
The P an-ST ARRS Gigapixel Cameras

John T onry

P eter Onak a

Sidik Isani

Institute for Astr onomy, University of Hawaii

ABSTRA CT

The P an-ST ARRS pro ject comprises a complex, in terlo c king set of sub-systems, of whic h the Gigapixel

Camera (GPC1) w as deemed to b e the most c hallenging. W e w ere able to design and build GPC1 (including

detectors) in four y ears without signi�can t false steps, and it has b een op erating for t w o y ears no w without

signi�can t failure or do wn time.

1. INTR ODUCTION

The P an-ST ARRS pro ject comprises a complex, in terlo c king set of sub-systems, and the Gigapixel Cam-

era (GPC1) itself is a complex, in terlo c king set of subsystems comprising detectors, cry ostat, con troller, and

soft w are, with considerable supp orting infrastructure and in terfaces to the rest of the pro ject. Man y details

ha v e b een published elsewhere [1]. Belo w w e describ e eac h of these subsystems in turn. Fig. 1 illustrates the

camera.

Figure 1: GPC1 in solid mo del and actual hardw are.

P an-ST ARRS's mission placed ma jor demands on the camera's p erformance. P an-ST ARRS can only

surv ey the sky to the requisite depth b y pro ducing and critically sampling a sub-arcsecond p oin t spread

function (PSF) o v er a large area, whic h translates to a need for at least a billion pixels. The rapid cadence

and the short exp osures required to a v oid trailing of asteroids mandated that the readout time of the camera

b e short, w ell less than the � 30 second exp osure times. W e w an ted high red sensitivit y for man y science

goals as w ell as read noise signi�can tly less than the P oisson statistics from the sky . Other requiremen ts

suc h as mass, v olume, sti�ness, durabilit y w ere also a c hallenge.

2. DETECTORS

The need to read out man y pixels in a short amoun t of time without compromising noise p erformance

dictates that w e read out through man y c hannels. W e decided that a device that is 50 � 50 mm, sub divided

in to a c hec k erb oard of 8 � 8 indep enden t CCDs, dubb ed \cells" w ould suit our needs. The full device is

called a \orthogonal transfer arra y", OT A. The fo cal plane and the OT function is sho wn in Fig. 2. The full

fo cal plane has an 8 � 8 arra y of OT As.

Our desire w as to address all cells indep enden tly and sim ultaneously , but time and cost mandated that

w e �nd a w a y to m ultiplex the 64 cells from a single device in to 8 c hannels only . Mik e Co op er and Barry

Burk e at MIT Lincoln Lab oratory (MITLL) designed NMOS logic in to the gaps b et w een cells on the OT A

that allo w us to address the parallel gates for c harge transfer or else latc h in standb y gate p oten tials to hold

accum ulating c harge �xed, and to selectiv ely connect the output from a cell on to a bus common to an en tire

column of cells. W e therefore ha v e 8 output c hannels p er OT A and read it out ro w-b y-ro w. (Con tin ued,

ensuing dev elopmen t has brough t us close to the p oin t of b eing able to address all 64 cells indep enden tly .)

The science that P an-ST ARRS w an ted to pursue w as hea vily w eigh ted to the red end of the sp ectrum,



and w e therefore w an ted as m uc h quan tum e�ciency (QE) at 1 um as p ossible. Of course the devices are

bac k illuminated, meaning the silicon is thinned and ligh t admitted from the to the bac k of the detector,

a w a y from the gates and buried c hannel. High QE in the visible infra-red is ac hiev ed b y making the device

as thic k as p ossible b ecause the photon absorption length b ecomes v ery long as the energies approac h the

bandgap. A v ery thic k device ma y not b e fully depleted if the electric �eld from the gate p oten tial can b e

matc hed b y remo v al of free c harge carriers in the silicon, unless w e apply a bias electric �eld b y putting a

p oten tial on the bac k side of the detector. Ev en so, c harge created at the bac k side will undergo some lateral

di�usion as it migrates do wn to the c harge collection c hannel, with an exten t that go es as square ro ot of

di�usion time or square ro ot of electric �eld. On the other hand, w e opted for pixels of only 10 um in order

to sample the PSF w ell and to minimize cost p er pixel. W e therefore met the trade-o� b et w een thic kness

and substrate bias b y c ho osing to thin the devices to 75 um and apply a substrate bias of ab out � 8 V. This

giv es us ab out 30% QE at 1 um, c harge di�usion of ab out 4 um RMS, and a reasonably lo w lev el of brigh t

defects whose curren t go es exp onen tially with substrate bias.

