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ABSTRACT 

The COsinic Background Explorer~ (COBE)~ launched on 18 Novenlber 1989~ lllade aU-sk~· surve~'s 
in the milliIneter. sub-millimeter. and infrared bands. with the goal of detecting and studying the 
Cosluic Infrared Background (eIB). and of 11laking detailed studies of the Cosmic I\Hcrowave Backgrouud 
(CI\IB). Since these backgrounds COIne to us fronl redshifts z ranging froIll a few to 103 • correspolldiug 
1.0 co-movjng distances of (5-1 - :360) x 1024 Iueters. COBE is certainl~' doing the most remote of all t.lw 
"remotf' sf'llsing" discussed in this session. 

1. Introduction 

The origin of the (,OBE Iuission goes back to 197-1 when NASA issued Announcelllents of 
Opportunity (AO-6 and ....\.0- 7) for ne'v Explorer dass space l1lissions. Three proposals suggesting ('I\IB 
st.udies ,vere cOIubined into a single study teau1. I joined this study teaIll in 1978. The COBE mission is 
tIle product of Iuan:v years of work by a large tealll of scientists and engineers. Credit for all of the results 
presented ill thes€> lectures lllust be shared with the other Iuelnbers of the the COBE Science vVorking 
Group: Chuck Bennett. Nancy Boggess~ Ed Cheng. Eli Dwek. Sanl Gulkis. I\Hke Hauser. I\.fike .Janssen. 
Tom l":elsall. Phil Lubin ..John I\Iather. Steve J\Ieyer. Harvey l\Ioseley. TonI I\IIurdock. Rick Sha.f€>l'. Bob 
Silverberg. George SIUOO1'. Rai 'Veiss. and Dave \Vilkinsoll. Bennett €It aL is an excellent review] of t.he 
hist.or~· of the COBE project and its results up to the discovery of the anisotropy of th€> CI\iIB. but not 
including the latest liIuits 011 distortions of the spectruIH of the CI\:fB. 

One part of the (,OBE experience should be kept in mind by anybody planning a space mission: 
it took 15 years from proposal to la.unch even for an Explorer. ,vhich is supposed to he a sma.ll fast 
f'Xperillwnt.. In fact t.he Extrelne UltraViolet Explorer. EF'"E. which was launched in .June 199:2. and 111(> 

yet to be launched X-ray TiIlling Explorer. XTE. were also selected from th€> proposals responding to AO (j 

&. in 197-1. This :20 ~'ea.r queue has been a very discouraging aspect of space astrophysics. Certainl~· part 
of the reason for the long delay bet\veen selection and launch for (,OBE was to see whether the porons 
plug used in the IR.4S dewar ,vould in fact aUow superfluid liquid helitull to he used in space. Durillg lhjs 

long wait. ill lin€>. COBE went from a Delta launch to a shuttle launch and then back to a Delta launch. 
Thf' shut.tle v€>rsiOll of COBE needed to carry a ton of hydrazine to reach the required altitude. as wen as 
a bigger and heavier structur€> to carry both launch and abort landing loads. FurthE'rInore. t.he shuttlp's 



projected payload capacity for polar orbits was quite low. As a result. the shuttle version of COBE used 
about 90% of the pa:vload capa.city. After the Challenger explosion in 1986 it hecalue clear that the 
shuttle would never be launched into a pola.r orbit. and COBE was rebuilt for a Delta launch. Over .').J% 

of the mass \vas eliIllinated with no loss of scientific capability. 

