e ective sudh a shemeis in eliminating uncorrelated everts at the
two obsenatories, imagine an evert rate ro = 1hr ! at ead obsenatory, and let us
require that ead candidate evert pair (betweenthe two obsenatories) be within a
broad time window of, say, T=1 msto be considereda con rmed detection (recall
that our GPS-derived timing accuracyis in fact 4 ordersof magnitude better). Then
the combined badground rate dueto \pileup" isrpom = r2 T =3 10 “ewertshr 1,
or 1ewen ewery 3 million observinghours. With sud alow badkground rate, we would
have to examineseriouslythe astrophysical and extraterrestrial signi cance of even
a single coincidenceat the two obsenatories.

While the Princeton obsenatory provides excellen positive con rmation (simul-
taneousewerts would be believed with high con dence), we have lesscon dence in

negative con rmation (\v etos"), particularly of low amplitude ewens. Sensitivity
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varies at the two sites due to nonuniform photodetector gain, electronic gain, and
ervironmertal factors (e.g., thin clouds at one obsenatory). These caveats apply
most strongly to low amplitude signals;large pulsesobsened at Harvard should also
be seenat Princeton.?®

Table4.2summarizeghe Princeton obsenationsthat coincidedwith 1721Harvard
obsenations of 1142 objects totaling 244 hours of obsenation (DSgyeriap). During
these obsenations, Princeton recorded2327triggers and 429 ewvents, while Harvard
recorded 614 triggers and 130 everts (106 triggers and 17 everts in DSgean). The
somewhatlower signal thresholds on the Princeton instrument, as well as higher

coronarates, may accoun for the higher trigger and event rates at Princeton.

4.10.1 HIP 107395

During syndironized obsenations from 2001 Novenber 17 onward, only one pair of
triggers was recordedwith arrival times that are consisten with an extraterrestrial
or astrophysical optical pulsearriving at the geographicallyseparatedobsenatories.
On 2003Septenter 17, during a joint obsenation of HIP 107395 Harvard recordeda
trigger at 06:52:16.944UT and Princeton recordedoneat 06:52:16.94%)T (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, unambiguousiderti cation of
an astrophysical or extraterrestrial pulse from HIP 107395is not possible. Sincethe
computer clock times are only accurateto  50ms, there is roughly a 2% chancethat
the triggers actually occurredwithin 1 ms of eat other; the millisecond alignmert
may have beenthe work of chance. Although there are se\eral other reasondo dismiss
theseas badkground triggers serendipitouslyrecorded1ms apart (described below),
it is worth noting that this is the only trigger pair whosearrival times are consistem
with a single pulsearriving at both obsenatories. No other trigger pair arrived with
a time separationof lessthan 0.3 seconds.

As shawvn in Fig. 4.6, the trigger rates at Harvard and Princeton were both el-

5The e ect of deadtime following corona-inducedtriggers is insigni cantjev en under poor con-
ditions (50 coronatriggers per hour) the probability of missinga con rming evert is 10 3

64



Minutes Since 17 Sep 2003 03:38:23 UTC

200 300 400 500 800

100

Princeton

‘HIPOO7852 : : - -
:HIPOOT789 - : - -

Harvard

HIP003249

T HIPOO3249:
HIP113128
=z HHPEE3IRE:
oI HIPI1Zg5hB:

(I

H105434W

H105434W

Figure 4.6. Obsenational diagram for the night of 2003 Septenber 17. Obsenations at
Harvard (right) and Princeton (left), with time increasingupward. Obsenations are desig-
nated by solid boxesand dashedlines to the certral vertical axis. Object namesare written
betweenthe dashedlines. Triggers are shavn as short horizontal lines coming out of the
certral vertical axis (Harvard to the right, Princeton to the left.) Thesetrigger marks are
extended for a pair of triggers whose arrival times at Harvard and Princeton were 1ms
apart, asrecorded by the computer clocks (see4.10.1). Note that the trigger rates were
elewated at both obsenatories, particularly during the rst half of the night.
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evated on 2003 Septenber 17. Harvard recorded 23 triggers and 2 ewernts during
32 obsenations of 25 objects over 6.1 observing hours that night, while Princeton
recorded315triggers and 64 ewerts during 15 obsenations of 15 objects over 3.5 ob-
serving hours® During the 20 minute obsenation of HIP 107395,Harvard recorded
5 triggers and O ewerts. Princeton obsened HIP 107395for 26.4 minutes (completely
covering the Harvard obsenation) and recorded32 triggers and 10 everts (8 triggers
occuredbefore Harvard was observing).

The probability of any pair of triggers randomly occurring within 1 ms during
the obsenation of HIP 107395can be estimatedas Pims = 't lp coinc Tobsy = 3 10 °,
wherery = 15hr  andrp = 72hr ! are the trigger rates at Harvard and Princeton
during the Topsy = 20 minute obsenation, and i = 1ms is the coincidencewin-
dow. Of the 1123 obsenations in DSyyenap, the obsenation of HIP 1073950n 2003
Septenber 17 has the 5th largest pims (becauseof high ry, rp). The probabilities
from all obsenations can be conbined to give the probability of oneor more of those
obsenations having a pair of triggerswith in - 1ms: py = 1 Q(1 Pims) = 2 10 3,
wherethe product is over the obsenations in DSyyeriap-

We consideredthe possibility that the inaccuraciesin the Harvard and Princeton
computerclocks weretemporally correlated,for example,becausé¢he computerclocks
are disciplined by identical computer programs and GPS clocks. A comparisonof
theseinaccuraciesduring normal GPS functioning for Harvard and Princeton everts
that occurred even within one minute of eat other revealedno sud correlation.

It is worth noting that not only was this night's data excludedfrom DSgean, but
furthermore that neither trigger qualied as an ewvert. The Harvard trigger failed
becausehe pulserecordedin onedetector was4ns long, while the pulsein the other
detector was longerthan the MTD-135 obsenation window of 300ns. The Princeton
trigger failed becauseof an amplitude mismatd in the two detectors (1st and 4th
thresholdsexceeded).Theseare both symptomsof coronadischarge.

Although the trigger timings are consisten with an astrophysical or extraterres-

5These anomalously high rates are consistert with corona discharge; all obsenations on 2003
Septenber 17 from Harvard were thus excluded from DSgean by the algorithm described in x4.5.
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trial optical pulse,we beliewe that random coincident badkground noiseis a far more
likely explanation. The lack of con rmatory GPStiming, the higher trigger rates on
2003 Septenber 17, and the triggers' failure to meet evert criteria all cortribute to
this conclusion. Extraordinary claimsrequire extraordinary evidence which is lacking
here.

Newertheless,even the remote possibility of a world-changing discovery warrants
signi cant reobserations. Over three nights (2003 Novenber 25, 2003 Decenber
2{3), we conducted se\en joint reobserations of HIP 107395(with GPS restored)
for a total of 140 additional minutes. No triggers were recordedat Harvard, while
Princeton recordedonetrigger and no events on 2003Decenber 2.

The implications of this null con rmation dependon 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 obsenationsis 1=2° 10 2. If we assume(rather unrealistically) that we had
a 50% probability of detecting a pulsefrom any object during the 162 hours of joint
obsenations (that is, arate of 3:1 10 3hr 1), then the probability of not detecting
a pulsein the following seen 20-mirute obsenations is 0.993. Thus, if the signal
repeats often, the reobsenrations reinforce our belief that badkground noise caused
the 1mstrigger pair. If the beaconis broadcastinfrequerly, the reobserations tell
us little.

HIP 107395(RA = 21"45"10°; dec= 0 30°30%Y is an 11th visual magnitude
late K dwarf with a parallax of 17.55 2.85mas (implying a rangeof 60pc). It is
being surveyed for radial velocity companionsfor next generation microwave Seti .
HIP 107395is alsoa menber of the Habitable Catalog [63].

4.11 Implications

The foregoingresults can be summarizedas follows:

1. The Harvard instrument made 15,8970obsenations of 6176stars totaling 2378
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hours. During these obsenations (DS,) it detected 4746triggers with a subsetof
1117ewerts. When we remove the obsenations characterized by humidity-induced
coronawith (DSgean), We are left with 11,6000bsenations of 4730 stars over 1721
hours yielding 274 ewverts and 1066 triggers. These ewverts appear to be Poisson
distributed in time and uncorrelated with the target's brightnessand the observing
geometry

2. The Princeton instrument hasobsenedin tandemwith the Harvard instrumert
for 1721obsenations (DSyyeriap) Of 11420bjectstotaling 244hours. The arrival times
for one Harvard-Princeton trigger pair are consistem with receivingan optical pulse
at the geographicallyseparatedobsenatories (within the accuracyof the computer
clocks). For multiple reasons,we beliewe these triggers resulted from badground

noisesources.

4.11.1 Scenarios

The implications of our data depend on the model that they are testing. Of the
possibleintentional optical pulsed signalsthat an extraterrestrial civilization could

generate,let us considerthe implications of just two scenarios.

Scenario one: A fraction f of the starsin our regionof the galaxy harbor civilizations
that transmit optical signalsto Earth that our experimert could detect. The signal
is composedof multiple pulsesin fast successiorflessthan our minimum obsenation
time of 2 minutes) displaying somehallmark of intelligence (e.g., nonrandomarrival
times). This signalis broadcastrepeatedly with a period P (greater than our maxi-

mum obsenation time).

Sceenario two: A fraction f of the starsin our region of the galaxy harbor civilizations
that transmit optical signalsto Earth that our experimert could detect. The signal
is composedof a single pulse that is broadcastrepeatedly with a period P (greater

than our maximum obsenation time).
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While thesescenariognight be consideredsimplistic, the implications for our data are
nonethelesganstructive. The Harvard seart, with its sensitivity to multiple pulses,
but not solitary pulses,is an excelle probe of scenarioone. Scenariotwo requiresa

badground 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 starsin our region of the galaxy that are signaling
Earth with optical ashes can be calculatedas a 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; tonsy=P); (4.1)

where the minimum function bounds pohsv(P) 1. The probability of detecting a

signal from any oneobject is:

Y
pobj(P) =1 (1 pobSV(P)) : (4-2)
obsv
The expected number 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: (43)

obj
We adjust f sothat the Poissonprobability of observingzeroextraterrestrial signals
(e S) is 0.5; that is, we choosef sothat the observingprogram has a 50% chance
of success.Solving for f, we obtain an upper bound on the fraction of transmitting
civilizations: I
f(P)=min 1; FL , (4.4)
obj Pobj (P)

wherethe minimum function limits starsto at most onetransmitting civilization.
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Figure 4.7. Upper bounds on the fraction of stars with transmitting civilizations as a
function of transmitter repetition time for the Harvard experiment (scenarioone; DS¢jean)
and the Harvard-Princeton experimert (scenariotwo; DSgyeriap). Eadch curve asymptotesto
f = 1=Ngp; for smallP andcutso atf = 1forP T=In2.

Important note: This gure regrettably and erroneously appearedin [35] with the x-axis
labeled \T ransmitter Repetition Time (hours)" instead of \T ransmitter Repetition Time
(seconds).”

70



Fig. 4.7 shows upper bounds on f (P) for scenarioone (Harvard; DSgean) and
scenariotwo (Harvard-Princeton; DSyyenap). The two limits of P are of interest. For
high repetition rate transmitters (P T), f | 1-Ng,. (The total observingtime is
T= P obsy Lobsv:) Thereis a cuto repetition rate, P T=In2, above which f = 1
and we cannot say anything about the density of transmitters. Also note that the
Harvard limit is belov and to the right of the Harvard-Princeton limit becausethe

latter derivesfrom fewer objects obsened for lesstime.
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Chapter 5

All-Sky Optical SETI

5.1 Motiv ation

The targeted seart discussedn Chapter 4 hasa signi cant shortcoming|after sev-
eral yearsof data collection, it hascoveredlessthan 10 ° of the sky area. With 10’
Sun-like stars within 1kpc, and the possibility that advancedlife may exist in the
voids betweenstars, a complememary observingstrategy of targeted searbiesand sky
surveysrepresets the greatestchancefor successn optical Seti .

In cortrast to the targetedseart, wherewe areableto choosestarsthat we beliewve
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 hasremarked that
the Seti commnunity's biastowards observingstars may even be misplaced;advanced
civilizations may live in, and transmit from, the voids betweenstars [22]. The all-sky
survey will obsene theseareastoo. Although low-duty-cycle optical beaconsmay be
missedin the all-sky surwey, they areguararteedto be within its sky coverage.As with
Seti at all wavelengths,we beliewe that a balancedstrategy of careful obsenations of
candidate stars coupledwith broad surveys of the ertire cosmosrepresets the best

chancefor cortact.
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Figure 5.1. Transit survey of the celestial sphere. Drawing by Paul Horowitz used with
permission.

5.2 Overview of experiment

The all-sky seard is conductedwith a 1.8m optical telesco that images1:6 by 0:2
on two arrays of fast, pixelated photodetectorsthrough a beamsplitter. A ash of
light in the eld of view will illuminate one of 512 matched pairs of photodetector
pixels and trigger customelectronicsto recordthe waveform pro le and ewvert timing.
It is a meridian transit survey; the telescog 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 eat night, we can cover the Northern
sky in 200 clear nights, asillustrated in Fig.5.1.

The all-sky surwvey is a multi-pixel elaboration of the targeted seart). Each of the
512 pair of photomultiplier tube pixels functions like the pair of photodetectorsin

the targeted seard. The parametersof this seart are listed in Table 5.1.
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This chapter describesthe necessaryexperimertal ingredierts for building the all-
sky seart: the obsenatory building, the telesco, the photomultiplier tubes(PMTS)
usedto detectthe short ashes, the camera(which cortains the PMTs, beamsplitter,
and electronics), the end-to-endtesting devices,and the software to cortrol it all.

Finally, we considerthe sensitivity of thesepiecesworking togetherasan instrumert.
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Table5.1. Project parameters{ all-sky optical Seti at Harvard.

Telescope
1.8m /2.5 spherical "quasi-Newtonian” telescoge in Harvard, Massadusetts

Surv ey Mo de
Survey Northern sky (-20  declination +70 ) in  150-200clear nights
Telesco 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 obsened by two PMT pixels { a signal must be
obsened simultaneously in a pixel pair to trigger action by a PulseNet

Pulse amplitude pro les with up to 1ns resolution

GPS-derived timestamping of evenis to 0.1 s precision

Electronics
1024 wide-band ampli ers for PMT signals
32 PulseNet chips for analog-to-digital conversion, coincidert pulse
recognition and storage,and astronony functions
12 microcortrollers 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
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Table5.1 (cont'd)

Initial observ ations
1% sky coverage( 10° stars) in 17hr of obsenation
0 optical pulsesdetected above threshold

1

Figure 5.2. All-sky obsenatory building viewed in pro le from the west. The roof rolls on
rails that span the southern telescope room (right), cortrol room (middle), and extended
northern roof support structure (left). The telescope sits on a separate concrete pier.