W e giv e up some �ll factor b ecause of the gaps b et w een cells, and although w e ha v e designed the pac k age

to b e 4-side buttable, there is inevitable loss in the gaps b et w een devices. Our goal w as to exceed 90% �ll

factor that w e ha v e not quite ac hiev ed b ecause of excessiv e defects in the devices w e w ere able to pro duce.

Our pro duction consisted of a test lot of w afers, the CCID45, t w o pro duction lots of w afers, the CCID58,

and access to a third pro duction lot. The devices w ork quite w ell, although there are some shortcomings.

The read noise is ab out 6 e

�

at 0.5 Mpix/sec where w e exp ected 4, the incidence of bad cells, brigh t defects,

and the yield w ere w orse than w e had hop ed, and Lots 1 and 2 of the CCI58 had a problem with radiation

damage during etc hing that badly degraded the c harge transfer e�ciency and dark curren t at the outer

parts of the w afers, manifesting itself as a \bad corner" in eac h device. The mak e-up, third, pro duction

lot p ermitted us to replace the 20 w orst devices in the fo cal plane. Despite the imp erfections w e ha v e an

excellen t fo cal plane for science.

The CCD pac k age is a relativ ely thin piece of molyb den um that carries an alumina ceramic circuit tuc k ed

underneath b et w een three moun ting pads. The wire b onds from the OT A attac h to the ceramic on top and

a pin grid arra y on the b ottom attac hes to a 
exprin t circuit. W e ha v e found that the molyb den um is to o

thin and to o p o or a CTE matc h to silicon, so the pac k aged OT A b o ws up w ard when it co ols. W e therefore

dish eac h molyb den um surface b efore silicon attac hmen t so that it will b e 
at at the op erating temp erature.

W e require an o v erall 
atness of � 20 um in order not to compromise the qualit y of the fo cus. The thermal

problems and the di�cult y in adjusting the three moun ting pads require that w e impro v e the pac k age for

GPC2.

3. CR YOST A T

The dark curren t of a CCD is far higher than the nigh t sky at ro om temp erature, so the CCDs m ust

Figure 2: Carb on Fib er fo cal plane (left), fully p opulated GPC1 fo cal plane (middle). The four gates in an

orthogonal transfer CCD p ermit image correction in all four directions (righ t).



b e co oled to ab out 200 K. This, of course, necessitates installation of the CCDs in a v acuum cry ostat. In

principle suc h a cry ostat is straigh tforw ard. In practice GPC1 had some un usual c hallenges b ecause of the

v ery large fo cal plane (400 mm), the need to mak e the cry ostat b oth ligh t and sti�, the need to get thousands

of electrical connections out of the cry ostat, and the use of in-situ diagnostic apparatus with whic h to test

and main tain the health of the system. The optical design of P an-ST ARRS placed the last lens ab out 200 mm

in fron t of the detector, and this is used as our cry ostat windo w. It sits in a lens cell on a seat that has an

oring as a v acuum seal.

Belo w the lens cell is the \An tec ham b er" that serv es as a spacer as w ell as the attac hmen t to the telescop e.

The telescop e in terface is via the \lo w er cass core" (LCC) whic h is a w elded steel structure with four feet.

Since the cry ostat is alumin um w e needed a 
exure b et w een the LCC and the An tec ham b er, and the LCC

also required us to pro vide a sti�ening tie b et w een the feet. This is the function of the \iron ring" (F eRIT)

that is guided in to connection with the LCC via a pin and slotted pin, and that has four titanium 
exures

and alumin um p osts in eac h corner to the An tec ham b er.

The third large comp onen t is the GPC1 b o dy , that carries the devices on a carb on �b er, honeycom b

plate, again attac hed to the alumin um b o dy via 
exures in order not to create thermal stress. The GPC1

b o dy has 16 rigid-
ex b oards, p otted through opp osite side plates, that pro vide the electrical attac hmen ts

for eac h device. On the other t w o sides w e moun ted a pair of CTI-1050 helium cry o co oler heads to co ol the

devices.