COBE carries three instnullents: the DIRBE~ or Diffuse InfraRed Ba.ckground Experiment: 
t.he D~IRs. or Differential ~iIicro\vave Radiometers. and the FIRAS. or Far InfraRed Absolut.e 
Spectrophotoineter. The D~1R instruluent is attached to the outside of the de'var~ \v!lile the DIRDE 
and FIRAS instrument.s are in the liquid-helium dewar operating at 1.5 K. The three separa.te boxes of 
t.he D~fR operate at the three frequencies of :31 ..5. 5:3 and 90 GHz. The ·5:3 and 90 GHZ radiolueters 
use HE~IT IF aluplifiers that operate at 1·50 K. while the 31 GHz radiOlueter operates at :300 I~. The 
D~IRs do not require cryogenic cooling. The DIRBE is a 19 cnl diameter off-axis Gregorian telescope 
that measures the flux within a 0.70 square field-of-view. A tuning fork chopper is used to switch betwef\ll 
the sk~' and the 2 I~ DIRBE cavity (a zero reference at. aU DIRBE bands) at a 32 Hz rate. Shllult.a.nool1s 
measureinents are Inade in 10 bauds: the .J. K. L and ~!I hands of ground-based IR photolnetry at 1.2G, 
2.2. ;3 ..') and -1.9 liIll. the four IRAS bands at 12. 25~ 60 and 100 Ilm~ and two long wavelength bauds aJ 
1-10 and 2-10 IiIll. The FIRAS is a polarizing ~Iichelson interferoilleter2 covering the range frOIn 100 JlIll 

1.0 1 CIll. 

2. COBE Orbit and Attitude 

COBE is in a sun-synchronous polar orbit with a 990 inclination and a 900 knl altitude. The 
ascending node occurs at 6 P~I local titne. and the inclination is chosen to give a precession rate of :JUOo 

per year. which gives a fixed local titue for the ascending node. The altitude of 900 knl is a trade-off 
between residual a.t.nlosphere which could contanlinate the cryogenic optics on COBE. and the effect.s of 
high energr protons and electrons trapped in the Earth's lllagnetosphere. The basic attitude for COBE 
has the Sun 9-10 and the Earth 1800 away frOlll the center of the pattern of the instruIuent horesights. For 
t.his t.o work. the Earth-Sun line Blust be perpendicular to the orbit plane. A line drawn perpendicular t.o 
the orbit of COBE intersects the celestial sphere at ±9° declina.tion. but at a right ascension tha.t va.ries 
h~' one cycle per year. By launching to the South at dawn. the Sun is placed at the saIne right ascensioll 
as the end of the orbit nonna.} at declination _90 which Inea.ns that at the .June solstice the Suu is located• 

:J2° away froIll the perpendicular to the orbit. The depression of the horizon at 900 kIn altitude is 280 so• 

COBE is eclipsed for up to 20 lninutes per orbit for a period of t,vo Illonths centered on the .June solst.ice. 
These eclipses occur over the South Pole. During the saIue season the Earth lhub rises several degrees 
ahove the plane of the Sun shade \,,'hen COBE flies over the North Pole. 

3. Cryogenic and thermal perforlnance 

\Vith the interior of the Sun shade shielded froin the Sun all the time and the Eart.h Inost of the 
time. radiative cooling led to a dewar outer shell temperature of 130 K. The tenlpera.ture inside the 
dewar was 1.-1 K until the superfluid heliuIll was depleted :307 days after launch. Given the low outer 
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Tabl~ 1: Briglttn~ss and Planck Brightn~ss T~mperatur~ of the Diffuse Infrar~d Sky 

sh~n t~lllp~ratnr~ th~ h~litllll would have lasted longer exc~pt for the FIRAS lllirror transport lll~chanism 

(AlTAI ) "hits". caus~d \\'h~n trapped particles res~t the position count~rs lea.ding to th~ lllirror carriagp 

b~jllg drh'en into l1l~chanka.l stops. 

Ev~n now. almost tlu~~ years after th~ heliu1l1 was depl~ted. the interior of th~ dewar is at ahout 

55 I\:. Thus th~ IuSb 1-5 lUll detectors in the DIRBE are still working with good sensitivit~~. 

Th~ sky brightness lll~a.sured by the DIRBE experilnent on COBE at th~ South Ecliptic Pole:) is 

~iven h~low in Table 1. By converting these sky brightnesses into brightness temperatur~s we can see 11lf' 
degree of telescope cooling required to achi~ve natural background limited p~rfonllance in the infrared. 