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, Massatusetts, homeof the 1.6m
optical telescope usedfor the targeted seart (Chapter 4). The telescog sits in a
specially-constructedobsenatory building that measure9m (N-S) 5m (E-W), as
showvn in Fig.5.2. It is a steeltruss structure (capable of supporting itself without
a roof) with an attached wood facade. The telescog sits on an isolated concrete
pier in the southern portion of the building, while the northern part comprisesan
environmerntally shelteredcortrol room for electronics, computers, equipmen, and
operators. A rolling roof is suspendedon inverted C-shaped rails that spanthe length

of the building and extend another 7m to the North on a steelsupport structure. A
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custom cortroller powersa DC motor that translatesthe roof alongthe North-South
rails by turning a helical U-groove worm gearthat is wound by steelcableattachedto
eat end of the roof. During obsenations, the roof is parked to the North; it canalso
extend slightly over the south wall to lift heary equipmern into the building. Two
\barn doors" openthe top portion of the south wall for low-declination obsenations.
The bottom portion of this wall is attached with bolts, and can also be removed.
The cortrol room housescomputers and cortrol electronicsfor seweral devices.
The \Shulsky box" is an 18-port power-corirolling devicewith manual switchesand
computercortrol. Camerasallow for remotemonitoring of the cortrol room, telescoge
and roof positions, and building exterior. Infrared lights ensuregood illumination for
thesecameraswhile maintaining darknessin the PMT-sensitive visible spectrum. A
commercialweather station (Davis Vantage Pro2) recordsand monitors ervironmen-

tal conditions and will allow automatic roof closingduring inclemert weather.

5.4 Telescope and optics

As shown in Fig.5.3, the telescoge is a \quasi-Newtonian" with a 1.8m spherical
primary mirror anda at 0.9m secondarymirror inclined at 225 from perpendicular
to the optical path. The dashedgreenlines show the optical path from primary to
secondarythrough the an appraximately 60{40 plate-glassbeamsplitter and onto two
matched focal planeswithin the camera.

As a transit surwey instrumert, the telesco is steeredonly in declination; the
hour angleis xed onthe meridian. The declination drive systemis a 1.2m-diameter
aluminum arch rigidly attached the telescop frame that is friction-driven by a step-
ping motor. Computer cortrols enableprecisepositioning of the telesco (x5.8) and
mercury limit switchesprevent the it from rotating past critical angles.

The telescop is coveredin a mylar coat with a transparert window to minimize
dust accurulation. The primary and secondarymirrors both have heatersto prevert

condensation.
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Figure 5.3. Telescog and cameraviewed from above. The dashedgreenlines trace the
optical path through the system.
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Figure 5.4. Ray-traces showing optical abberations in the image plane for a point source
at in nit y (for three o -axis angles). Results are shawvn for a spherical primary mirror (top
three grids) and parabolic primary mirror (bottom three grids). The scalefor ead grid is
0.5arcmin per square.

5.4.1 Spherical vs. parab olic

The sphericalprimary mirror doesnot produceastronomical-quality images.Because
the telescope wasnot intendedfor high-resolutionimaging, this is not a problem. The
camerapixel sizeis relatively large, and waschosento match the mirror's  1:5arcmin
point sourceblur circles.

Fig. 5.4 illustrates the tradeo s betweena sphericaland parabolic primary mirror
(which we also considered).Uncorrectedsphericalmirrors are rarely usedin astron-
omy becauseof sphericalabberations, which are essetially independert of the angle
0 -axis, , becauseof their symmetry. For thesemirrors, the angular sizeof the blur

circle due to sphericalaberration is given by

1

Bsa = m; (5.1)
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wheref =d is the ratio of the mirror's focal length to diameter, and Bs, is expressed
in radians. For the f =d= 2:5 all-sky telescop's primary, Bsa = 1.5arcmin, asshowvn
in the top ray-trace in Fig.5.4.

Parabolic mirrors focusan on-axispoint sourceto a perfectpoint in the focal plane,
and nearly on-axis sourcesare only slightly distorted. Many optical telescopes use
parabolic 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, asin Fig.5.4. The angular size

of theseconesis given by
3

Bcoma = W; (5.2)
where B.oma hasthe sameunits as . For an f =d= 2:5 parabolic primary, Bcoma =
1.8arcmin at 1 o -axis (as shawvn in the ray-trace in Fig.5.4).

Sincethe all-sky seart only imagescoarsely and a wide eld of view is essetial
for the surwey, a sphericalprimary is a reasonablechoice. Furthermore, becauseof
their symmetry, spherical optics are much easierto manufacture and are therefore
much lessexpensiwe. Given the price di erence (at leastan order of magnitude for a

1.8m mirror), a sphericalprimary wasthe only rational choice.

5.5 Photom ultipler tub es

The photodetectorsfor this experimert are Hamamatsu H7546 64-pixel photomul-
tiplier tubes (PMTs). They ead have a single photocathode and 64 independert
dynode chains and anodes, as shavn in Fig. 5.5. They function like 64 independert
tubes, although they have roughly the size and weight of traditional, single-pixel
PMTs.

The primary reasonfor choosinga PMT over other photodetector technologies
is the fast response shavn in Fig. 5.6. Their fast response( 3ns electrical pulse
width) and quick recovery time allow for singlephoton detection. Other performance
speci cations are similar to single-pixeltubes. The quartum e ciency (QE) peaks

at 20% between 300 and 450nm, but doesn't fall o completely untii  650nm
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Figure 5.7. Spectral sensitivity (left) and gain as a function of supply voltage (right) for
the 64-pixel Hamamatsu H7546 photomultiplier tube.

(Fig. 5.7). We operate the tubes at 900V, where they have a gain of 10° (also
Fig. 5.7).

All photomultiplier tubessu er from the relatively soft pulseheigh spectra(Fig. 5.6)
that results from cascadingmany low-gain stages. This makesit dicult to seta
threshold for an integer number of incidert photonssincetheir pulseheigh distribu-
tions signi cantly overlap. Thesepropertiescornrast with the single-stagegain of Hy-
brid Avalande Photodiodes(HAPDSs), usedin the targeted seard, that can cleanly
resohe small integer numbers of incident photons. On the other hand, HAPDs run
at much higher voltagesand su er from coronabreakdovn, as descrited in x3.4.1.

Onedrawbadk with thesemulti-anode tub esis non-uniform pixel responsé, which
canvary 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 areaof 18.1mm on a side,with ead of 64 squarepixels
measuring2 mm on a side(1.5°%in sky angle)with 0.3mm gapsbetweenpixels. Because

padkagingoverhangsthe active areaby another 6 mm on a sidethe tub esare staggered

1The non-uniformity results from the manufacturing challenge of evenly depositing the photo-
cathode material in vacuum when the glasscover is already in place.
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diagonally in the two matched focal planes.

5.6 Camera and electronics

The cameracortains the all-sky seart's photodetectors,beamsplitter, and electron-
icsin a frame of Rexroth extruded aluminum bolted to the East side of the telescofe.
The camera’soptical compartmert is shovn in Fig. 5.8, while the electronicscompart-
mert and chassisare shovn in Fig. 5.9. When the Shulsky Box-controlled shutter is
open, the telesco's converging optical beampasseghrough an enrance window and
impingeson the dielectric-coatedplate 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 accordingto Fig.5.10. An ambiert light detector below the left
PMT array automatically disablesthe PMT high voltage power suppliesduring non-
dark conditions. The Gelfand Flasher| (x5.7) producesoptical ashes on the badk
side of the beamsplitter that are re ected and transmitted into matched detector
pixels for testing.

When photons strike PMT pixels, they generatephotoelectronswith someprob-
ability. Hugely ampli ed in number through the PMT dynode chains, they are cap-
tured by anodesin the form of current pulses,and terminated in 50 loads. These
signalspassfrom the PMT boardsthrough multi-coax ribbon cables and on to the
daughterboards. From there the PMT signalsare ampli ed by arraysof 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 shown in
Fig. 5.9, the eight daugherboardsare held in placein horizortal rails and plug into
sackets in the vertically-oriented motherboard, which lies between the PMTs and

daughterboards.

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

3The 40-pin Santec cables (seenin blue in Figs.5.8 and 5.9) have the electrical properties of
single coaxial cables,but the convenienceand density of mass-terminatedribb ons.
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The arrangemen of daughterboardson the motherboard is shavn in Fig. 5.11. En-
hanced8051microcortrollers on the motherboard overseel/O with the 32 PulseNets
on eight daugherboards. Each daugherboard is servicedby one Seti microcon-
troller, which overseeghe Seti -related tasksof programmingPulseNetsand shuttling
their coincident evert capturesto the host computer. Every two daugtterboardsare
servicedby an astronomny microcortroller, which handlesthe PulseNets'astronony
functions| measuringcourtrates for the purposeof coarsebut diagnostic photom-
etry.

Fig. 5.12shovsthe complicatedcorresppndencebetweenPMT pixelsand PulseNet
pixels. Note that sincefour PulseNetsservicea given PMT (indicated by the PMT
pixels of four di erent colors), adjacen PMT pixels always comnunicate with dif-
ferert PulseNetsinsuring that ashes extending over pixel boundarieswill not be
missed.

A PC104 single-lomard computer sits atop the electronicschassisand comnuni-
cateswith the microcontrollers and PALs via dual-ported RAMs an ISA bus on the
motherboard. Other electronicsinclude chips to generateclocks for the 32 PulseNets,
programmablelogic (PALS) that timestampsPulseNetcoincidert everts with a GPS
clock accurateto 0.1 s. Additionally, the microcortrollers telemeterand report power
supply voltages,daugherboard temperatures,and camerahumidity.

The camerais enclosedvith aluminum panelsattachedto the Rexroth frame. Fans
circulate air and transport heat from the electronicsto heatsinkson two of the panels.
The only connectionsbetweenthe cameraand the rest of the obsenatory (besides
isolated power supplies)are with b er optic cablesthat provide network connectivity
to the PC104and 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.
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Figure 5.8. All-sky seard instrument { front. Two arrays of eight 64-pixel PMTs tessel-
late matched focal planesformed by a plate beamsplitter (coming out of the page) viewed
approximately from the perspective on the corverging optical beam. Each PMT is sock-
eted 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 signals
to the daughterboards (not shown). The motherboard sits vertically behind the PMTs
with daughterboards connectedon the opposite side. An ambient light detector belowv the
left PMT array automatically disablesPMT high voltage during non-dark conditions. The
Gelfand Flasher | is seenon the far left with a logic-lewvel cable connection;this device pro-
ducesan optical ash on the bad 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 elec-
tronics chassiswith power connectionsin front and blue 40-pin ribb on cablesconnectingto
the PMTs (the ribbons are visible on the left side of the chassis;seealso Fig. 5.8). Each
daughterboard supports four PulseNet chips and processesignalsfrom one pair of matched
64-pixel PMTs. Fanscirculate air and, whenfully enclosedwith panels,transport heat from
the electronicsto 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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Figure 5.11. Schematic of motherboard and one of eight daughterboards, which t in the
DBO{DB7 sockets. Each daughterboard is serviced by one Seti microcontroller (SuCO0{
SuC7; note the opposite numbering sensefrom the daughterboards), and every two daugh-
terboards are serviced by an astronomy microcortroller (AuC8{AuC11).
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nector (top). Each daughterboard receives signalsfrom two PMTs which are processedy
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Figure 5.12. Correspondencebetween PMT pixel numbers and PulseNet pixel humbers.
Signalsfrom a pair of PMTs (top) passthrough ribb on cables,terminate on a single daugh-
terboard (remainder of plot), and are servicedby four PulseNet chips. Note that adjacert
PMT pixels are servicedby separatePPulseNets (indicated by the four pixel colors) sothat
optical pulsesextending over the edge of one pixel will also be detected and serviced by
neighboring pixels. The PMT pixel numbers (0{63L, 0{63R) and PulseNet pixel numbers
color coded) are labeled on PulseNet pins.



5.7 Gelfand Flashers

The Gelfand Flasher| (GF1) and Gelfand Flasher|l (GF2) both emit short optical
pulsesto conduct complete end-to-endtests. The GF1 is a xed position asher
that residesinside the cameraand sendsits pulsesthrough the \fourth port" of
the beamsplitter, as shavn in Fig.5.8. The GF1's blue LED emitsa 50ns optical
ash, generatedby a user-cottrolled logic-lewel transition (which is connectedto a
microcortroller output in the camera). It has a mourted lens, but the unfocused
ash is bright enoughto trigger coincidert evers in 6{12 of the 32 PulseNets.PMTs
below the midplane are obstructed and rarely seeGF1 ashes. It was not intended
to test ewvery 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
cortrol. Photons from the GF2 travel though a lens and down a 1m-long tube,
cartilevered from the telescom drive plate out into the unfocusedprimary beam,
wherethey re ect o of a stepper motor-cortrolled 45 tip-tilt mirror and then follow
the traditional optical path o of the secondarymirror, through the beamsplitter,
and focuson 1 pixel pair. Computer cortrol should allow for testing of the ertire

active focal plane, perhapsbeforeead night's obsenations.

5.8 Software and user interface

Control overthe instrument, the obsenatory, andtheir subsystemss achievedthrough
se\eral layers of electronicsand software (Fig. 5.13). At the baseare subsystemshat
have their own dedicatedcortrols. The roof drive cortroller, for example,hasphysical
buttons on a panelinterfacein the cortrol room, but canalsobe cortrolled electron-
ically through its serial connectionto cortrol software on a Linux PC (Costas). The
telescoge cortrol is similar; a paddle interface allows for hand-held cortrol, but com-
puter cortrol allows for position calibration and accurate positioning with respect

to celestialcoordinates. The telescom and roof cortrollers are conserative in relin-
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Figure 5.13. All-sky software and rm ware. Control software on a Linux PC (Costas) is
the communications and signaling nexusfor the all-sky seard. Using a web interface, with
events and state information loggedto an SQL database,it powersnearly all electronicsand
subsystemsthrough the Shulsky Box, orchestratesobsenatory functions (roof and telescope
movemen, weather monitoring, heaters,etc.), and communicateswith all electronicsin the
camerathrough the PC104.
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quishing cortrol to computers;ead have pairs of limit switchesthat rst indicate a
dangerousposition and then cut power to the drive motorsif the warning is unheeded.
A daylight sensor fabricated from a strand of wavelength-shifting b er, collectspho-
tons on the outer north obsenatory wall and delivers them to a photodiode in the
cortrol room. During daylight hours, the sensorpreverts the roof from moving north
(moving south is always allowed) via a relay interlock in the roof drive, unlessmanu-
ally overridden by a push-button. The cortrol softwareindirectly suppliespower to all
of the electronicsand subsystemghrough the Shulsky Box, an 18-port custom-built
power cortrol devicethat alsoo ers manual cortrol through a switch panel.

User cortrol over the cortrol software is achieved through a web interface that
gives nearly complete cortrol over the obsenatory and camerafrom any networked
computer (Fig. 5.14). The cortrol software is written in Python and usesCherryPy
to sene dynamic cortent from Kid templates. The AJAX-based (Asynchronous
Javascript and XML) interface automatically updates state and telemetry displays.
SVGs (ScalableVector Graphics) display real-time cortent including telescog and
roof position (upper right in Fig.5.14). This is badked by a seartable PostgreSQL
databaseof events and assaiated instrument/observatory states. Besideghe features
mertioned above, one can also program and query cameracomponens sud as Seti
and astronony microcortrollers, clocks drivers, DACs, and the GF1. Regularteleme-
try of the cameraand subsystemsupdate displays on the userinterface. Cameras
with infrared illuminators display pictures of the obsenatory to remove obseners.
This computing infrastructure is baded by a databasethat logsall everts* and the
completeinstrument state in which they occur. Manual obsenations are conducted
by a sequenceof commandson the web interface.