Unlik e most cry ostats, GPC1's fo cal plane is so large that is is impractical to moun t the devices on a

plate that can b e considered isothermal | the radiativ e heat loads are unev en and man y heat paths w ould

ha v e to b e pro vided to obtain an ything near isothermalit y for the devices. Instead, w e c hose to build the

carb on �b er supp ort (Fig. 2) so as to insulate the devices from eac h other as m uc h as p ossible, and then

use an indep enden t thermal path for eac h to the CTI heads. The heat load on eac h device is ab out 2 W

(appro ximately ev enly split b et w een radiativ e load and p o w er dissipation b y the ampli�ers), and w e therefore

need a considerable thermal resistance b et w een device at 200 K and CTI head at 70K. W e regulate the

temp erature on eac h device b y c hanging its p o w er dissipation b y altering drain v oltage when the ampli�er is

not called on for readout. The coldest parts of the thermal path are b ehind a single la y er of radiation shield.

The v acuum in tegrit y of the cry ostat is quite go o d | it will hold b elo w 1 m torr (i.e. negligible conductiv e

heat load) for man y mon ths. Steady v acuum degradation is inevitable b ecause of p ermeation through the

man y orings (w e ha v e ab out 400 inc hes of oring in total), but since the primary gas that di�uses is w ater,

w e use a ro om temp erature zeolite getter, as w ell as 30 g of activ ated c harcoal at 80 K.

W e ha v e equipp ed GPC1 with a n um b er of imp ortan t auxiliary features. W e ha v e a deplo y able Shac k-

Hartmann head that can b e brough t out from the side in to the �eld of view, casting a Shac k-Hartmann set

of sp ots on to the fo cal plane when a star is guided in to its en trance ap erture. On the head w e ha v e put 9

colored LEDs and a photo dio de, and w e ha v e pro vided a means of deplo ying an F e-55 xra y source if desired.

These are extremely helpful for measuring and optimizing ampli�er gain and CCD p erformance within the

cry ostat, on the moun tain. W e also use a no v el optical arrangemen t of lens and calcite in t w o corners of the

fo cal plane that creates ab o v e- and b elo w-fo cus adjacen t don uts out of eac h star falling within their �eld of

view. This instan tly tells us the qualit y of fo cus when an image has b een read out. Lastly , w e ha v e placed

a few pinholes on the Shac k-Hartmann head that can image the optical train ab o v e the camera and detect

glin ts and stra y ligh t paths.

4. CONTR OLLER

Because w e read out 512 c hannels sim ultaneously , and b ecause of some of the un usual features of the

OT As (four gates for parallel transfer, logic signals) w e needed to dev elop a custom con troller for running

the CCDs. Our goal w as to build a con troller that could \liv e the the shado w" of the devices it services,

p ermitting in�nite tiling. As it happ ened, the telescop e clearance w as small enough that w e needed to b end

the con trollers to the side instead of pac king them underneath, but in principle w e could mak e an arbitrarily

large fo cal plane. The la y out of the fo cal plane and the connection to the con trollers is illustrated in Fig. 3.

Eac h con troller c hassis is ab out 4 � 7 � 12 inc hes, and includes 4 b oard sets, eac h of that can run 2 OT As,

as seen in Fig. 4. Th us a single c hassis runs a 2 � 4 blo c k of OT As. The signals emerging from a 1 � 4 blo c k



of OT A 
exprin ts pass through a rigid-
ex b oard, through the cry ostat w all, and then to a pair of b oard

sets.

The b oard sets comprise a preamp b oard, a \D A Q3U b oard" that pro vides biases and clo c ks as w ell

as AD9826 A/D con v erters, and a \FPGA b oard" that has a Virtex 2-PR O FPGA, enough laptop DDR

memory to store a readout, and a gigabit ethernet in terface. These are sho wn sc hematically in Fig. 5 and

the b oards themselv es in Fig. 6. A p o w er distribution b oard b elo w the rigid-
ex pro vides p o w er to the

c hassis, and the en tire assem bly of four b oard sets is guided b y a pair of ro ds. Some e�ort w as exp ended to

ensure that the precision and tolerances w ere adequate that the en tire c hassis could b e safely plugged and

unplugged.

The con trollers on the side of GPC1 are cased in a b o xes on eac h side that dra w in co oling air from the

b ottom and eject it through a glycol-co oled heat exc hanger on the top, thereb y deliv ering all the heat from

the con trollers in to the glycol stream instead of the dome air.