It is cl~ar from. the de\var outer sh~ll te1l1peratur~ that spac~ missions designed to stud.v the :3.5 
Illll minimum in the zodiacal background can easily use radia.tively cooled optics. 

4. Detector Behavior 

The experiIn~llts 011 COBE carry five kinds of detectors. At the lowest frequ~nci~s solid-stat~ mixer 

diod~s ar~ us~d ill th~ D:MR ~xp~rinl~llt. Next up ill fr~quency ar~ th~ bolomet~rs used in th~ FIRAS 
experiInent and the two longest wavelength DIRBE channels. The third det~ctor type is gallium-doped 

germanium extrinsic photoconductors (Ge:Ga) used in DIRBE at 60 and 100 Jim. Arsellk-<1op~d si)koJl 

(Si:As) blocked iInpurit~· hand detectors are used in DIRBE at 12 aud 25 pm. while photovoltaic indium 
autilllonide (luSh) det~ctors are used frOlll 1.2;') to ..t.9 JlIn. 

The Dl\IR detectors have shown no sensitivit:v to charged particles trapped in the Van .\llen belt s. 

while both the FIRAS and DIRBE detectors are excellent charged particle detectors. As a result. onl~' tIl(:' 

DAiR can take data during passes through the South Atlantic AnOlllaly wh~re the charged partkle rate i~ 

highest. The data analysis task for FIRAS and DIRBE is c01l1plicated by the requireluent that "glitches" 



due t.o charged particles have to be found and ren10ved before the data can be averaged. but this process 
ran 1)(;3 automated to a very great extent by using trimmed l1lE'ans such as the luid-ayeragE' instE'ad of ;;'Ill 

arithmetic luean when adding data together. "VYhile deglitching is thne consuIlling. the physical processes 
involved are well understood. A charged particle deposits luuch more energy in thE' detector than a.n 
infrared photon does. and it. produces a very big hnpulsive signal. A luuch n10re serious problenl involves 
h:vstE'resis and long-tenn gain drifts associated with large doses of charged particles and passage over 
bright sources. The DIRBE detectors were annealed and recalibrated using an internal reference sou('c(' 

aft.er each passage through the SA-A. and recalibrated after passage through the horns of the Van Allen 
belts. In addition. the DIRBE detectors look at a signal chopped at :32 Hz. Even so. the Ge:Ga detectors 
show a substantial hysteresis associated with galactic plane passages. The Si:As detectors show a SllUllI 

hysterE'sis. whilE' the bolometers and InSb detectors do not. 

5. FIRAS 

ThE' Far InfraRed Absolute Spectropl10t01l1eter instruluent on COBE is a Ivlartill-PllpleU2 or 
polarizing 1Iichelson interferolueter. The optical layout has dual inputs and outputs. and is Ver~' 

symlll('trical. If I caU the two inputs SI\:Y and ICAL~ then the two outputs~ \vhich are denoted LEFT and 

RIGHT. are given syn1bolicall~' as 

LEFT = SKY - ICAL (1) 

RIGHT = ICAL - SKY (1) 

The leAL input is connected to all internal calibration source (the ICAL) that is quite dose to a 
blackbod~·. so if the SKY input is a blackbody and the telllperature of the ICAL is adjusted to Inatch tlw 
telll}>E'rature of thE' sky. the output signals are very slllaU. This differential approach gives the FIRAS its 
incredible SE'llsitivit.y to sIna.ll deviations frolll a blackbody spectruln. 

ThE' FIRAS detectors are large cOInposite bolollleters that sense the output power by absorbing tlle 

radjation. converting this power into heat. and then detecting the telnperat.ure rise of a subst.rat.e nsing (l. 