While obsenationsarecurrertly conductedmanually by a sequencef user-initiated
commandson the web interface, we plan to make the nightly obsenations a fully au-

tomated task. The cortrol software will follow a decisiontree and a set of standard

4\Ev erts" are de ned more broadly here than just coincidert everts in the camera. They are
the full set of actions that the control software initiates and obsenes. Examples include: roof
control commands,programming of cameracomponerts, regular telemetry requests,and serial port
communications.
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Figure 5.14. Web-baseduser interface for the all-sky seartr. The top toolbar displays
important instrument, obsenatory, and ervironmental data. Four panelsare selectedfrom
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GF1 test ash (waveforms, view of coincidert PMT pixels, databaserecords). The image
is in false color.
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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 seart (x4.2). The optical path includesre ections on
the primary and secondarymirrors (eadh 85%e cien t) and a beamsplitter (  92%).
The beamsplitter sendshalf the light to eady PMT array, which have broad 20%
plateausin quartum e ciency for = 300-450m (QE > 10% for 300-5251m; see
Fig. 5.7). The sensitivity of PulseNetdependson the value of Vs - Viet = Viigger @and
onthe pulseheiglt of asinglephotoelectron,V .. The initial obsenationsdescrilkedin
Chapter 8 usedVyigger = 250mV and V,e  15mV and triggered on 250mV/15 mV
= 17 photoelectrons. Combining these factors, for the most sensitive waveband
of = 300-450m, the all-sky instrument requires 250 photons on the primary
mirror to trigger. Thesephotonsmust arrive within ~ 3ns (the PMT pulsewidth) so
that their outputs pile up. The primary hasan areaof (0.91m)2 = 2.6m? sothe
overall sensitivity, with the current set of daughterboardsand initial obsenations, is
95photonsm 2in  3ns.

The threshold will likely improve for future obsenations iffwhen new daugtter-
boardsareinstalled. Assumingthat their highergainampli ers produceV,. = 50mV
and we can usea Vyigger = 150mV, the improved systemwill trigger on 3 photo-
electronsand will have an overall sensitivity of 17photonsm 2 within  3ns in 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 considered
the electronicschallengeof digitizing 1024 photodetector outputs at gigahertz speed,
looking for a pair of those signalsthat are simultaneously above a certain threshold,
and setting a switch to steer the coincidert signalsinto a memory The level of
parallelism in this designleadsto an enormousdata rate: 3.5Tb/s, the equivalernt

of the contents of all booksin print, every second. A primary limitation in meeting
this challenge was in high-speed chip-to-chip comnunication. If the digitizing of
matchedinput pairswasdonein di erent chips, then athousandor so 1Gb/s signals
would have to be piped around a printed circuit board to other chips that detect
coincident pulses,which in turn would needto setfast switchesto streamthe digitizer

outputs from the coincidert inputs into memory Implemerting this sdhemewith the
speednecessitatedby the intrinsic qualities of photomultiplier tubeswas simply not
feasiblewith commercially available chips commnunicating on printed circuit boards.
The solution wasto do the dicult parts|parallel digitizing, coincidencedetection,
fast switching of unusual and infrequert signalsinto memory|on a full-custom chip
wherethe timescalesare intrinsically much shorter and wherethe high-speeddigital

communication can occur on traceswith much smallerloads. Digital communication

with this custom chip could be done at the leisurely paceof microcortrollers. It was
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Figure 6.1. Simpli ed block diagram of PulseNet. Comparewith Fig. 6.2, the block diagram
shawing major blocks and top level signalsasthey are named in the PulseNet design les.

in this cortext that PulseNetwas conceied.

6.1 Overview of Design

The primary purpose of PulseNetis to detect and record coinciden signals from
16 matched pairs of PMT outputs, as shovn in Fig.6.1. Theseanalog signalsare
digitized at up to 1GS/s by comparing ead to sewen external voltages (Vf[6:0])
on the rising edgesof two interleaved clocks (fastclacka/ fastclackb). The resulting
7-bits/pixel/clo ck of thermometer code are encaled to 3-bits/pixel/clo ck and are
delayed by an 8-bit deeparray of 2-phaseshift registers. Meanwhile, a coincidence

trigger circuit looks for coincident pulsesin a matched input pair: it selectsone
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thermometer code bit from ead of the 32 PMT signalsand 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 switches that steer
the streaming samplesfrom the coincidert input pair into 256-bit long shift registers.
The SETI I/O cortroller then passesthe waveformsand coincider pixel pair address
o chip.

PulseNet's parallel and independert function is to measure\countrates"|the
number of pulsesexceedinga certain Vs in atime interval. With the appropriate Vs,
a courtrate is proportional to the photon ux onthe PMT pixel, i.e. it measureghe
brightnessof the star on that pixel. Courtrate measuremets are orchestratedby the
astronony 1/0O cortroller, which setsswitchesto selecta pixel pair and thermometer
code bit for a particular measuremety starts and stops four 32-bit ripple courters,
and passedghe courts o chip.

PulseNet cortains 250,000transistors and was fabricated through the MOSIS
Corporation on TSMC's 0.25 m CMOS process.The chip measures8.1mm x 3.1mm.
All circuits were full-custom designs,with the exception of the three syrnthesized
state madines(setiio, astraio (a module within astronomy, and memcontrolley. At
400MHz and 2.5V (standard operation) PulseNet dissipates1.1W, but has been
shovn to work at as high as 500MHz and 2.87V. PulseNetis fully functional and
thirt y-two of the chips are usedin the all-sky optical Seti experimert (Chapter 5).

A summary of PulseNet'scapabilitiesis givenin Table 6.1.

6.1.1 Notation

In the chaptersrelating to PulseNet, sansseriftype will be usedto indicate the names
of signalsand circuits that appear in the PulseNetdesign. Many of thesenamesare
unusual, and might otherwiselook like typographic mistakes.

There are se\eral typesof signal parallelismin PulseNet. A consisteh notation is
essetial to keepthings straight. As is standard practice, a signalthat is (n + 1)-bits

long will be written \signal[n:0]", and the mth bit of that signalis \signal[m]". The
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Table6.1. PulseNet{ summary of capabilities

Purp ose
Digitize 32 analoginputs at up to 1GSps
Detect coincident pulsesin 1 of 16 matched analoginput pairs
Store 512-bit long sample of coincidert signals
Measurenumber of times an input exceedsa voltage threshold (astronomy countrates)

SETI Capabilities
Detect coincidert pulsesin matched input pair)
Store 512 samples(including \pre-trigger" samples)

Astronom y Capabilities
Measurecountrates on 1 of 7 voltage thresholds (V,:[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 analogto digital cornverters
Each comparesinput to 7 voltage references(Ve[6:0]) on the rising edgesof two
interleaved 500MHz clocks for 1GSps

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

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

Miscellaneous
250,000transistors
Fabricated on TSMC 0.25 m processthrough the MOSIS Foundation
3.1mm x 3.1mm chip padkagedin an 84-pin ceramic leadlesschip carrier (CLCC)
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blocks (groups of repeated circuits) in PulseNet also use this notation. For exam-
ple, the third instance of the block samgencbankis written sampencbanf3]. When
referring to an arrayed signal that comesfrom an arrayed block, there is potential
confusionregarding what the index refersto. In this case,the block numbers are
moved outside the squarebradkets. For example,cp.add33:0] is the signalcp.add3:0]
from sampencban3].

Another type of parallelismhasto do with analoginputs comingin matched pairs,
e.g. in00A and inO0B? In general, capital A and B refer to matched input pairs.
Additionally, PulseNet also usestwo interleaved clocks to achieve a high sampling
rate. Signalsrelevant to oneof the clocks will include lowercasea or b in their names,
e.g. clka and clkb. Note that clock referencesare always lowercase,while pixel pair
referencesare uppercase. To refer to the set of all four conbinations of pixel pairs
and clocks, superscripts and subscriptsare used, e.g. memoug?.

These notations may all be usedin combination. For example, the membank
module acceptsencaled samplesfrom all four samgencbankmodels. Each sample
is 3-bits wide for ead combination of clock and pixel pair menmber. This set of 48

signalsis compactly written as G50..3[2:0].

6.2 Circuits

6.2.1 Top-level design

The top-level block diagram for PulseNetis shovn in Fig.6.2. Unlike Fig. 6.1 (the
simpli ed block diagram), Fig. 6.2 shows the top level blocks and signals organized
asthey are in the actual implemertation of PulseNet.

Thirt y-two analoginputs are sampledin four samgencbankmodules or \blo cks".
Within ead block, there are fourteen comparatorsper input, one for eat of sewen
voltage references(V,[6:0]) for both clocks (clka, clkb). As descriked below, the

comparatorsproduce 7-bit thermometer code, whereead bit is the 1-bit comparison

1A-channelinputs comefrom PMTs in the left focal plane and B-channel inputs are from PMTs
in the right focal plane.
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Figure 6.2. Block diagram showing the major blocks and top level signalsasthey are named
in the PulseNet design les. Blocks and signalsin the diagram, such as seti.io and G%@[Z:O],
are indicated in the text by sansseriftype. Compare with Fig. 6.1, the simplied block

diagram.
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betweenthe input and voltage reference.The thermometercode output follows three
paths. One path is immediately encaled from 7-bits per sampleto 3-bits per sample,
and is delayed in an 8-bit long shift register. In the secondpath, one of the sewen
bits is picked 0 in a mux from ead input and for ead clock. The data that are
selectedby the mux correspnd to the onehigh bit in c_coind6:0]. Thesebits gointo
a coincidencedetection circuit (an array of AND gates) which producesthe signal
coincadd[3:0], the addressof the coincidencepixel with that block. The third path
for the streaming thermometer code bits is usedfor the astrononmy 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 addressthreshold are courted in four 32-bit courters.

When a coincidenceis detected in one of the samgncbankmodules, the mes-
sagepropagatesto membankon coincadd[3:0], which cortains twelve 256-bit deep
shift register memories(3-bit samplesfor 24) and a state machine cortroller called
memcontrollerthat latches the coincidert pixel address,informs the sampgencbank
modules which input samplesthey should stream on G5[2:0], steersthose samples
into the memories,and comnunicateswith the setiio module.

PulseNet has two clock inputs, fastclacka and fastclackb, which are received,
fanned-out, and repeated to drive nearly all of the modules showvn in Fig.6.2. A
29-stagering oscillator operatesindependertly of all other circuits in PulseNet. The
bad-to-back inverters of ringoscoscillateat 1.6MHz; the exact frequencyis an ex-
cellert 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 sthemein greater detail. An analoginput (Vj,) is com-
paredwith V,¢[6:0] on the rising edgesof the interleaved clka and clkb, producing two
7-bit thermometer-caled outputs: Therm.a[6:0] and Therm.b[6:0] (upper left pane).

Note that V,[6:1] < Vi, sincePMTs produce negative pulses;in order to detect Vi,
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Figure 6.3. Thermometer code sampling scheme.

Q — Therm_a

Q (—Therm_b int

clkb

Figure 6.4. Flash corverters and senseampli er details. The comparators in Fig. 6.3 are
shown on the left; for eat clock phasethere are two cascadedStrongArm senseampli ers
followed by a latch (left). Circuit details for the senseampli er are shavn on the right.

samplesthat exceedits bias voltage (an artifact of spurious PMT signals), we set
Vet[0] > Vin. The right pane of Fig. 6.3 shows Vi, and V,[6:0] wired to compara-
tors that produce the thermometer coded samples. Note that the comparatorsfor
V,e[0] are wired in the opposite sensethat they detect Vi, > V,¢[0]. As an example,
the largestamplitude samplesof V;, on the left have Therm.a[6:0] = Thermb[6:0] =

0011110

Fig. 6.4 showvs one of the comparatorsin greater detail; Vi,is comparedto Ve

on the rising edgesof clka and clkb in modi ed strongam? senseampli ers, whose
outputs drive a secondstage of reduced-sizesenseampli ers (improving gain and

reducinghysteresis),followed by RS latches. The senseampli er [17,43]is a clocked,

2They are called strongam becausethe designwasoriginally usedasa ip- op in the StrongArm
microprocessor.
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regeneratie, gate-isolateddi erential ampli er (right pane of Fig.6.4). The design
provides good input isolation and a small aperture time (tens of ps) that canresole
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 (out;,, and outs) are pre-charged high when clk is low.
The input pair (Vj, and V,e) corverts the di erential input voltage into a di erential
currernt, which is integrated on intj, and int,s. When the sourcenode correspnding
to the high input, sa int;,, readesa threshold drop below \pp, the transistor above
this node beginsconducting, transferring charge imbalanceto outj, and outs. This
starts the regeneratie action of the cross-couplednverters at the top and the circuit

quickly latchesthe state.

6.2.3 Clock distribution

PulseNetis clocked by fastclacka and fastclackb, which are complememary. PulseNet
was designedto work at f sk = 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 successi® inverters where the inverter size increasesby
a factor of 2{4 with ead stage. The inverter horns feed repeaters, whose outputs
are destined for the sampencbankmodules. These outputs are delayed, howeer,
by inserting 2, 6, 10, and 14 inverters for the clocks that go to samgencbanfO],
samgencbankl], samgencbank], and sampencbank3], respectively. This o sets the
clocks in successi® samplersby 200ps soas smooth out the load on Ipp. Spikesin
Ipp |caused, for exampleby all of the samplersclocking syndironously|will cause
ground bounce( V = L di=dt) becauseof inductancein the bond wiresthat connect
power and ground to the chip.

For the 5mm long wiresthat connectthe clock driversto the four sampgencbank
modules, there are repeatersevery 1 mm to boost signalamplitude. The clock lines

are equalizedin length and also shieldedfrom parallel signal wires by ground planes
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Figure 6.5. Shift register memory unit cell { srcell
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Figure 6.6. Two-phasenon-overlapping clock generator{ 2phasegen

to avoid coupling to those signals.

6.2.4 Memory and coincidence circuitry

There aretwo main memorieson PulseNet. They are both basedon cascadinghe two-
phaseshift registercell in Fig. 6.5 and clocking it with the two-phaseclock generator
in Fig.6.6. The rst memory delays for eight clock cyclesthe 3-bit encaled samples
from every sampler. Sincethe shift register delays samplestaken with both clka and
clkb, it cortinuously storesthe previous sixteen 3-bit samples,for every sampleron
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 trig-
gered,memcontrollersetsmuxesthat steer 3-bit samplestaken on both clock phases
from the coincidenceinput pair into four 3-bit-wide 256-bit-deepshift registers. The
memcontrollemodule prevens the shift registerfrom over lling by stoppingthe clock

after 256 cycles. It waits to start clocking the shift registeragaintold to by setiio.
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In Fig. 6.6, The two-phasenon-overlapping clock generator,2phasegentakesthe
clock phiasits input and generateghe complememary phasephi_bar with aninverter.
The outputs, phil and phi2 are guararteed to be non-overlapping. This is because
phil for example,can only go high when the inverter that drivesit is poweredby a
p-channelfet that turns on only when phi2is low.