Our AD9826 A/D con v erters are 16 bit, 10 MHz, three color devices. A t presen t w e use just one c hannel

and sample eac h of p edestal and signal four times, as seen in Fig. 5. The a v eraging and subtraction of these

data v alues are p erformed in the FPGA, and a single, correlated double sample v alue is staged and passed

via ethernet to our \pixelserv ers". W e regard the use of commo dit y memory and ethernet to b e a signi�can t

strength of our \ST AR GRASP" con troller, since it creates a lot of 
exibilit y at lo w cost, and uses a standard,

Figure 3: F o cal plane, rigid
ex, and con troller la y out.

Figure 4: Con troller and OT A form factors (dimensions in inc hes).



non-real-time in terface proto col for comm unications. W e commonly run a con troller c hassis with essen tially

an y , c heap laptop computer.

The ethernet tra�c from the con trollers is passed do wn individual 1GE �b ers to a 10GE switc h. Eac h

con troller has its o wn IP address, and the switc h allo ws us to mak e an essen tially arbitrary mapping of pixel

serv ers to con troller b oardsets. Fig. 7 sho ws the basic la y out

5. SOFTW ARE

GPC1 is an in tegrated system, and the soft w are is at least as imp ortan t and di�cult as the hardw are.

There are �v e la y ers of in terfaces to the GPC1 P an-ST ARRS camera system, eac h built on the next la y er

b elo w:

� A. Script Lev el

The highest lev el of orc hestration is curren tly handled b y scripts, primarily for ease of dev elopmen t. The

scripts use to olkit lev el commands (often, man y in parallel) to con trol a group of con troller b oardsets.

� B. T o olkit Lev el

The ST AR GRASP to olkit consists of C programs. T o olkit programs can b e in v ok ed on an y host with

the abilit y to connect to the con troller using IP o v er Ethernet. The most imp ortan t to ols in the to olkit

are those whic h receiv e log messages, b o ot the con troller, send arbitrary commands, and retriev e FITS

images. Additional engineering to ols exist to visualize and optimize noise p erformance and generate

clo c king patterns.

� C. ST AR GRASP C Libraries

Figure 5: ST AR GRASP b oard set blo c k diagram (left), and a m ultiple sampling example (righ t).

Figure 6: Preampli�er, D A Q3U, and FPGA b oards.



Eac h of the to olkit to ols are built on a set of C API Libraries. If in application is adv ersely a�ected b y

pro cesses starting and stopping, a monolithic or p ersisten t serv er pro cess can b e easily implemen ted

using these APIs.

� D. Con troller So c k et Commands

The ST AR GRASP C libraries m ust accomplish all con troller comm unication through a TCP so c k et on

the con troller's p ort 915 (b y default.) The ma jorit y of these commands are sen t b y using grasp cmd()

(the C function, or the to olkit to ol.) grasp cmd is a pass-through to the extensiv e list of commands

that the con troller supp orts at the so c k et lev el. F or diagnostics, man y of these commands can also b e

t yp ed man ually if a serial console is connected to the con troller, and most can b e sen t in teractiv ely

with "telnet" or "nc". A command exists to con trol eac h analog and digital function of the con troller.

� E. Registers and Clo c king Instructions

Registers and Clo c king Instructions are the lo w est lev el API. All con troller so c k et lev el commands are

implemen ted in C co de whic h mo di�es these registers, and/or writes instructions to the clo c king engine

pro cessor.

Within the FPGA w e run HDL whic h supp orts constructs called the \math engine" and \clo c king engine"

(Fig. 8). The Virtex2Pro FPGA op erates at 2 lev els. The P o w erPC405 is running a k ernel that allo ws for

high sp eed con trol and data comm unication o v er gigabit Ethernet. This lev el of soft w are also in terfaces

and con trols a lo w er lev el of em b edded functionalit y that pro vides high sp eed programmable clo c king of the

OT As. This hardw are description language based \Clo c king Engine" design is a command FIF O structure

that executes the follo wing command set and pro vides rep eatable, precise timing:

� Dela y for precise amoun t of time

� W ait for external trigger (sync)

� Set v oltages (biases, clo c k lev els)

� Do 1 or more parallel clo c king sequence

� Do 1 or more serial+video clo c king sequence

Figure 7: System Blo c k Diagram.