\'er~' small and sensitive silicon resistance thenuolneter. The specific heat of the hololl1E'ter is IninhnizE'd. 
which maxhnizes the temperature rise for a given input power. by luaking the substrate from t.he material 

with the highest known Debye tell1perature: diamond. Dialllond is quite transparent to luillillleter waves. 
however. so an absorbing layer is needed. Traditionally a layer of bislllUth has bE'en used as tilE.' absorber 
011 cOlnposite bolometers. but the FIRAS detectors use a very thin layer of gold alloYE'd with chromiulII. 
ThE' absorbing layer needs to have a surface itllpedance about one-half of the :3';7 OIUllS/O impedau('fl of 
fl'E'E' spacE' in order to absorb efficiently. This surface hnpedance can be obtained with a llluch thiuup)' 
JayE'l' of gold than bislll'uth because gold is a good electrical conductor instead of a poor cOllduct.or 1ik~ 
hismut.h. This also serves to milliIllize the spE'cific hE'at of the detector. The dianleter of thE' octagonal 
diamond substrate is quitE' large: about 8 nun. which allows FIRAS to detect waves as long as 1 ClU. A 
\Villston cone. or cOInpot1ud parabolic concentrator. focuses a full 7r steradians outo thE' detectors. As a. 

result the FIRAS instnul1ent has a large etendue: 1..5 Cl11 2 sr. 

The spectral da.ta frOlll FIRAS are obtained ill the fornl of interferogranls. The LEFT output is 
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Fig. 1.- FIRAS interferograms from the Left Low channel looking at the sky and at the XCAL wi1-1t 

Tx = 2.701. 2.7:3:3 and 2.750 K. The IC'AL is fixed at 2.76 K 

approximatel,\" 

;r( .1') ~ fox, cos( 211'11.1' )G( /I) (Iv +~ €;( /I )Bv( Til + (Tv ) rI/I 

Whf"fP the indpx i ahove runs over all the components in the FIRAS that had thermometers to measnrf' 

Ti. These inrlude the leAL. the reference horn that connects to the I(,AL. the sk,\' horn, flip holollwlpr 
hOllsing, the optical structure of the FIRAS. and the dihedral mirrors that lllove to provide tile variatioll 
in pa.th length difference .r. The €/s are the effective elllissivities of the various cOlllponent s. The leAL 
itself has f ~ -0.97. while the sky and reference horns have f'S of ± a few percent. The offset tf'rm {',I 

was observed (luring flight to be approxiInatel,\" lO-5 exp(-t/7)B t,(Tu) with a tiltle rOlls1allt 7 of two 

months a.nd a teluperature TF ~ 15 K. The SKY input Iv can be either the sk,\" or the external calibrator 
(Xf'AL). l'he XCAL is a lllovahle re-entrant absorber that ca.n be inserted at the top of the sky horll. 

The cOlubination of sky horn plus XCAL forms a cavity \vith an a.bsorptivity > 0.9999. \Vith the XC,\L 
juserted during periodic calibration runs. the SKY input is known to he Bv(Tx). By varying Tx alHI 
the ot.her Ti 's, the calibration coefficients have been detenninecl. See Fixsen et a1.4 for a Illore cOIllplet(:l 
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1.22 1.85 4.88 18.00 94.57 754.31 

Fig. 2.- DIRBE !\Iap at 60 Illll in arbitrary units. The projection is in galactic coordinates with til(' 

galactic center in the center. 

description of the calibration procedure. Figure 1 shows the interferograIl1s used to detennine the initial 
FIHAS measurement of the C!\IB spectnlln.5 which agreed with a blackbody to better tha.n 1<;{" while t.1l(-' 

latest FIRAS result56 agree with a· blackbody to better than 0.03% of the peak. 