The non-overlapping phaserelationship betweenphil and phi2 makessrcellrobust
to data racing through. In Fig.6.5, rst note that srcell has two storage nodes:
intl and int3. In the rising edgeof phil the state of in is transferred to intl, and the
complemen of in appearson int3. On the next rising edgeof phi2 which is guararteed
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 onefull 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 receivesprogrammingdata and setsregistersa ecting
the whole chip, and it transfersto the outside world the coincidert evert waveforms
and related data recordedby other modules.

The setiio module hassewen I/O pins: an enable(en), a clock (SETIcIR, a reset
(rst), adata input (Progln, a data output (data), and two coincidencepins (Coincand
CoincOC which is an open-collectorversion of Coincthat is not used). The module
must be enabled(en high) for any I/O. It processesnformation on the positive and
negative edgesof SETIclk input (on Progl) must be valid on positive edges,and
output from the setiio channel of PulseNetis valid on negative edgesof SETIclk

The programmingsequencdor setiio is listed in Table6.2. The module must rst
be initialized with a low{high{lo w sequenceon rst in order to resetinternal registers
that keeptrack of the programming state (e.g. mode, 10_countetr and memcount.
The module is then programmedwith the following v e bits that completely set the

state of PulseNetfor programming tasks:
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threshend2:0] { the encaled threshold address;this is decaled into a 1-of-7

address,c_coind6:0], which selectsa V,:[6:0] asthe coincidencethreshold.

vetomode { 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), PulseNeterters
an unusual mode wherethe 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 edoing 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 decaded the programming data. This is a nice veri cation for
daily operation, and was extremely useful for initial testing. At this point in the
sequencesetiio is fully programmed,hasresetthe main memory (membank, hasset
the coincidencethreshold level (c_coind6:0]) and various other internal registers. It
switchesto mode= 1 (another state macdine variable) and is ready for a coinciden
ewert.

When sud an ewen is received, data from samplershasbeencompletelyprocessed
and stored in membankby the time setiio is noti ed on the internal node coinc ag.
The setiio module responds by setting the Coincpin and sequetially passingdata
regarding the coincidence,as shovn in Table 6.2. Thesedata are: the addressof
the coincident pixel pair in the form of two 1-of-4 addressegcoincblk_ add[30], the
sampencbanknumber that registeredthe coincidenceand coincpix add[30], the pixel
within that block), the decaded threshold address,veto mode and clock half states,
as before, and the 3072 samplesin the waveforms from the coincident pixel pair
(memouf?[2:0] 256).

The setiio module must be resetand reprogrammedbeforeit is sensitive to addi-

tional coincidences.
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Table6.2. PulseNet{ programmingsequencdor the setiio interface

pins state registers

rst Progin (input) data (output) Coinc mode 1O_counter memcount comments
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_end?2] 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 block 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
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Table 6.2 (cont'd)

pins state registers
rst  Progln (input) data (output) Coinc mode |O_counter memcount comments
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[l] 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[l] 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

6.4 Interface with astronomymodule

The astronomymodule handlesl/O for astronomny-related tasks. It cortains four 32-
bit ripple courters and the astraio module, which functions in a similar manner to
setiio. The astronomymodule performsonemain function (through se\eral steps): it
measuresourts. Courts aresimply the number of timesthat the sampledor a partic-
ular pixel pair are equalto or greaterthan a particular thresholdlevel. The pixel pair
is chosenwith pix.addend3:0] and the threshold level is chosenwith threshend2:0].
The four courters are for the clock edge(a/b) and pixel pair (A/B) conbinations.
Setting pix_ add enc[30] and threshenc[20] causesnuxesin the sampgencbankto steer
particular thermometer code bits from one pixel pair into linesthat directly feedthe
courters.

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

The programming sequencefor astronomyis similar to the sequenceor setiio,

and is listed in Table 6.3. The module must rst be initialized with a low{high{
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low sequenceon AstRstin order to resetinternal registersthat keep track of the
programming state (e.g. |0_counter and count323.

The module is then programmedwith the following seen bits:

threshend2:0]{ the encaledthreshold address;selectsoneV,¢[6:0] asthreshold
for astronomy measuremets. Note that this threshold addressis independen

of the one usedfor setiio.
pix.addenc[30] { the addressof the pixel pair whoseinputs are to be courted.

It responds by edoing the addressesf the threshold (c_ast[60], which is 1-of-
7) and the input pair (pix_blk ast[30] and pix.addast[30], eatr of which are 1-of-
4 addresses). At this point, astronomyis fully programmed and has set c_ast[60]
and pix_blk_ast[30]/ pix.add.ast[30] so that the appropriate sampleroutputs will be
courted. On the next rising edge of AstClk astronomyenablesits four courters,
which incremen on rising edgesof the selectedsamplerthermometer-caled output,
until AstClk is toggled again, when it stops the courters. The values on the four
courters are passedout on the next 128clock cycles. The module must be resetand

reprogrammedto measureadditional courts.

3For unknown reasons,this module sometimesdoes not reset with just one of these reset se-
guences,but always does for multiple reset sequenceswhich are now part the camera's cortrol
software.
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Table 6.3. PulseNet{ programming sequencdor astronomyinterface

pins state registers
AstRst Astin AstOut I0_counter  count32 comments
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_end?2] low 2 0
low pix_add_end0] low 3 0 pixel address
low pix_add_endl] 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 edho 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
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Table 6.3 (cont'd)

pins state registers
AstRst  Astin AstOut I0_counter  count32 comments
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 sequencefor astronomy interface. Seex6.4.
6.5 Layout

The pin assignmets and a die photograph of PulseNetare shavn in Figs.6.7 and 6.8,
respectively. It isimportant that the sampencbankblocks be closeto the chip's edges
so asto minimize on-chip wire length for the analoginputs. Someof the details of
sampencbanlare labeledin the instancealongthe bottom edgeof the chip in 6.8. Just
above the pins are eight vertical rectangles,ead with fourteen horizortal structures.
Ead rectangleis a 2-phase7-lewel sampler, with the circuit topology shown in the
right pane of Fig. 6.3. Signalsmostly ow from the edgesof chip toward the certer.
The 7-bit thermometer-caled samplesare encaled to down to 3-bits per sampleand
digitally delayed in the shiftmemmodules. After iderti cation in coincdetect the
signalsfrom inputs with coincidert pulsesare muxed out of samgencbankand into
membankin the middle of the chip.

The membank membankmodule cortains four 3-bit wide and 256-bit long shift
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Figure 6.7. PulseNet pin assignmeis with color key.
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Figure 6.8. PulseNet Rev. 2 die photograph with color-caded block namesoverlaid.
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register memories(lev and the syrthesizedstate macine (memcontrollerits seven
long rows of gates are visible in Fig.6.3) that cortrols the ow of data into the
memoriesand comnunicateswith setiio. Each 3-bit wide sampleis recordedin one
lev5module. Inside theseare the 256-bit-long hierarchical lev4 memoriesnestedlike
Matry oshla dolls: four lev3 per lev4 four lev2 per lev3 etc. down to levl which
contains four 1-bit shift-register cellsand clock driversfor those cells.

The I/0 modulesand their pins are relegatedto the corners,setiio in the upper
left and astronomyin the upper right. The four 32-bit courters (cnt32 and synthesized
state madhine (astraio) are visible. (Note that setiio and astraio are lessvisible in
Fig. 6.3 becausehey are coveredin an uninterrupted plane of the top metal layer, in
cortrast to the other modules which have regular holesin the top metal layer that
re ect and diract light.)

Most of the dark narrow lanes between blocks are full of global signal traces
and their repeaters. These lines typically go between the samgencbank and the
I/O 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 processfor routing power, clocks, and signals. \Ground bounce”|
the inductive e ect from currernt surges, V = L dl=dtfjw asa seriousconcernfor a
highly syndironousdesignlike PulseNetsoit wasimportant that all circuits have low
impedancepower and ground connections.(There are fteen of eat.) Becauseof the
needfor low resistanceyirtually all of m4 is dedicatedto Gnd and all of m5to Vpp.
The resistanceof ead stacked via connection( 20{30 for the full stak) is large
comparedto the resistanceof the ground and power sheets( 0.07 persquare). The
other three metal layers were usedfor signal and clock routing. Global signalsand
clocks were typically routed on m3 and local oneson m2/m1. Moduleswith many
data lines usually had m1 dedicatedto either vertical or horizontal traces and m2
dedicatedto the other.

Becauseof the worry of signal coupling, the analog referencevoltages (V,e[6:0])
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are bussedaround the chip in a ground-encloseding (like 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 PulseNetfor fabrication, an incremenal testing procedure(Table
7.1) was devisedto verify functionality of featuresin order of increasingcomplexity.

There are two versionsof 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" was fabricated in

May 2005and thirt y-two of thesechips are usedin the all-sky seart.

7.2 PulseNet Rev. 1

7.2.1 Problems

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

The rst problemwith Rev.1 wasan apparent \pp/ Gnd short in all chips tested.
Although it initially seemedserious,this minor problem was traced to an on-dip
design aw|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
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Table 7.1.

Incremenal PulseNettesting procedure

Test

Procedureand Commerts

1 Smoke test

2 Ring oscillator test
3 Clock PulseNet

4 Program Astronomy port

5 Test samplers

6 Test Seti coincidencelogic

7 Test sampler sensitivity

8 Ched for cross-talk

9 Testwith PMT outputs
10 Verify veto

Power PulseNet with \bp = 2.5V. Look for smoke and
elevated Ipp .

Ched for signal. Its frequency should be f ringosc  1.6MHz.
Slowly increasef tastcx from 50MHz to seweral hundred MHz.
Watch Ipp and make surethat it is linear with fastcik-

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

Use variable amplitude squarewavesand verify functionality.
Make surethat the Astronomy module courts these properly.

Sendlarge negative pulsesto a matched input pair. Verify
that coincidenceis recordedand that waveformsmatch input.

With feedbad through the Astronomy port, decreasenput
amplitude. Note minimum voltage di erences that trigger
samplers.

Verify that large pulseson physically adjacert pins do not
trigger.

Verify that PulseNet can trigger on real signals.
Verify that the veto mode feature works.
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taping Kapton polyimide Im over the relevant pin cortacts to prevert those pins
from electrically connectingin the test sacket.

The secondproblemwith Rev.1 was much more seriousand ultimately prevented
the chip from beingfully tested. While working through the incremernal test proce-
durein Table7.1,test #6 (the test of Seti coincidencdogic) failed becausePulseNet
failed to complete the programming sequence.Speci cally, when programming the
Seti module (Table6.2), it would successfullyedo all of the decaled 1-of-7threshold
addressbits (c_coinc[80]), but failed to echo the next bit in the sequenceyeto.mode,
and becameunrespnsive. The problem was independen of the values of the pro-
gramming parametersand was reproduced on se\eral chips.

It was later discovered that there was a race condition in setiio. The logic in
this state madine was written in Verilog and syrthesizedfrom a gate library. In the
programming sequencgTable 7.1), when mode = 0 and I0_counter= 11, it should
advanceto the state (mode = 0 and IO_counter= 12) on the rising edgeof SETIclk
Howe\er, the code to do this waswritten in sud a way that setiio chedked the value
of I0_counter and, if was 12, it immediately incremerted IO_counter This setup a
race betweenthe gatesthat ched the IO_counterregistersand those that set them.
This is especially problematic becauselO_counteris a 5-bit register and three of the
bits have to changeon the transition from 11to 12 (01011to 01100in binary). So
when one of the bits in IO0_counterchanges,its value is no longer 11. The other bits
of I0_counterthat shouldtransition may not.

The design a w wasespecially unfortunate becausesimulations usinggood models
for gate delays (Nanosim) veri ed the malfunctioning behavior after this problemwas
discovered. (Simple simulations (Verilog and IRSIM) done beforefabrication did not
reveal this problem.)

The solution was to rewrite and re-syrthesizethe setiio and astronomymodules
so that ewery variable is stored in two registers, one valid on the negative edge of
the relevant clock (denoted with a \ _n" su x), and onevalid on the positive edge
(\_p" sux). So,for setiio in PulseNetRev.2, there are two versionsof I0_counter

On a transition from 11 to 12 on the positive edgeof SETIclk the module cheds if
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Table7.2. PulseNetRev.1{ Ipp and Ipp°vs. fiasiei

ftastck (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. | PulseNettester board current (Ipp and Ipp 9 asa
function of clock frequency (f fastei). Iop ° is the current with
half of the samplersdisabled (clock_half = 0). Ipp and Ipp°
include cortributions from chips on the tester board besides
PulseNet.

IO_counterp = 11. If that istrue then it setslO_countern = 12. On the next negative
edgeof SETIclk 10_counterp is setto the value on I0_countern. Thus cheking and
setting 10_counterstill happenin clock cycle, but the two ewverts newer race, because

they happen at opposite clock edges.

7.2.2 Measuremen ts

The problem with setiio preverted Rev.1 from being usedin the all-sky instrument
and from being fully tested. Howewer, 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. Thesefrequencies
are consiste with HSPICE simulations shaving 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 expecteddistribution.

Measuremets of the power consumption(Table 7.2) shovedthat the currert (Ipp)
is approximately linear with clock frequency(f tastcik), @s onewould expect from the
P = lpp Wbp = frasta CVop 2 Mmodel of power dissipation (C is the capacitancethat has
to be chargedon the averageclock cycle). The quiescen currert at f 55 =0 MHz is

mostly dueto other componerts on the tester board. It is worth noting that the chip
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was not hot to the touch after being clocked f ¢as¢cik = 500 MHz for a few minutes.

7.3 PulseNet Rev. 2

The x to setiio descrited in x7.2.1 worked, and PulseNet Rev.2 passedall of the
testsin Table 7.2. Measuremets of f gjngosc Were similar to those from Rev. 1.

The only aspect of Rev.2 that hasnot performedup to speci cation is the clock in-
terface. With Rev.1, the chip could be clocked up to f tascik = 500MHz at \pp = 2.5V
with no problem. For an unknown reason,Rev.2 has poor input clock coupling at
high frequencies.For fi gk > 250MHz, the measuredfastclack amplitude on the
PulseNet pin trended downward for a xed fastclack power input (using a Hewlett
Padard H4677A Signal Generator, which is good up to 1GHz). It is not clearwhere
this power was going becausethere was only one substartive changeto the clock
receier circuit from Rev.1 to Rev.2. Input protection diodeswere addedto protect
against surges,but this would not have added enough capacitanceto produce the
obsened clock coupling.

The result of this problemis that PulseNetcannotbe clocked abovef fsicx =  300-
350MHz usingthe clock driver on the tester board. With signalgeneratormertioned
above, most chips could be clocked up to fasek =  450-500MHz at \pp = 2.5V, and
somechips were clocked up to fiasicx 575MHz at \pp = 2.75V.

Someadditional results from the testing procedureare descrited below. Seealso
Appendix C, which descrikesthe 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 shovs a PulseNet waveform reconstruction of a fast double pulse with a
closely agreeingoscillosco trace overlaid. For this test, PulseNet was clocked at
f tastek = DO0OMHz sothat the sampling rate was 1GS/s.

Fig. 7.2demonstratesan important capability of PulseNetin the cortext of optical
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Figure 7.1. PulseNet waveform reconstruction at 1GS/s with oscilloscope trace for compar-
ison.