� Select cells (b y manipulating. digital output lines)

� Shift cells during in tegration (OT correction)

A soft w are GUI has b een dev elop ed to aid in the optimization and test of the di�eren t t yp es of CCDs.

Named Cestla vie (Fig. 9), it allo ws an op erator to graphically load, edit, sa v e and real time do wnload a CCD

clo c king pattern to the ST AR GRASP con troller.

Data comm unication throughput across the Gigabit Ethernet link ha v e b een excellen t. 400 to 600Mbits

p er second sp eeds are ac hiev ed with a UDP proto col through commercial net w ork switc hes. The large

SDRAM memory on b oard is capable of bu�ering m ultiple device images and remo v es the need for real time

data transp ort.

Figure 8: Clo c king Engine conceptual diagram.

Figure 9: Cestla vie GUI



W e use what w e call \video mo de" on designated cells that do es a rapid readout of a small area con taining

a brigh t star without an y sh uttering. Of course w e incur sligh t trailing, to the exten t that the parallel clo c king

is slo w er than the in tegration time, and w e are sub ject to other brigh t stars con tributing c harge in the readout

or erase region of the small area. By c ho osing appropriately brigh t and isolated stars this is not usually a

problem. This mo de giv es us the abilit y to monitor a star's lo cation at up to 30 Hz, and w e use this signal

for guiding. W e t ypically designate 20{30 star cells for video during an exp osure, and w e analyze the mean

p osition of all the stars relativ e to the start of exp osure for o�set and rotation. The o�set signal w e lo w-pass

�lter and p ost to the telescop e for correctiv e guide o�sets.

W e calculate a n um b er of \v alue-added pro ducts" that mak e e�cien t observing p ossible, for example w e

displa y binned-b y-64 jp eg th um bnail images, noise images, guiding strip-c harts, etc. W e iden tify all saturated

stars and brigh t defects in eac h frame that is recorded, also collecting a set of unsaturated stars. F rom these

w e calculate image qualit y jp egs (image size, image elongation). There are so man y cells and ampli�ers in

the fo cal plane ( � 3500) that it is often the case that the patterns that app ear are more diagnostic of image

qualit y and camera health than just the mean v alues themselv es.

6. A UXILIAR Y

Of course an e�ort of this scale required dev elopmen t of an extensiv e infrastructure. Apart from equipping

a lab, w e built a sequence of three test cameras for device and con troller testing. The largest test camera,

TC3, is half the size of GPC1 and ga v e us the opp ortunit y to design and v erify man y of the enabling

tec hnologies. W e built an extensiv e detector \T est Benc h" that pro vided a completely automated, thorough

set of signals for device ev aluation and optimization.

A gan try microscop e ga v e us a 30 � 20 � 8 inc h v olume w e can measure to 1 um using a long fo cus

microscop e ob jectiv e and digital camera. This w as essen tial for determining the as-built thic knesses and

pro�les of the detectors, and adjusting their pads to bring their surface to the desired lo cation. Large

adjustmen ts w ere required, b oth to bring the detector surface to where w e though t the optical fo cal surface

w ould b e, and then to adjust it to where w e measured the optical fo cal surface to b e once w e had assem bled

and collimated the en tire telescop e.

7. PERF ORMANCE

The p erformance of GPC1 has b een quite satisfactory , if not p erfect. W e initially installed GPC1 on the

telescop e in August 2007 and has op erated without an y signi�can t problem for t w o y ears. W e brough t it

bac k to Manoa brie
y in F eb 2008 while the primary mirror supp orts w ere b eing rew ork ed, and used the time

to impro v e the co oling housing around the con trollers and p o w er supplies. During this t w o y ear op eration

w e ha v e had man y p o w er failures, a melted p o w er connector, loss of co oling on man y o ccasions. The fact

that no detector su�ered an y damage and the con trollers w ere una�ected is a testamen t to the though t and

e�ort put in to basic, go o d engineering practices not detailed here.

The radio frequency in terference (RFI) on Haleak ala is quite serious. Prior to remo v al of some broadcast

an tennas the �eld strength w as as m uc h as 1 V/m, near-�eld and unimp eded b y P an-ST ARRS's �b erglas

dome. This caused as m uc h as 50 e

�

in terference noise in TC3, but careful design and phasing reduced this

to ab out 2.5 e

�

for GPC1. The w orst o�ending an tennas ha v e no w b een relo cated, but it is still a v ery high

RFI zone, and enduring RFI seems to b e an una v oidable cost of an observ atory on Haleak ala.