6. DIRBE 

The DIRBE instrument has surveyed the entire sky over the wavelength range from 1.2 to 2-10 

itIll (in 10 hands) with an O. ,0 bea1l13 . The interplanetary dust enlission is very strong in the 12-100 il111 

wavelength range. Figure:2 shows an hnage at (jO Jnn frOl11 the average of aU the observations takell on'l" 

the 10 months of cr;,\'ogellic operation. The galactic plane is the brightest region of the sk~'. but the arch 
of the ecliptic plane can clearly be seen at high galactic latitudes. The darkest regions of the sk~' are Hear 
tIl(' ecliptic poles in this hand. and a good nlodel of the interplanetary dust cloud 111Ust be deriv('d 1'1'0111 

the DIRBE data before any sensitive lhnits on extragalactic flux can be obtained. 

The zodiacal dust cloud is faint(:'st at :3.5 Jnll and 2.JO Jilll in the DIRBE data. Figur(:';J sho\\;s 
the sky at :305 JiIll. The speckled app(:'arance of th(:' sky at high galactic latitudes is due to stars. Th(:' 
stars visible on this figure can identified with bright red giants and supergiants. such as n Sco and n Ori. 
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Fig. :3.- DIR BE I\Iap at :3.5 pIll in arbitrary units. 

Th~se st.ars can be s~en in single sweeps of the DIRBE instru1uent and have been used to provide accll rat.t-' 
attit.ude reconstruction. About 1 reliable star sighting per n1inute can be obtained. and by using t.lw 
g~'roscopes to propagate the attitude froll1 star sighting to star sighting over an interval of about 20 
minutes. a reconstructed attitude with an accuracy of about 1 arc minute is obtained. even though t.he 
beam size of the DIRBE is -:12 arc 1uinutes a.nd it was not designed to serve as a star trackeri'. 

At the longest DIRBE \vavelength of 2-:10 pm. shown in Figure ·L the high galadic latit.ude sk~' is 
dOlnillated by the infrared ""cirrus" discovered by the IR.4S satellite. I feel that no shuple geOllletrical 
model of the cirrus douds will ever be sufficiently convincing to allow all extrapolation to '''zero'' galax~·. 
The csc Ibl 1110del for a plane-paraUei galaxy is dearly inaccurate. This DIRBE Iuap has be(>ll used as 

GU. b)8 in t.he FIRAS data analysis to derive a lllean galactic spectrUlll. which then allowed ver:' tigh1 

limits on deviations from a blackbody to be set 6 . But because of the lack of a geollletrica.l mode1. an 

extragalactic flux with the same spectrulll as the high latitude galact.ic e1ni8sion will be assigned 10 1lip 

I\Iilk~' \Vay. 

7. DMR 

The DI\IR instl'lnnellt on COBE is designed to 11leaSUre S11laU te1nperature differences fro111 place 
to place on the sk~·. The DI\IR consist of three separate boxes that are located just outside the dewar. O)lP 
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Fig. -L- DIRBE Iviap at 2-10 Jllll in arbitrar:v' units. 

for pach of the three frequencies of ;31 ..5..5:3 and 90 GHz. There are two largely independent receivers a1 

each frequency. The field of view of each unit consists of two healns that are separated by a 600 angle that 
is bisected hy the spin a.xis of the satellite. Each beanl has aio F\VH1I. The D1.fR is onl~' sensitive t.o 
t.he hrightness difference between these two beallls. This differencing is perfOl'llled b~' a ferrite waveguide 
Hwitch that connects the receiver inpnt to one horn and then the other at a rate of 100 cycles per second. 
The signal then goes through a luixer. an IF amplifier and a video detector. The output of the video 
detector is demodulated by a lock-in a.nlplifier synchronized to the input switch. The difference signal 
that results is recorded ever~' 0..5 seconds for telelnetry to the ground. 