Seti . It shows the reconstruction of a complicatedwaveform, the recording of which
during an optical Seti obsenation would be, to put it mildly, momertous. Howe\er,
the information-containing aspectsof this signalwould be completelylost on previous
optical Seti instruments. The Harvard targeted seart, for example, would record
the rise and fall times of one of the pulses,and possibly multiple ewerts if the signal
was broadcastfrequerily. The ewert-driven experimerts (e.g. at Leusdiner and Lick
Obsenatories) would detect extra \doubles" and \triples," but if reobserations of
the sourcedid not reveal an increasedevert rate, the original events would probably
be attributed to one badkground or another. Thus, PulseNet provides a unique and
important experimertal tool | the ability to preciselymeasurethe waveformsthat

trigger the instrument.
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Figure 7.2. PulseNet waveform capture demonstrating the ability to trigger on and resole
the details of a signal with high information corntent. This test signal showns characteristics
that would generateenormousexcitemen if it were obtained while observingan astrophys-
ical source. Information is encaded to two ways: by the grouping of pulsesin the Fib onacci
Sequence(l, 1, 2, 3, 5, 8, 13, :::), asindicated by the numbers above the pulses;and in

the four pulse amplitudes, a genetic code whosesequencds the beginning of the rib osome
genome[69], asindicated by the RNA baseabbreviations (a, u, g, ¢) below the pulses. Suct

a signal would clearly be of intelligent origin (pulsars don't know integer arithmetic), and
would have profound biological implications, possibly demonstrating a common biochem-
istry in independert ewlutions of life.
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7.5 Input sampler oset voltage measuremen ts

The nal setof measuremets presetied in this chapter are the statistical properties
of the samplero set voltages. V, st measureghe extra voltage that must be applied
to onesenseampli er input sothat the circuit thinks that the inputs are equal. The
scatter in this bias translatesinto scatterin the trigger thresholdsfor the 1024PMT
pixels, which ultimately increaseghe rate of badkground events and limits sensitivity.

There are 448 1-bit comparatorson PulseNet (16 pixel pairs 2 inputs per pixel
pair 2 clocks and 7 thresholds) and 42 chips were tested using the automated
procedure descriked in SecC.3 for a total of 18816 measuredvalues of Vys ON
di erent senseampli ers, a statistically-rich data set.

The rst step in analyzing this data was to remove the pixel-dependen o sets
that resultedfrom variations in PCB trace lengths and impedancedor the samplers'
inputs, aswell asthe consistem o sets dueto clock coupling (for inputs whosetraces
happen to be near the clock traces). This e ect is shavn in Fig. 7.3 and its removal
is illustrated in Fig.7.4.

Having removed the experimertal bias, we can examinethe distribution of V, set ,
showvn in Fig. 7.5 with subplots for combinations of pixel pair menber (A/B) and
clock phase(a/b). Fig.7.6is similar, with subplots for the sewen threshold voltages.
Uncalibrated o sets areshown in red, and calibrated o sets in blue. The 1{ variation
for the whole datasetis about 11mV, which is consisten with the 15mV o set
for the senseampli er input pair (Fig. 6.4) predicted by the model in [48]. There
appear to be no consistem o sets in the subplots of Fig. 7.5, so we must conclude
that the clock phasesand input pair menbers are equivalert, at least in terms of
o set voltage.

Fig. 7.6 revealsa consistem small o set for samplersassaiated with two reference
voltages, V(ef[0] and V,[6]. This makessenseupon consideringdesignchoicesmade
when organizing the layout of the samplersarrays in PulseNet. At times it was
necessaryo run aclock line (which transitions frequertly, and haslarge drivers) next

to the voltage references. So as to minimize the impact, traces for the V,e's were
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kept in a tight grouping, with V,¢[0] and V,¢[6] on the outside. The sensitivity of the
samplersassaiated with theseV,¢'s is far lessimportant than those assaiated with
Vief[1] and V,e£[2], which measuresmaller voltage di erences. In any case,3-5mV is
a very small o set.

Fig. 7.7 shavs o set voltage variation away from the nominal supply voltage of

\bp = 2.5V and the nominal bias voltage of Vpi,s= 1.5V usedin Figs.7.5and 7.6.
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Figure 7.3. Uncalibrated sampler o set voltagesfor 52 PulseNetsshavn in 32 panels, one
for eath of analog input. Each panel shovs 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 substartial 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 impedancevariations, as well as timing-dependen

clock coupling (e.g. some pixels always have a certain amount of clock coupling at the

sampling time).
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Figure 7.4. Calibrated and uncalibrated sampler o set voltages sorted by pixel. Uncali-
brated distributions for all combinations of pixel number (0{15), pixel pair member (A, B)
and clock phase(a, b) are shown in the plots on the left, with the sum of those distributions
shawn in the top left. The plots on the right are samedistributions, but with their mean
values subtracted (so as to remove o set voltage cortributions from the test setup). The
resulting calibrated distribution for all pixels is shavn in the top right.
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Chapter 8

All-Sky Optical SETI Data

Analysis

This chapter summarizessensitivity measuremets and calibrations of the all-sky
camera,aswell asinitial obsenationsandtheir implications. The obsenationstotaled
17 hours over three nights. While thesetotals are small comparedwith the targeted
searth ( 2400 hours over v e years), the wide eld of view and large number of
pixels meanthat it hasalready obsened signi cantly more stars and sky areathan
the targeted seart). The initial obsenations also provided a way to dewelop general

observingproceduresand to plan for automated obsenations.

8.1 Calibration of telescop e position

Before observing, it is important to know preciselywherein the sky the telesco
is pointed. The all-sky telesco@ and camerawere calibrated by observinga transit
of the Moon. In the Lunar transit depictedin the two panelsof Fig. 8.1, the certer
of the Moon crosseshe local meridian with a declination of dy at a time to. (The
right ascension = tp 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
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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 measuringthe time t; that the right edgeof the moon impingeson
the edgeof the PMT OL. The right panel shows calibration of declination ( ) by recording
the telescope declination d; for which the bottom edgeof the moon impinges on the top
edgeof PMT OL.

local meridian via the Eq.8.1, which is derived by inspecting Fig. 8.1:

t=1 tottw tpmT;

(8.1)

wherety, (Moon'sradius) andtpy 1 (the distancefrom the PMT edgeto the vertical
midline of the PMT array) are measuredin drift time.

A similar analysisof the telescoge declination d; (which is set through the tele-
scope drive cortroller) that aligns the bottom limb of the Moon with the top of a

PMT vyields the o set betweenthe horizontal midline of the array and the telescog
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declination:
d=d; do du dpmr (8.2)

whered,, is the Moon's radius.

Thesemeasuremets wereperformedon PMT 4L and PMT 5L for the Lunar tran-
sit on 7 May, 2006vyielding 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 horizortal midline of the PMT array is 85mm above its expected location
basedon the telescop drive setting.

In the future, calibrating the telescope position may be an automatic function
done photometrically using PulseNet'sastronony mode to watch stars drift through
the PMT arrays.

8.2 Measuremen ts

8.2.1 Minim um observing declination

Measuringthe southern-mosttelesco observingangledeterminesthe fraction of the
sky accessiblgo the all-sky instrument. During normal operation, a mercury limit
switch preverts the telesco from pointing belov = 20 . At this angle, the
telescope points signi cantly above the tree line and hasan unobstructed view of the
sky. By removing the bolted-on south wall of the obsenatory (below the barn doors)
and rotating the south limit switch to accommalate, there is nothing to prevernt the
telesco from observingdown to 30 .
Thusthe telescopis capableof observingdeclinationsin therange 30 < < +90 .
The areaof this portion of the sky is
1 Z 2 yA 90
— cos d d = 75% (8.3)
4 0 30

This is a slight increasein sky areafrom the 64% for the planned declination range
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coincidert events during 1-minute obsenations asa function of threshold voltage. Compare
with Fig. 8.3, which plots these measuremets sorted by PulseNet pixel number.

20 > > +70 .

8.2.2 Camera Sensitivit y

The sensitivity of the all-sky instrumert is determinedlargely by the thresholdvoltage
usedto trigger coincidert PMT signals,e.g.Vinresh = Vbias{ Vret[1]. Unfortunately the
camerais not noise-free.There are seweral reasonghat the PulseNetsmay trigger on
smallerPMT signals(becauseof threshold/bias o sets and asymmetries)or on other

signalsmay coupleinto the PMT signals(beforeor after ampli cation). The list of
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candidatesincludes:
coupling with clock traceson the daugherboards
coupling with coronadischarge on the PMTs

o set-voltage di erences between PulseNet samplers| the 1{ variation for

onesampleris 11mV (seeFig. 7.5)

ampli er gain variations | the speci cation for small signal gain at 900 MHz?!
is 21*3 dB. This is probably a conserative estimate, but on the high side of the

range,3dB isa 40%increasein gain.

variable PMT cathode sensitivity | the variation can be as high as a factor of
2{3 on atube, but typical pixelsvary by 30{50%; note that this variation will

not a ect the single photoelectron pulse size,just the rate of sut pulses.

To determine the threshold voltage for obsenations and to chedk for sourcesof
noise,the camerasensitivity was measured. Each measuremenwas a 1-minute ob-
senation on a dark night during which the number of pixel pairs (for all 512 pixel
pairs in the array) that registeredat least one coincident ewernt were courted. Many
obsenations were made at se\eral threshold voltagesto obtain Fig. 8.2.

Note that above Viesn = 170mV, no coincident everts were recorded. Between
125{150mV Fig. 8.2 showns a sharp increasethat levels o to 50{60 pixel pairs for
Vinresh < 125mV. For Vinesn < 150mV, the total number recordedin ead 1-minute
obsenation was approximately the same. This is likely the result of a nite ewert
processingrate (a few per second)with the PC104 and host computer. For obser-
vations at the high end of the threshold range (Vinresn ~ 150mV), the ewvents were
concertrated in oneto three pixel pairs in the ertire array, ead of which receiwed
20{50 ewerts. For obsenations with Viyesh < 150mV, the ewverts were distributed
much more evenly amongthe larger number of pixel pairs that recordedany eerts;

in this threshold range,there wereno pixel pairs that recordedmorethan v e e\erts.

ITypical gain at lower frequenciesis about 1dB (12%) lower, but minimum and maximum values
are not stated in the data sheet.
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Fig. 8.3 plots the samedata sorted into 16 subplots according the to PulseNet
pixel number?. Note the tracesfor PulseNetpixel numbers 1, 2, and 3 (highlighted
in red); for Vinesn < 150mV, these pixels are responsible for a large fraction of the
total events. There is clearly something unusual about these PulseNet pixel hum-
bers1/2/3, whosecorrespnding PMT pixels uniformly tessellatethe ertire array of
photomultiplier tubes. This correlation only appearswhen the pixels are sorted by
PulseNetpixel number, and not by PMT pixel number.

The above data suggestthat there are (at least) two classesof the ewvents in
Figs. 8.2 and 8.3. For Viresn 150mV, the dominant sourceof everts must be
spatially localizedon the daughterboardsin sud a way that favors certain PulseNet
pixels. The likely culprit is coupling from fastclack. Inspecting the daugherboard
PCB rewealsthat signal traces for PulseNetinputs in00B, in01B in02B and in03B
run closeto termination resistorsfor fastclack; the trace for in01B (the pixel with the
largestnumber of pixels with coincidert ewvers in Fig. 8.3) runs between the fastclack
termination resistors.

There is another hypothesisfor the concenration of events in low PulseNetpixel
numbers. It is more complicatedand doesn't t the obsened data nearly as well as
the fastclack-coupling hypothesis. This hypothesishasto do with the priority given
to multiple coincidert ewvents that occur on the sameclock edgein a single PulseNet
chip. A setof sud coincidencesould be generatedby a transiert that a ects a large
number of inputs. When multiple ewerts are received, the memcontrollermodule
in PulseNet gives priority to samgncbank, which correspnds to PulseNet pixels
0{3, over sampencbank13. The memcontrollermodule within membankcheds for
coincidert ewerts from the four samgencbankblocks (by chedking 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

2The 512 pixel pairs in the array can be classi ed 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. inOOA=IN00B) on PulseNet chips. PMT pixel pairs with the
samePulseNet pixel number may be from quite di erent locations in the photodetector array, but
usethe samePulseNetinputs (on di erent chips) and samplesimilar electrical environments on their
respective daughterboards as the signalsare routed from the ampli ers to the PulseNets.
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normal operation, whereewerts areinfrequert and uncorrelated,only onebit of this 4-
bit addresswill be high (correspnding to the pixel within that block with the evert),

and the 1-of-4 addresswill mask the the appropriate bits of the streaming input

samples(Gi50::3[2:0]) sothat samplesfrom the coincidert pixel pair (e.g. Gi50[2:0])

are passedout of samgencbankand stored in memory Howewer, if two or more bits

of coincadd a(3:0] are high whenit is latched, the maskwill bitwise OR the samples
for the pixels with ewerts, resulting in meaninglesslata storedin memory.

This hypothesis has two obsenable consequencesOne is that there should be
more everts in PulseNetpixel number 3 than in 2, morein 2 than in 1, etc3 Sud a
trend is not obsened in Fig. 8.3. The other obsenable consequencés that waveform
data from sud ewerts will be meaninglessconbinations of seeral waveforms, and,
whenplotted, will appearatypical. A small number of waveformsdo have an atypical
appearance(among other things, they appear to lack samplesat voltage levels that
would have triggered PulseNet), howewer there are other possiblereasonsfor this.

In either case,a hypothesisthat explains ewverts at low pixel number does not
accoun for all everts in Figs. 8.2and 8.3. For Vinesh  150mV, the ewerts are con-
certrated in a small number of PMT pixels that are independert of PulseNet pixel
number and are consistet from one obsenation to the next. Thesehot pixels are
likely on the tail of the Vinesn distribution. This distribution probably has cortribu-
tions from most of the bullet points above: hot pixels may experiencesomecoupling
from fastclack; they are probably on the high side of the PMT cathode sensitivity and
ampli er gain distributions; and their PulseNetsamplero set voltagesare probably
afew from the mean.

Improving the sensitivity remainsa challenge. The clock-coupling medanismwill
likely be reducedin a planned daugherboard replacemen since the new daugher-

board has ying clocks. The hot pixels may be dealt with by individually tuning

3This is becausesoftware in the host computer calculatesint(log »(coincadd.a0[3:0])) to determine
the coincidert pixel address. When coincadda0[3:0] is a 1-of-4 addressthis function properly
identi es the pixel address(0{3) within the given block. However, if coincadd.a([3:0] has two or
more bits high, the result will be the highest pixel number (0{3) that registeredan evert; information
about lower pixel numbers are lost when log,(coincadd a0[3:0] is integer truncated. The software
can and should be rewritten to identify and handle such multiple coincidenceevents.
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the componerts along those signal paths. Sud (time consuming)solutionsinclude:
verifying solder joints connectivity for componerts near those signals (particularly
on ampli er bypasscapacitors), replacing the ampli ers on hot pixels with slightly
lower gain versions,and changingthe 50 termination resistorsto reducePMT 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 de-
velop a set of manual observing procedures(Fig. 8.4) before conducting the initial
obsenations descrited in x8.4. An important aspect of this is the tests on the camera
functionality done ead night, and other set of tests before eatr 30-mirute obsena-
tion. Additionally, telemetry data provide constarn feedba& on the the programming
state of the PulseNets,clocks, and programmablevoltages, the state of power sup-
plies, and ervironmertal conditions. In an experimert looking for rare ewens, it
is easyto confusean unresponsive or malfunctioning instrument with one making
obsenations with null results.