The v acuum p erformance of the cry ostat has b een as designed and satisfactory . W e can go man y mon ths

with a go o d enough v acuum that w e ha v e negligible conductiv e heat load and negligible condensation on the

device surface. There ha v e b een enough opp ortunities created b y bad w eather or telescop e w ork to w arm

up the cry ostat and repump.

The detector p erformance has b een adequate. The QE is ab out what w e exp ected and exceeds our

requiremen ts. Most of the cells ha v e a full w ell in excess of 50 k e

�

, but cells a�ected b y the corner problem

are considerably w orse. This do es not quite meet our requiremen t, but is acceptable. Similarly , the noise at

0.5 Mpix/sec is 6.5 e

�

or less for most cells. This do es not meet our requiremen ts, and causes the signal to

noise of our shortest, bluest exp osures to b e 25% w orse than exp ected. W e ha v e not b een able to unra v el

wh y the ampli�ers are noisier than exp ected | unfortunately progress on that fron t tends to run in quan ta

of lot runs and $1M.



Our readout and sa v e time is 8 seconds at 0.5 Mpix/sec. While this is considerably slo w er than w e had

hop ed for, it is a compromise b et w een read time and noise, and app ears to b e an acceptable o v erhead loss

for our surv ey programs.

W e ha v e a larger loss of area from bad cells and brigh t defects than w e had hop ed. While within our

sp eci�cations and only amoun ting to a few p ercen t in �ll factor, it is disapp oin ting. The OT A bad corners

ha v e b een alluded to. The \ion implan t laser anneal" pro cess b y whic h the thinned devices are annealed

passiv ated app ears to b e the cause of most of the brigh t defects. It is as y et unkno wn what the exact damage

mec hanism is, nor what asp ect of that pro cess at MITLL causes the problems.

W e ha v e some detector artifacts that are self-in
icted b y our con troller. W e see line-b y-line bias o�sets,

sometimes dramatically di�eren t in some OT As, that app ear to b e caused b y an imp erfect zero p oin t restore.

W e m ust reapply this zero p oin t in eac h ro w of pixels read out b ecause the cross talk from man y h undreds

of clo c k signals and ampli�ers is manageable un til it drifts in time. This \streaky" e�ect can largely b e

remo v ed b y a line-b y-line bias correction, that for some OT As requires a rescaling of the p edestal signal

b y a few p ercen t and acquisition of a pre-scan bias lev el as w ell as p ost-scan. Although anno ying, these

horizon tal streaks can b e mitigated almost p erfectly b y a com bination of data collection metho d and a bit

of p ost-pro cessing.

Another artifact arises b ecause the parallel gate v oltages m ust b e more p ositiv e than the NMOS logic

signals, and w e designed the con troller to pro vide only p ositiv e logic signals. Since w e cannot therefore in v ert

the surface of the CCD, the c harge from a star that is grossly saturated gets in to long-liv ed traps and lea v es a

\p ersistence burn". This manifests itself as a streak up w ards from the saturated star, as the c harge from the

star's lo cation leaks in to the pixels b eing clo c k ed b y , but also in ensuing frames as a streak downwar ds from

the star, b ecause the h uge c harge pac k et w as dragged across those pixels during readout. W e are preparing

to e�ect the prop er, long term solution of mo difying the con troller to pro vide negativ e logic signals, but in

the mean time w e ha v e implemen ted a routine in soft w are that detects, �ts, and corrects these p ersistence

features. The qualit y of the correction is mostly sp ectacularly go o d, but the sky is a big place, and not

kno wing whether a feature is a line of stars or galaxies, the routine has to b e conserv ativ e and sometimes

misses trails or lea v es b ehind artifacts.

There are some glin ts and excess scattered ligh t that w e are trying to trac k do wn and �x. GPC1 has

three ba�es, one ab o v e the en trance windo w, one in the middle, and one just ab o v e the fo cal plane, but

there are man y surfaces left p olished to minimize radiativ e load that apparen tly can b e illuminated b y ligh t

scattered ab o v e in to unexp ected angles. The most egregious problems ha v e b een �xed b y impro ving the

telescop e ba�ing, but some y et remain.