The sensitivity of the DlvIR varies between 15 and 40 InK in 1 second~ depending 011 the chanIH:'i. 
During the incuhation period for COBE the signa.! predicted b~' credible cosmological theories fell 
dramaticaU.v. frolll J.TIT equal to 1%9 to 5-10 parts per Inillion lO . \Vhile this led to SOlne concern aholJt 
COBE·s ahilit,v to det€'ct a signal. it also kept the Di\IR frOln being "scooped" h:v tIl€' haUoon-hol'll(' 
competition11. which presented an upper lhnit only v'2 titnes higher thaII the ultiInate ('aBE deter1iOlI. 

8. Summary 

So far COBE has been a remarkably successful space experiInent with dramatic observational 
COJlseq uences for COSlll0logy. At least one ne\v dralnatir result frOlll the DIRBE search for a cosmic 



infrarE'd background can bE' anticipatE'd. In this search the DIRBE faces thE' difficulty that thE' CIB is 

E'xpf?rted to be many tiU1E'S faintE'r than the local infrared foregrounds fronl thE' Solar S~'stenl and the 
~fi1k)-' \Vay. 

The most serious on-orbit probleIlls experienced by COBE arE' gyro failures and the FIRAS ~IT~f 
·'hits··. G)-TO failures are unfortunately quite common~ so the COBE spacecraft was designE'd wit.h 
redundant g)-TOS and autonoIllOUS fail-safe operation in luind. A sudden gyro failure four days aftE'l' laullch 
put this design to thE' test and it worked. 

The FIRAS ~IT11 hits were caused by trapped charged particles in the Van Alleu belts resetting 
the position counter in the luinor transport luechanis11l. The 111irror carriage can then collide with a 

mechanical stop. producing a large power dissipation inside the de\var. The reset pulse is carried out. 
of the dewar by an optical fiber. and charged particles hitting the optical photodiode used to sense tlw 
reset pulse can cause the probleIll. \Vhen originally designed, charged particle events were considered 
and found to be uniInportant. Later ~ the optical fibers v,"ere lossier than specified. but the signal '''"as 
still much greater than the noise. and the charged particles event problelll was not re-exaulilled. During 

ground test. occasional transport lockups were seen. but their cause was a Ill:"stery. Because of these 
events an antomatic resetter known as the "I\JTI\I \Vatchdog" or lvIDOG was added to the design. This 
circuit. worked well in flight. and saved the FIRAS. 

The FIRAS I\ITI\fI was the onb" cryogenic Inechauisul that created probleuls during flight. but 
every single mechanisul inside the dewar caused trouble during the pre-launch tests. The tuning fork 
chopper in DIR BE used stainless steel tines. and the ratio of ll1echanical dissipation to thermal condllrtion 
was high enough to cause the chopper to self heat to I.) K. Copper wires were added to the chopper 

tilles t.o hnprove the cooling. The shutter in the DIRBE used to view the internal refE'rence source would 
not operate under 19 until both the primary and backup drive coils were driven shnultaneousb·. The 
s]>ringines~ of the cablE'S connected to the FIRAS XCAL was high enough at cryogenic tempera.t.llre~ to 
cause tlw calibrator to back out of the sky horn. This was discovered late in the testing because gra\'it~· 

had held t.he XCAL in the horn for all the earlier tests which were dOlle in a vertical orientation, 

As for lessons to he drawn frOln the COBE experience. I would try very hard to avoid moving 
parts insidE' dewars. If thE' thenna.l-vaCUUll1 chamber were to live up to its nalue of "SpacE' Environment 
Simulator" it would include charged particle fluxes appropriate for thE' cllOSE'n orbiL and zero gravity. 
SitH'P pven the hE'st silnulator is still not as good as the real thing. what we rE'ally need is frNluent. reliahlp 

and inexpensive access to space. This would give large numbers of scientists and engineers pract ira1 

('xlwrience about what \vorks and what doesn't in the space envirOlunent, 
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