The \self-coincidencetest" veri es that all 32 PulseNetscan be programmedand
properly detect and record coincidert events. This test relieson the trick of reversing
the standard ordering of V,e[6:0] and Vyias by setting Vies[1] > Viias and setting the
PulseNetsto trigger on V,e[1]. Sinceall 32 PulseNetswill immediately register coin-
cidencesthis cheds the health of thesechips aswell asthe layers of comrunication
betweenthe userinterface and the electronics.

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

For nightly operations to survey the whole Northern sky, these procedureswill

likely be automated.
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Table8.1. All-sky survey | initial obsenations

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

8.4 Initial observations

The initial obsenations listed in Table 8.4 were conductedover 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 equa-
torial plane soasto maximize sky coverage(at the expenseof dwell time per source
point).

These obsenations sened se\eral purposes:they tested the instrument, encour-
agedthe dewelopmen of observingprocedures,and, becauseof the sky coverageand
sensitivity of the all-sky instrument, thesesmall number of initial obsenations com-
prise the most extensie seart for pulsed optical extraterrestrial transmitters ever
conducted.

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

following parameters:

fastclack was set to 300MHz for a double-edgesamplerate of 600MS/s and a

samplinginterval of 1.7ns

Threshold voltage programminglevels: the threshold voltage was 250mV using
Vief[2] as the trigger with the referencevoltages spacedas follows: V,[0] =
1.700V, Vpias = 1.500V, Vief[1] = 1.375V, Vier[2] = 1.250V, Viee[3] = 1.100V,
Vief[4] = 0.950V, Vies[5] = 0.75V, V,ef[6] = 0.500V
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PMT high voltages: all PMTs were programmedto 900V

There were two \triggers" and zero\everts" detectedduring the rst night. No
triggers or everts were recordedin 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 subsetof thesethat passsanity chedks are called
\evens." The two triggers on 26 April, 2006are not classi ed as ewerts becausen
ead casethe trigger wasrecordedsimultaneouslyin seeral PulseNetsthat correspnd
to non-adjacen PMT pixels. This non-locality is a signature of background triggers,
and is an anti-signature of geruine optical pulsesimagedthrough the telescom that
are focusedto a spot size encompassingat most four adjacen pixels that sharea
corner. Note that thesetriggers are probably not due to Cerenlov radiation from
cosmic-rgs. Scaling the result from x3.3.2, the minimum energy cosmic-rg that
would deliver 100photonsm 2 into a PMT pixel is 10 eV, which hasa frequency
about onceewery seeral yearsfrom an arbitrary point on the ground.

These initial obsenations covered 1% of the sky (400sqg-deg), as illustrated in
Fig. 8.5. Note that this is approximately a factor of 4000larger than the sky coverage
for the entire targeted seardr. The number of objects obsened is also impressie.
Using a model of 10’ Sun-like starsin range (and 10 total starsin range), 1% sky
coverageimpliesthat  1C° Sun-likestars| afactorof 200morethan in the targeted
seard | were surveyed for 48secead. Even with a consenrative threshold voltage
setting of 250mV, the initial obsenations had appraximately the samesensitivity as
the targeted seart (95photonsm 2 in  3ns), and no obsenations produced ewerts

that were consistem with geruine interstellar optical ashes.

“Note that the instrument successfullydetectedthe optical pulsesin the Gelfand Flasher | tests
conducted before eat obsenation. The lack of triggers/events during the obsenations these two
nights doesnot indicate malfunction.
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Table 8.2. Comparisonof all-sky survey and targeted seard data

Targeted Searth All-sky Survey

DS¢lean DSoverlap Initial Obsenations  Full Survey
Sensitivity (photons/m ?) 100in 5ns 100in 5ns 95in  3ns 17in 5ns
Sky Coverage 0.0002% 0.00005% 1% 64{75%
Objects 4730 1142 10° 10°
Obsenations 11,600 1721 17 2700
Obsenations per object 2.5 15 1 1
Observing time 1721hr 244hr 17hr 1350{1800hr
Observing time per object 22min 13min 48sec 48{140sec
Everts 274 130 0 {
Event Rate 0.16hr 1 0.53hr ! 0.00hr * {
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 seard. Data for the targeted
seart are from Table 4.2. The events and triggers listed for DSoyenap are the number recorded
in the Harvard targeted seard instrument; none were con rmed by the Princeton instrument.
For the all-sky survey, projected numbers are listed for seardhesranging from 20 < < +70 to

30 < < +90 . The sensitivities listed are for the wavelength rangeslisted in x4.2 and x5.9 and,
in the caseof the full survey, assumea successfuldaughterboard upgrade.
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8.5 Implications

8.5.1 Metho dology

By adapting the procedureusedin the targeted seart (x4.11.2), we can put con-
straints 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 detectedsignals
from extraterrestrial civilizations.

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

A necessaryrst step in this analysisis constructing models of the density of
stars that are close enough for optical communication and of extinction, both of
which are functions of the structure of the galaxy and depend on observingdirection.
In general, the density of Sun-like stars within range is a function of the celestial
coordinates, right ascension( ) and declination ( ). Constructing sud a detailed
model for «as( ; ) Is complicatedand will be left to future work.

We will usea simplemodel: a uniform density of starswithin range,of which 10%

are Sun-like. When integrated over the whole sky, yields 10 stars:

Y4
stars COS d d = 10° stars (8.4)

SFor the purposeof this model, \Sun-like" is an F, G, or K dwarf. This may be consenative,
particularly if M stars are found to have habitable planets.
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This model correspnds approximately to a range R = 1kpc and a lossof 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 works out to s 2400stars
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 700 stars
(70 of which are Sun-like) at a time.

Although this approximation considerablysimpli es the analysis,we will dewelop
a methodologythat allowsfor the useof modelsof «4s( ; ) that dependon celestial
coordinates. This will be usefulin the near future when sud models are deweloped
to analyzedata from a full survey.

The next step in the methodology is to represeh each obsenation as a function

of the celestialcoordinates:

8
< taie ( ) for all ( ; ) obsenedin the ith obsenation

Ti( ;)= _ (8.5)
-0 otherwise
where tgiz ( ) = (48sec)/cos . That is, when plotted, eat T;( ; ) looks like one
of the rectanglesin Fig. 8.5, and has an 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 cover the the Northern sky ( 20 > > +70 ) oncewith
30min. obsenations, there will be 27000f them.

Recallthat in the targeted seart analysis(x4.11.2)ead obsenation of duration
topsy Nasa correspnding probability of detection, popsy(P) = min(1; topsy=P), that is
a function of the transmitter repetition period P. The analogousstatemert in the
all-sky seart is that for the ith obsenation, T;( ; ) hasan assaiated probability
density function,

p( 5 sP)=min(LTi( ; )=P); (8.6)

wherethe minimum function boundsp;, 1.

Although no point in the sky was obsened more than once during the initial
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obsenations, they will be during longer runs. In the targeted seard, folding to-
getherthe probabilities of detection for multiple obsenations of the sameobject was

accomplishedwith EQ.4.2. For this seart we have

p( ;;P)=1 Y @ p(;;P): (8.7)
i

The nal stepin this analysisis to calculatethe expectednumber of signal detec-
tions for all obsenations, S. Recallthat in the the targeted seart analysis, this is
just S= f(P) P obj Pobj @nd we adjust f sothat the Poissonprobability of observing
zeroextraterrestrial signalse S = 0:5. To say it another way, we choosef sothat we
have a 50% chanceof successye assumethat the seart wason the cuspof detection

and f becomesan upper bound.
With probability densitiesinstead of probabilities, we have to integrate over the

celestialcoordinatesinstead of summing over objects:

Z
S=1(P) P( ; iP) 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

(7 P) s Jo0sdd (8:9)

f(P)=min 1; PRp

where the minimum function boundsthe density of extraterrestrial transmitters at

100%of stars.

8.5.2 Constrain ts on transmitting extraterrestrial civilizations

Applying the methodology of x8.5.1to 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
seart (Fig. 4.7) are plotted in blue (Harvard seart) and cyan (Harvard-Princeton

joint obsenations). The dashedlines from these plots represen the data reported
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in Chapter 4 and [35], while the solid lines represen the addition of 1.5yr of ob-
senations (through May, 2005, when the searties ended). Additionally, the green
trace approximates the limits that could be set by null obsenations with the all-sky
instrument by observingthe Northern sky twice.

The featuresof the targeted and all-sky seardiesare apparert in plots of f (P).
The wide eld of view, 512 parallel pixels, and resulting large number of stars si-
multaneously obsened, give the all-sky seard the capability of setting more sensitive
limits on the fraction of starswith transmitting civilizations. Onetrade-o is reduced
obsenation time per star. The f (P) curvesfor the targeted searfiesthus extend to
the right (longer transmitter repetition periods) at their maximum sensitivities. To
be fair, Fig. 8.6 may underestimatethe e ectivenessof the targeted seartes since
they obsene a non-randomset of stars.

It is important to considerthe vertical scalein Fig. 8.6in the cortext of estimates
for the number of transmitting civilizations N (seex2.1.3). Estimates for N range
from 1{106. At the optimistic endofthe range,N = 1 correspndsto f = 2:5 10 ©.
If civilizations are paded 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 accouriing for the unknown advantage of target selection). The all-
sky survey does much better by this metric. Initial obsenations with the all-sky
instrument (1% of the sky) achievedf (P) 7 10 for P < 48sec,which correspnds
to alimit of N 3 1P, usingthe alove model for extinction and stellar density. A
full sky survey hasthe potential to constrainf (P) 10 8, achieving a sensitivity of
N 4 10

8.6 Recommendations for future work

The all-sky experimert took 6{7 yearsto dewelop and build (including designingthe
obsenatory building, telescoge, instrument, PulseNet, etc.). Surweying the North-
ern sky is the obvious next step. This task will be made easierby automating the

obsenatory and instrument for unattended obsenations; the observing procedures

143



(Fig. 8.4) should sene as a guide when deweloping the automation.

A full survey of the Northern sky will comprise,by far, the most comprehensie
optical seard ever. Our ability to calculate the implications from sud a seart 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. Sud a model
would allow for more meaningful application of the methodology in x8.5.1.

The sensitivity of the all-sky seart could be signi cantly improved. In the ini-
tial obsenations, the voltage threshold was set at 250mV 17 photoelectrons. By
identifying and xing hot pixels, this might be brought downto 150mV  10photo-
electrons. Howe\er, the residual background noiseof fastclack-coupling on PulseNet
pinsin01B in02B and in03Bwill limit the impact of this solution. Secondgeneration
daughterboards with ying clocks may cure the fastclack-coupling problem. How-
ewer, beforereplacing the daugherboards, all sourcesof badground triggers should
be more fully understood sothat 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. Pulsedinfrared Seti hasthe advantagesof greater signaling range
(due to decreasedscattering and absorptionin the IR; seex2.4.3), lower energycost
per photon, and decreasedstellar badkground. These are o set by the challenges
of building a sensitive instrument to detect infrared pulses. Terrestrial sourcesof
badground photons (including the atmosphereand the experimertal apparatus) are
signi cant. Contemporary detector technology (e.g. solid-state photomultiplier) re-
quires cryogenics,and is often limited by small sensitive area and slov response.
Major improvemerts in detector technology could enablepulsedIR seartes.

Optical Seti canbenet from collaborations with cosmic-ry and gamma-ray ob-
senatories [14, 23]. Sud instruments have large collecting areas (tens of square
meters), sensitivity to nanosecond-scaleptical pulses,and wide elds of view | pre-
ciselythe demandsof a sensitive optical Seti . Presettly theseexperimerts routinely
discard pulsescoming from point sourcesbecausesud everts are inconsistert with
the larger sourcesize of di use air showvers. Optical Seti programs could use the

large aperture and fast detectorsof theseexperimerts with no hardware madi ¢ ations
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at the site. The improvemert in collecting areacomparedwith the current seartes
is dramatic. For example, the Solar Tower Atmospheric Cherenlov E ect Exper-
iment (STACEE) usesa researt solar power plant with 200 large mirrors (37m?
eat). STACEE uses64 of thesemirrors to focuslight onto PMTs (one per mirror)

and triggers on coincidert pulsesin multiple PMTs. It's sensitivity is 2 photons
m 2, a factor of about 50 greater than the targeted searties and the all-sky sear

in its presen con guration. The mining of the data archives from cosmic-rg and
gamma-rgy experimerts hasjust begun. Jamie Holder from the University of Leeds,
and colleaguesrecernly begunsearting the Whipple 10m gamma-ra telescope data
archive for signalswith characteristics (compact and circular sourceimages)consis-
tent with pulsedoptical comnunication. This instrument hasseeral hundred PMTs

and can achiewve a sensitivity of 10 photonsm 2. The data archive cortains 5000

hours of observingtime [29].
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Figure 8.3. Dependenceof PulseNet pixel humber on sensitivity. For eadh numbered
PulseNet input pixel pair (of which there are 16 per PulseNet numbered 0{15), a plot
shaws the number of pixel pairs (from all 32 daughterboards) with coincidert events during
1-minute obsenations as a function of threshold voltage. The three red traces highlight an
excesf coincidert pixel pairs in PulseNet pixels 1, 2, and 3. Comparewith Fig. 8.2, which

conmbines these 16 plots.
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I YR 2N

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

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.

If you'd like, enable CoincMask on somef/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.
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
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, eah represenied by a rectangle in right ascensionand declination,
are summarizedin Table 8.1. The dashedline represens the galactic equator.
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Figure 8.6. Upper bounds on the fraction of stars with transmitting civilizations as a
function of transmitter repetition time for three searhes| the Harvard targeted seard
(DSclean) in blue, the Harvard-Princeton targeted seard (DSgyeriap) 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
shawn for ead 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=Ngp; for smallP andcutso atf = 1forP T=In2.
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App endix A

Optical SETI with Terrestrial

Planet Finder

This appendix was previouslypublishe& as an article in Icarus [33].

A.1 Abstract

NASA's space-lorne nulling interferometer(the Terrestrial Planet Finder { TPF) will
look for the tracesof early life in the infrared spectra of extrasolar planets, beginning
in roughly 2010. We point out that this instrument will alsobe sensitive to deliberate
laser transmissionsfrom a technologically advanced civilization. A kilowatt-class
infrared laserwith a 10-m beamdirector would producea signal visible to TPF at a

range of 15 pc that is distinguishablefrom astrophysical phenomenaand noise.

A.2 Intro duction

Slated for construction in roughly a decade, TPF will be a set of infrared (3-30 m)
telescos whose combined light forms a nulling interferometer. Although details
have yet to be worked out (separatedspacecraftvs. single spacecraft,and 1 AU vs.

5 AU orbit), its high angular resolution (0.75masat 3 m and a free- ying 1000m
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baseline,which is equivalert to 0.01 AU resolution at a range of 15 pc) will allow it
to examineextrasolar planetary systemswhile nulling the light from the parert star.
TPF will hunt for planetsand will examinetheir structure, formation, and ewlution.
It will alsoseart for the chemical signaturesof life on these planets, in the form
of CO,, H,0, CH4, and O3 absorption bands. We argue below that the featuresof
this spacecraftalsoallow it to receiwe and idertify intentional lasertransmissionsof
modest power from extraterrestrial civilizations.