In Decem b er 2008 w e brough t the camera bac k to Manoa for t w o mon ths in order to replace the 20

devices with the w orst \bad corners" with ones from the Lot 3 newly deliv ered to the IF A. By this time

w e had also measured v ery signi�can t ( � 100 um), unan ticipated di�erences b et w een the fo cal surface and

detector surface. W e did not kno w at the time whether this w as primarily an optics e�ect or mo v emen t of the

detectors or carb on �b er fo cal plane, but subsequen t metrology of the detector surface and understanding

of the optics mak e it clear that the di�erence w as primarily an optics e�ect. F ortunately it w as a relativ ely

simple (alb eit extremely painstaking and dangerous) task to disassem ble the en tire fo cal plane, adjust all

60 device's tilt and piston, and reassem ble to follo w the as-measured fo cal surface. GPC1 w en t bac k on the

telescop e in F eb 2009 and has op erated without signi�can t problem since.

Some concerns ha v e b een raised ab out 
exures and h ysteresis e�ects that w ere though t p erhaps to arise

from the LCC/GPC1 in terface. As y et w e do not ha v e a complete picture of whether there are motions in

excess of the FEA design, but the M2 supp ort is no w though t to b e the pro ximate cause of these e�ects.

This issue highligh ts ho w complex the P an-ST ARRS system really is, and ho w hard it can b e to trac k do wn

and �x problems.

8. GPC2

W e are in the pro cess of designing GPC2 for the P an-ST ARRS2 telescop e, to b e installed initially in

the adjacen t dome to P an-ST ARRS1. W e exp ect to build a near-cop y of the telescop e, and GPC1 has

pro v ed successful enough that w e an ticipate only minor c hanges for GPC2. Some of the c hanges include



sligh t sti�ening of a few of the 
exures and mec hanical comp onen ts, lev el shifters for the logic, replacemen t

of the rigid-
ex b oards (the primary source of cross-talk) with 
exprin t, more in ternal blac k ening (at the

cost of increased radiativ e load), and b etter con troller co oling. W e ha v e found that the abilit y to image up

the optical train is extremely v aluable and will replace the pinholes with a lens for b etter resolution and

brigh tness.

With MITLL w e are in the pro cess of designing a new OT A that will incorp orate the b est features of the

CCID58s in GPC1 while making some minor impro v emen ts. W e are also in the pro cess of designing a new

pac k age for the GPC2 devices that features AlN and in v ar for an excellen t CTE thermal matc h to silicon,

and di�eren t connectorization. Although the new pac k age design w as based on building to a p erfect detector

surface, w e do b eliev e that w e m ust allo w for three p oin t adjustabilit y of tilt and piston b ecause w e cannot

risk the p ossibilit y that the optics will pro vide an out of sp ec fo cal surface.

The total dev elopmen t and construction time for GPC1 w as ab out four y ears and consumed ab out 30

p erson-y ears of lab or, $2M in parts and infrastructure, and ab out $3M for detectors. The total dev elopmen t

and pro duction time for the detectors w as 5 y ears. Fig. 10 sho ws what the system cost in terms of money

and time once the NRE is remo v ed.

Figure 10: Cost breakdo wn for GPC1 (left) and appro ximate pro duction times for v arious ma jor subsystems.

Note that this excludes non-recurring engineering cost.

W e hop e for GPC2 to b e able to obtain the detectors required in less than 2 y ears for less than $2M,

but this is highly dep enden t on pro duction yield and fabrication di�culties. W e exp ect to repro duce the

cry ostat and con trollers for ab out $1M in hardw are and appro ximately 8 p erson-y ears in lab or, w e hop e the

net cost of GPC2 will b e appro ximately $4M and that w e can pro duce it in 2 y ears.

Almost all of the uncertain t y in budget and sc hedule arises from the detector pro curemen t. Large,

astronom y-qualit y CCDs remain something of a blac k art, and w e ha v e b een fortunate in ha ving the exp ertise

of our partners at MITLL. While w e exp ect to main tain that relationship in the foreseeable future, w e are

dev eloping a second source for detectors in order to augmen t our capabilit y to pro duce man y more GPC

cameras as demand for them arises from the P an-ST ARRS pro ject or other needs.
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