Historically, the Cocconiand Morrison [1(] suggestiorthat SETI be carried out at
the 21 cmline of neutral hydrogencameat time whenno other astronomicallineswere
known in the microwave spectrum. In the following two years,the laserwasinverted,
and Townes[55 noted that theserelatively low power \optical masers"could be used
for interstellar communication. The suggestionhas received increasingattention as
lasershave continuedto shov an annual Moore'sLaw doubling in power over the past
40 years(during which time radio technology hasremainedrelatively static). Today,
there are optical SETI* programsat Harvard [34], Berkeley [40], Columbus [3§], and
elsewhere.

The merits of optical SETI are well documerted in other articles [62, 37, 52],
but we highlight a few advantageshere. Given the high gain of optical telescogs,
optical beaconscan be narrowly focusedon target systems. The bandwidth-limiting
dispersive broadening obsened in radio pulsesis negligible in the optical regime.
The computational power and sophisticationrequiredfor broadbandmicrowave SETI
seardesis unnecessaryin optical SETI. Also, the paceof laserdewlopmen on this
planet has made possibleoptical interstellar commnunication from Earth; shouldn't
we be looking for sudh comnunication to Earth?

TPF will be one of a handful of instruments in the Solar System sensitive to
optical interstellar comnunication. Clearly, sud instruments have to mitigate the

badkground light from stars. One approad in optical SETI is to build instruments

L\Optical" SETI is to be interpreted in the broad electromagneticsensg{ including the near IR
and UV { and is characterized by photon courting; this is to be contrasted with the heterodyne
techniques of microwave SETI.
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capableof detecting optical pulseson a very fast timescale,wherethe received opti-
cal pulse manifestsitself as many photons arriving at the detector in an unresohed
( ns) time interval, against a badkground patter of single, Poissondistributed pho-
ton arrivals from the host star. A simple calculation, assumingonly \Earth 2000"
technology{ a transmitter capableof delivering nanosecondpeed,meggoule optical
pulsesat a 10 Hz repetition rate attachedto a Ked-classtelesco { would outshine
our Sun by a factor of morethan 1000in broadbandvisible light, and could be easily
detectedby another Keck-classtelesco at distancesof up to 300 pc [34F. Sewral
optical SETI programsmonitor nearly starsfor optical pulsesof this type in roughly
the 300-600nm band. Our group is now deweloping a pixelated wide- eld camerato
seard the Northern sky for sud high-intensity pulsedsignals.

An alternative approad in optical SETI isto reducethe stellar badground by high
resolution spectroscoly and/or nulling interferometry. In sud a strategy, one looks
for unexplainedlinesin the spectra of starsand their planetary disks. Sud lineswould
be either cortinuous-wave (CW) lasers(possibly modulated) or pulsedlasers. These
would be detectableat considerablylower transmitted power levels than is possible
without interferometry and spectroscopy, aswe will demonstratebelowv. TPF is the
rst interferometer with the angular resolution capable of separating starlight from
planetlight and has a modest spectral resolution(upto R= = = = = 10°).
Thus it can probe the entire zodiacal disk of a nearby star for planets and life.

The discovery of extraterrestrial communication from a nearhy planetary system
using TPF might proceedalong the following lines. A planet candidateis discorered
after seeral hours of obsenation at minimal spectral resolution (R of order unity).
Followup obsenations at modest spectral resolution (R 100) reveal a rich absorp-
tion spectrum with a large spectral peakin a particular wavelengthbin. The spectral
purity is then probed at still higher resolution (R 10°), revealing an unresohed

narrow emissionline®. Ground-basedtelescosthen look for modulation in the sig-

2Note that extinction limits optical SETI to arangeof 1kpc in the visible part of the spectrum
and 10kpcin the infrared. Thesedistancescorrespond to roughly the thicknessand radius of the
galactic disk and volumesenclosing 10" and  10'° sun-like stars, respectively.

3The time requiremerts to detect microscopicor intelligent life on an extrasolar planet arelengthy.
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nal, down to the scaleof nanosecondsthey alsoexaminethe full rangeof wavelengths

accessibldo terrestrial telescoges.

A.3 Laser power required

Extraterrestrial laserswould have to compete with at least four badkgroundsin po-
tential TPF seardes: (1) incompletely nulled stellar photons, (2) re ected photons
from the extrasolar planet, (3) photons from the extrasolar planet's blackbody spec-
trum, and (4) light scatteredby zodiacal dust in both the target solar systemand in
ours. We will examinethesebadgroundsin 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 necessaryfor interstellar communication is reducedby

the following factors:

A.3.1 Directionalit vy

Lasersare directional and therefore have gain. A laser of wavelength transmitted
through an aperture of diameter D emergesas a beamof width , =D, with a
gainof g = 2D?= 2. At =10 m, a 10-mtelescog hasa gain of g 103, or
130dB. (Note that this is a factor of 10° greaterthan the gain of the 305-mArecibo
dishat =21 cm.)

A.3.2 Spectral resolution

The spectrometeronboard TPF will sort the incomingradiation into frequency\bins"
(of width ) thereby reducing the badkground in any given bin by approximately
= = 1=R (assuminga at spectrum). Becausdasersare spectrally narrow, all of

their photonswill fall into one bin. The spectral resolution R of TPF varieswidely,

NASA estimatesthat planet detection will require obsenations with 2.0 hour integration times (with
R = 3, SaN = 5). Detection of atmospheric gasessuch as CO, and H,O would require integrations
of 2.3 days (R = 20, SAN = 10), and for detection of life-indicating O3 or CH4 the corresponding
gure is 14.7days (R = 20, S=N = 25).
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from R = 3{20 for \planet detectionand spectroscop,” to R = 3{300 for \continuum
and spectral line imaging," and extendingto R 10° for \speci ¢ lines" [3]. Let us
assumethat extraterrestrial laserswould be discorered in TPF's \planet detection

mode," and take R = 20 for this calculation.

A.3.3  Fluctuations

We must not forget that the laser signal competes only with the uctuations in
the badground, and not the badkground signal itself. Pixel-to-pixel uctuations in
the spatial image will inhibit TPF's planet detection power. Theseinclude physi-
cal processesud as emissionfrom the incompletely nulled star and dust, as well
asinstrumental e ects sud astelesco jitter, intrinsic detector noise,and emission
from the cooledtelescog. Di ractiv eintensity scirtillations shouldbeinsigni cant at
TPF's high frequency(comparedto radio), and long integration times [13]. Spectral
uctuations will limit the spacecraft'sability to idertify atmosphericgasabsorption
bands and extraterrestrial laser emissionlines. Noise sourcesof this type include
spectrometer noise, and noisein 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 Howe\er,
for the purposesof detecting extraterrestrial lasers{ which deposit all of their light
into onespectral bin { the gure of merit is the bin-to-bin variation in the spectrum,
that is, the deviation from a smaoth spectrum. Note that uctuations of this typein-
clude not only the above noisesourcesput alsospectral features (such asabsorptions
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.

4This calculation is for either 2 m mirrors at 5 AU or 3.5m mirrors at 1 AU imaging a planet at
10 pc and integrating for 10° s (roughly a day) at 12 m with R = 20. It includes (i) the e ects of
zodiacal and exo-zaliacal 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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Taking accoun of thesefactors, the laserpower su cient for detectionby TPF is

2
2L Ly (A1)

PL 2p2 SNR

whereL t is the total isotropic radiated power of badkground sourcesseenin a spatial
TPF pixel, and wherewe have assumedthat a 5- signalis required for detection.
To get a senseof the order-of-magnitudeof |, let usassumethat the transmitting
deviceis simply a CO, laser( =10 m) coupledto a Kedck-classtelescog (D=10 m).
Combining this with the aboveresults,we nd =4 10 !°. 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 city,
alreadyreduceghe requiredtransmitting power (relative to solarluminosity) by some
14 orders of magnitude. Moreover, as we 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 laserscan be broken down
into seeral distinct sources.Incompletely nulled stellar photons, as well asinhomo-
geneitiesin the zodiacal and exo-zaliacal dust, are important during spatial imaging,
while re ected and blackbody photons from the planet are important during spec-
troscopicintegrations. In the discussionthat follows, we calculate thesebadgrounds
using Earth/Sun valuesfor the physical parametersof planets and stars in units of

broadbandvisible equivalert isotropic radiated power (EIRP).

A.4.1 Incompletely nulled stellar photons

The most technically challengingaspect of TPF is nulling light from the parert star.

Although anascem eld today, astronomicalnulling is being deweloped at various ob-
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senatorieson Earth, and will scon be deweloped on the Spacelnterferometry Mission
in orbit. After this decadeof researt, TPF is projected to achieve a null depth of
N=10 5{10 8. Taking the more conserative 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 parert star (assuming
that Ly doesnot saturate TPF's spectrometer). During spectroscopicintegrations
on a planet separatedfrom its parert 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 radiusR at a distancer from its sunis

approximately

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

This estimate may be high by perhapsan order of magnitude sincethe hot star's
blackbody peakis in the visible part of the spectrum, rather than at TPF's infrared
wavelength. We have also not taken accoun of the variations in apparert planetary

brightnessdue to orbital phaseas seenfrom Earth.
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A.4.3 The planet's blackbody spectrum

Although cooler and smallerthan its parert star, the planet emits a blackbody spec-
trum of its own, which peaksin the infrared. This will be spatially resoled from the
parert star, aswell asfrom other planetsin the system,and will be seenasa bump

on the zodiacal badkground. In total power, the planet emits far lessthan its nulled

parert star,
T 4 R 2
= 4 101 L
= 4 10° Ly:

Howeer in the infrared, where TPF is sensitive, the nulled stellar and planetary
blackbody power per unit frequencyare more nearly comparable. For example, at
=10 m( =3 10" Hz),
Lg N 4 R 2h 3 1
2 ek 1
8 10° W Hz ! (star)

(A.5)

1 10° W Hz ! (planet);

where we take the null depth to be N=10 ° for the star and N=1 for the planet.
Thesesignalsshould be within the dynamic rangeof the spectrometeron board TPF.
Sud results should not surprise us, given that TPF is being designedto resole and

identify extrasolar planets.

A.4.4 Zodiacal and exo-zodiacal dust

Dust in the Solar Systemwill createa di use infrared glow that will cloud, but not
block TPF's view.> Exo-zadiacal dust also presens a signi cant challenge. A \1

Zodi" cloud of Solar System-like dust is only 0.3 AU in diameter, yet it emits and

5This is the primary motivation to reduce TPF's mirror sizeand placeit in a5 AU orbit.
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Table A.1. Alternativ e planetary systems

Planet  Minimum P_ (kW) Lr=L Lg=L r=r R=R T=T
Mercury 1 4 10° 4 101 039 038 1.61
Venus 2 8 1010 7 1010 0.72 0.95 1.17
Earth 1 5 1010 4 1010 1 1 1

Mars 0.2 6 101 5 104U 1.5 0.53 0.81
Jupiter 6 2 10° 2 10° 5.2 11 0.44
Saturn 1 4 101 4 10 10 9.5 9.4 0.32
Uranus 0.05 2 108 1 101 19 4.0 0.21
Neptune 0.03 8 102 1 101 30 3.9 0.20
Pluto 0.01 1 10 9 101 39 0.18 0.16

Note. | Minimum power of a 10 m laserwith 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 = Lgr + Lg (Ln is unimportant when doing spectroscofy on a planet well
separatedfrom its sun). Physical data in the three rightmost columnsare from Zeilik
and Gregory [70] (T is equilibrium blackbody temperature). Lr=L and Lg=L
were calculated using Egs. A.3 and A.4, respectively. Note that Pluto would be
not be detectedby TPF sinceit emits lesspower than a badkground 0.03 0.03AU
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).

scattersroughly the sameamourt of infrared and optical radiation asthe Earth. This
dust is warm (275K and decreasingwith distanceasr %4), small ( 40 m grains),
and smoothly distributed over the ecliptic, exceptfor wakes and rings due to grav-
itational e ects from planets, and bands due to recen asteroid or comet collisions
[2]. TPF's high angular resolution is therefore essehal to subtract out this largely
uniform exo-zaliacal badkground from the imageof extrasolar planets (and their pos-

sible inhabitants' lasersy.

With detail on a scaledown to 0.01 AU, the TPF imagewill be a certral bright

5Note that the above quantities were calculated assumingthat the ecliptic plane of the imaged
planetary systemis perpendicular to TPF's line of sight. As this angle varies to an edge-onview,
the badkground from exo-zaiacal dust will increaseby a factor whose maximum value is roughly
the ratio of the diameter to the thicknessof exo-zaliacal disk. In a beautiful measuremen using
COBE, Read et al. [50] found this factor to be 3 in the Solar System.

158



star surroundedby 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 thereforeonly have to overcomethe badkground from the planet itself.
Any techniquesusedto spatially resole the planet from the zodiacal disk and the
parert star will alsoresole the extraterrestrial laser. Taking the total badkground
to be the sum of the re ected and blackbody badkgrounds,Lt = Lg + Lg = 9

10° Ly 4 10Y W, we estimate that the laser power su cient for interstellar
comnunication, P = Lt 1 KkW. In just 40 yearsof dewlopmer 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 adieve

interstellar conact.

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 systems
studied by TPF will almost certainly di er in size,temperature, and relative separa-
tion. For example,supposethat the extraterrestrial civilization liveson the moon of
a Jupiter-like planet in an Earth-like orbit, whereits laserswould have to compete
with alarger planetary badkground. Substituting R ! Rj;, we nd that the required
laserpower, P, 100kW, is still well within our presem capability. Table 1 showns
that P, is at mostafew kW for Solar Systemplanetsin their natural orbits asviewed

by TPF from 15 pc (its speci ed maximum rangefor planet detection). Moreover, as
our arbitrary choiceof \Earth 2000" technology for the transmitting devicesuggests,
this discussionwas intended not as a blueprint for Earthly transmission,but rather

asa sanity che for optical SETI with TPF.

We alsonote that the extraterrestrial laser could be on a satellite in a wide (say

5 AU) orbit and therefore spatially uncorrelatedwith planetsin the system. In this
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case,the signal would be a narrow spectral peak on the exo-zaliacal badkground.
Sud signalsmight be missedif planetary systemsare rst scannedin low spectral
resolution and only followed up with higher resolution spectroscopy if planets are

discovered.

A.6 Conclusions

Although not designedfor optical SETI, TPF is uniquely sensitive to infrared ex-
traterrestrial signalsoriginating from extrasolar planets. This sensitivity in an un-
explored corner of frequency/location spaceis particularly important in the logic of
SETI wherewe have no a priori knowledgeof the signal. Given NASA's congression-
ally mandatedinactivity in SETI, we do not expect stand-aloneseart programsin
the nearterm. Howewer, TPF scierists should be aware of the possibility that their
experimerts may serendipitouslyextend the read of humanity far beyond the Solar

System.
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App endix B

In terstellar Gra vitational

Disp ersion of Optical Pulses

This appendix demonstrateshat onepotential technical obstacleto interstellar pulsed
optical communication | temporal broadeningdue to gravitational scatteringo of

large bodies| is a negligiblee ect.

B.1 Convergent and div ergent scattering

There aretwo classe®f gravitational scatteringfor optical pulses.If the extremalrays
of the optical pulse (in the paraxial plane) passon either side of the scatterer, then
ead ray is bert toward the scattererand the beamcornverges(seeFig. B.1). If, onthe
other hand, the beammisseghe scattererand passe®rtirely to onesideofit, thenthe
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 conveilge but this corvergenceis much smaller than the expansionin
the paraxial plane. Sincethe location of the scattererwill be random with respect to
the line of sight, the smaller skew cortractions will be more than compensatedfor by
the larger paraxial expansions.This leadsto an overall broadeningof the beam, or

divergen scattering.
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Convergent
Scattering

Divergent
Scattering

Figure B.1. Convergert and divergert gravitational scattering in the paraxial plane.

Convergen, or multi-path, scatteringis su ciently rare that we neednot worry
about it for optical SETI. Gravitational lens seartes put the probability of multi-
path imaging at roughly 10 ©. In uid medanicsterms, the ow is laminar; paths
newer cross. Although this e ect is rare in the vacuum of space,we still needto
considermulti-path scattering dueto atmosphericinhomogeneitieqfor ground based
optical SETI programs). A ray which scattersat an altitude h by an angle ¢ will
travel an extra pathlength h 2=2. For h = 25km and s = 10arcsec,the time delay

t = h 2=(2c) = 10 16 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 as entirely negligible. One might also

paraxial

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 cortraction along the skew axis. Thus the
area enclosedby the beamincreasesand there is an overall broadening.
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Figure B.3. Scattering Diagram in the paraxial plane.

worry that the e ectiv e aperture of the telescop will be much largerthan the physical
aperture whenatmosphericseeings consideredput againthe e ect is negligible. The
\extra aperture” dueto seeingis h = 0:05m, usingthe above numbers.

Now let us return to the subject of divergen gravitational scattering. Rays ar-
riving at the atmosphericseeingdisk will be delayed relative to one another for two
reasons. First, scatteredrays will travel di erent distancesleadingto a geometric
delay. Theserays also take di erent paths through the gravitational potertials 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 Schwartzsdild radius of a massM, and b is the impact
parameter. Rays which divergefrom the host star by an angle in the paraxial plane
will be separatedby a distancedb= r; at their closestapproadt to the scatterer.

The ray closerto the scatterer(1) will scatterby anangle (b), while the moredistant
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ray (2) will scatter by a smallerangle (b+ db = 2Rs=(b+ r; ) (b (1 db=b
(seeFig. B.3). Thus (1) and (2) divergeby an additional angle (b) db=bwhenthey
scatter on the sameside of a star.

In the skew plane, the extremal rays corverge, but only slightly. The angular
width in the paraxial direction goesfrom to (1 + db=BP, while the angular width
in the skew direction goesfrom to (1 db=bRs=BH. The additional factor Rs=bis

1, giventhat Rg for asolar-typestaris 3 km , whereaghe meansolarseparation
in our region of the galaxyis 10" km (or, roughly speaking, 10 lightmicroseconds
vs. 1 lightyear). Sincethe solid angleof the beamincreasedy a factor of 1+ db=b
there is a net broadening. As mertioned previously the small cortraction in the skew
direction is washedout over many scatteringssincethe locations of scattererswith
respect to the beamis arbitrary. We will thereforeonly considerscattering of paraxial
rays.

Consideragain the paraxial rays (1) and (2) from Fig. B.3. They travel di erent
distancesas they scatter. Ray (1) will travel a distanced; and ray (2) will travel a

distanced,:

di= 24172+ 13403 2+ (D)2

r3( =2 (b+ry ))?

The path length di erence betweenthe two rays is

& o = rof Tr( =2+ ©)F | I+( = (b+r11 )%
r, f (b (b+ry )g=2

riRs
2
in the limit of ; 1. and aredened in Fig.B.3.

Sothe geometrictime delay from a single scattering evert is

riroRs 2
tgeO: ]-ZT ?: (B.l)
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Emitter Detector

Gravitational
Potential

Figure B.4. Generalrelativistic time delay.
B.3 Gravitational delay

Light pulsesare alsosloved down asthey dip into the gravitational potential of stars.

The travel time betweenA and B (seeFig. B.4) is given by (see[19]):

q q
ct = rZ B+ r3 P+
| {z }
P 2 2 2 P 2 P 2
Min 1 P Prreo 0 PGP g
| b b {Z r ] }

We considerthe generalrelativistic part (secondbracket) in the limit ofry;r, b

Rs. The travel time reducesto

Clor Rs In %[u P 1 (b=r)?][1 + P 1 (b=5)7]

4r1r2

R In
S 2

1 : (B.3)

Now considertwo slightly di erent paths, onewith impact parameterb, and the

other with b+ dh The time di erence betweenthesetwo paths is
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ter ter(b+ db ter(b)

2Rs b+ db
= In
c b
2Rsr
bcl (B.4)
Notethat tgeo= tor 2  ter 2 i€, tgeo  ter-

To get a sensefor how large this e ect is, let's plug in somenumbers. For a close

scattering (e.g.,b= 0:011ly) o of alarge mass(say, 100M ),

M b ! r

ter =3 10° — ;
cr=3 10°ns 750M 0:0Lly 10ly 5nas '’

wherewe have takenthe openinganglebetweenextremal rays that strike our detector
to be 5 nanoarcsecond$100 m over a baselineof 10 ly). It is dicult to imagine
that millions of sud scatteringswill conspirein sud a way asto give a detectable

broadeningof nanosecondulsesfor rangesof kiloparsecsto megaparsecs.

B.4 Conclusions

Pulse broadeninghas an insigni cant e ect on nanosecondptical pulsestraversing
the galactic medium for both corvergen and divergen gravitational scattering. In
the cornvergen case,the probability of aligning a scatterer on the line of sigh is
extremely small. For divergent scattering, the magnitude of the e ect is negligible.

The path length dispersiondue to atmosphericseeingis likewiseertirely negligible.
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App endix C

PulseNet { Automated Testing

Pro cedure

BecausePulseNet has a large number of inputs and has two independen modes of
operation (Seti and Astronomy), testing all or even more signalspaths wasimpracti-
cal whendoneby a person. An automatedtest wasthe only reasonableway to verify

the chips.

C.1 AutoT est pro cedure

Fift y-three PulseNetRev2 chips weretested using AutoT est, an graphical automated
test program written in Python. For consistency the following sequetial protocol

was used.

1. Label chip with serial number of the form sn001and glue down lid (unless
already sealedby 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.
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3. Measure maxim um clock frequency ! at \pp = 2.5V (2.59V on meter) and
\bp = 2.7V (2.78V on meter). Setthe f sk OUtput to 17.5dBm on the signal
generator. Start at f a5 = 450MHz soasto not blow out the clock inputs with
a large signal.

4. Measure minim um clock amplitude for stableoperationat f ¢ascik = 400MHz
and \pp = 2.50V (2.59V on meter). Unstable operation is characterizedby a
precipitous drop in Ipp asthe fqck IS reduced.

5. Measure input sampler osets with Astronom y channel for all conbi-
nations of pixels and thresholds (28 minutes). This is explainedbelow in xC.3.

6. Verify Seti coincidence trigger and pulse recording circuitry for all

pixel pairs (13 minutes). This is explainedbelow in xC.2.

C.2 SETI functions

AutoTest veri ed the functionality of the Seti componens of PulseNetby simulta-
neously sendinga specially tailored waveform to ead pixel pair, sequetially. The
waveform consistsof twenty negative pulseswith amplitudes evenly spacedbetween
1500mV and 75mV. AutoT est then retrieved and plotted the coincidert waveform
data. An exampleis shovn in Fig. C.1. A closeupof the rst forty data points
appearsin the upper left corner of the plot.

Note the placemen of the voltage thresholdsin Fig. C.1 (the dashedhorizon-
tal lines). V,[3:1] are closely spacedand clustered belonv Vs to resohe small
pulses. V,[6:4] are spacedfarther apart below V,[3:1] to increasedynamic range.
V/et[0]> Vpias fOr vetoing signalsthat exceedVyas.

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

To test all analoginputs, AutoT est loopsthrough the pixel pairs, ead time pro-

grammingand readingout the coincident waveforms,like that onesshown in Fig. C.1.

1A Hewlett Packard 8648C Signal Generator was usedto generatethe fastclack inputs.
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Figure C.1. Example output from automated coincidencefunctionality test for one pixel
pair. The inset plot (upper right) shavs the rst forty data points.

Thesesixteenplots are arrayed in another plot, like the oneshown 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 PulseNet
in test operate properly. One can seeimmediately by looking at Fig. C.2 that the
waveformsrecordedby all sixteen pixel pairs are as expected and appraximately the
same.One can alsoverify that ead pixel pair received a coincidenceduring the right
test by readingthe pixel numbersin eat sub-plot (e.g. \sn001-0A/0B") and cheking
that they are in order on the larger plot.

The Seti coincidencetests were all done at f ¢a5icxk = 350MHz. This speedwas a
compromisebetweenwanting be above the expected clock speedin the experiment

(f fastek = 333MHz) and the maximum operating clock speed (f fasieik = 500MHz when
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Figure C.2. Example output from automated coincidencefunctionality test for all pixels.
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Figure C.3. Diagram of automated voltage o set test waveform (\ramp ed comb") consisting
of 400 negative pulseswith amplitudes between200-600mV and two courting pulses. Only
those pulseswith amplitudes greater than Vpyse (shown in red) are cournted. The lower
inset diagram shows the relationship between various set and measuredvoltages for the
minimum amplitude pulse that triggers PulseNet.

run at Vyq = 2.87V).

C.3 Astronom Yy functions

AutoT est cheded the astronory functions on PulseNetby sendinga waveform con-
sisting 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 pulses
were ewvenly spacedfrom 200mV to 600mV at 1 mV/pulse. Prependedand appended
to this sequencevere two \counting pulses”(more on thesebelow), positive 500mV
and negative 1000mV, respectively. This waveform was generatedusing a Tektronix
AFG Arbitrary/F unction Generator.

The astronony courting functions were tested and the sampler o set voltages
weremeasuredn onepixel pair and threshold by programmingPulseNetto court for
a xed duration (2 seconds)with the referencevoltage (Vier) for the threshold in

guestionsetbetween200and 600mV below the input biasvoltage, Vyias (SeeFig. C.3).
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For ead ramped conb, only thosepulseswith amplitude greaterthan Vyias Vier plus
the o set voltage (V, set ) trigger the analogsamplerand includedin the court for one
senseampli er, n; (shovn in redin Fig. 6.2).

During the 2 secondcourting interval, the samplerson PulseNet see many
(>1000) ramped comb waveforms. The precisenumber is determined by a second
measuremenin which the referencevoltage is changedto either greaterthan Vyizs Or
lessthan (Vyias 600mV), and courting for the same 2 secondinterval. In this case,
only the courting pulseswill be courted sothat the valueson reado of PulseNet's
four courters (ny) will be identical and equal to the number of ramped conbs dur-
ing eat courting interval. Thus we can calibrate out the courter duration: the
number of pulsescourted in ead ramped conmb is the quotient of thesetwo courts,
Neount = N1=Ny.

Now, the ramped conmb waveformis only usefulif we can corvert Ngoyne INtO Vo set -
We do this by comparingtwo expressiongor Vyyse, the amplitude of smallestpulse
in the ramped conb waveform that is courted by PulseNet. The rst expressionfor

Vouise cOMesfrom examining the upper portion of Fig. C.3,

Vpulse = (Vbias Vref) + Vo set - (Cl)

The secondexpressioncomesfrom examining the inset closeupof the minimum am-

plitude pulsein Fig. C.3,

ImV
court

Vpu|se = Zoomv + 400mV (ncount 1) (C.2)

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

imV
courn

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

Note that although the measuremen outlined above was for V, st 0N One sense

ampli er, it actually yieldsthe o set voltagesfor four senseampli ers | both clocks
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Table C.1. Serialnumbers of PulseNetsthat failed AutoT est

Serial Number Reasonfor Failure
sn011 \bp/Gnd short | bond wires bent square
sn015 \bp/Gnd short | foreign material seenon chip through microscope
sn027 no signal on three analoginputs (0A, 1A, 1B); Vhias Was high (short?)
sn029 \bp/ Gnd short
sn031 ak ey performance;occasionally no coincidenceson 2A/2B and 3A/3B

Note. | Serial numbers of PulseNetsthat failed AutoT est for the reasonsindicated. All
other PulseNets with serial numbers in the range sn000{sn052passedthe tests listed in

xC.1.

phases(a/b) on one pixel pair (A/B), for the giventhreshold| sincePulseNethas
four courters.

A successfultest of the astronomny functions using AutoT est tells the user two
things: 1) that all 448 senseampli ers work properly, and 2) the valuesof V, e for
eath senseamplier. In AutoTest, the user erters the referencevoltage levels, the
thresholdsand pixel pairs to be tested, the number of times ead conbination should
betested. In twenty-eight minutes, AutoT estloopsthrough the variablesand outputs

les with the raw courter values,which are corverted to o set voltagesusingEq. 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 angleof 1/60th of a degree.
arcsecond angleof 1/3600th of a degree;approximately equalto 5 rad.
as arcsecond

AU astronomicalunit { The distancefrom the Earth to the Sun.

CMOS complimertary metal-axide semiconductor{ a major classof integrated cir-
cuits that usescomplimenary transistors (NMOS and PMOS) to achiewe rela-

tively low power and high density designs.

dec declination, sometimesabbreviated { north/south coordinate in the equatorial

coordinate system. Range= -90 to +90 .

DS, data set from the targeted seart { all obsenations made from Harvard. See

x4.5.

DS ean data setfrom the targeted seard { a subsetof DS, from which nights with

anomaloustrigger rates have beenremoved. Seex4.5.

DSoerap data setfrom the targetedseard { a subsetof DSy, during which Princeton

jointly obsened. Seex4.5.
FIF O rst in rst out { a queue-lie memory device.

GHz gigahertz{ frequencyof 10°s !
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GS/s gigasampleger second,10° samplesper second.

I/O input/output
IC integrated circuit

ISM interstellar medium

kly 1000light-years
km kilometers

kp c 1000parsecs

LST Local Sidereal Time { Greerwich Mean Sidereal Time plus an o set for the

longitude of the obsener. Seealsosidereal time.

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

m meters
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{ a type of photodetector

PulseNet afull-custom integrated circuit designedfor the all-sky survey. It digitizes
sixteenpair of analoginputs at up to 500MHz, triggers on and storescoinciden

pulses,and measurescourt rates.
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RA right ascension{ east/west coordinate in the equatorial coordinate system.

Range= 0to 24hours.

SETI seard for extraterrestrial intelligence

sidereal time ameasureof the rotation of the Earth with respectto the starsrather
than the Sun. One siderealday is the time it take for the Earth to rotate once

with respect to the stars and is appraximately 23hr 56min 4sec.

SIM Spacenterferometry Mission{ A plannedspacetelescog NASA recerily changed

the name of this missionto SIM PlanetQuest

SNR signal-to-noiseratio

TPF Terrestrial Planet Finder { currently a set of two proposedsatellite telescoges
(an infrared nulling interferometer and an optical conoragraph) designedto
obsene the atmosphericspectra of extra-solarplanetsin seart of life-indicating

features.

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

mert.

UPS uninterruptible power supply
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