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ABSTRACT 

The first high-dynamic-range interferometric mode planned to come on line at the Keck Observatory is mid-infrared 
nulling. This observational mode, which is based on the cancellation of the on-axis starlight arriving at the twin Keck 
telescopes, will be used to examine nearby stellar systems for the presence of circumstellar exozodiacal emission. This 
paper describes the system level layout of the Keck Interferometer Nuller (KIN), as well as the final performance levels 
demonstrated in the laboratory integration and test phase at the Jet Propulsion Laboratory prior to shipment of the nuller 
hardware to the Keck Observatory in mid-June 2004. On-sky testing and observation with the mid-infrared nuller are 
slated to begin in August 2004. 

1. INTRODUCTION 

The primary goal of the Keck Interferometer Nuller is the detection and characterization of exo-zodiacal dust disks 
around nearby main sequence stars. The characterization of such dust disks is a vital preliminary step on the road to the 
direct detection of terrestrial planets with eventual space missions such as NASA's Terrestrial Planet Finder' and 
ESA's ~ a r w i n ~  missions. This is especially true in the case of the themal infrared, where exo-zodiacal emission is 
potentially much brighter than the emission from terrestrial planetary analogs. 
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Figure 1. Null depths vs. wavelength and stellar distance for G2 stars on the KIN. Also given is the equivalent OPD stability. 

The specific requirement which the Keck Nuller has been designed to meet is the capability to detect an exo -zodiacal 
dust disk as faint as 10 (baseline requirement) to 30 (minimum requirement) times the level of our own solar system's 
zodiacal dust disk, around a G2 star at a nominal distance of 10 pc. For reference, a zodiacal dust disk 10 times as bright 
as that of our own solar system is roughly 10" as bright as a G2 star in the mid-infrared, and so suppression of the 
stellar signal to roughly the level is needed. In the absence of errors, the stellar signal which will leak through an 
achromatic null fringe will be dominated by the leakage due to the finite size of the star, and this leakage, in the case of 
the 85 m Keck-Keck baseline, will be near at a wavelength of 10 p n  for G2 stars at a distance of 10 pc or greater 



(Figure 1). The targetted instantaneous nulling passband is 10 to 12 pm, but the various individual subsystems have 
been designed to operate throughout the N-band atmospheric window. 

Figure 2. The KIN experiment architecture: dual-baseline nulling. 

2. EXPERIMENT ARCHITECTURE 

For a ground-based experiment aiming to detect faint emission in close proximity to a vastly brighter point surce such as 
a star, two extraneous signals must be removed: the stellar flux itself, and thermal background emission from sources 
such as the terrestrial atmosphere and the ambient temperature optics. In the mid-infrared the latter emission is 
significantly brighter than the star. Since both of these sources need to be suppressed, two types of "subtraction" are 
planned. First, a nulling beam combiner (NBC) will be employed to reduce the stellar signal to the 10" level. However, 
because the nulling beam combiner will maintain a fixed phase, the residual off-axis flux will need to be modulated in 
some fashion in order to distinguish the desired signal from the thermal background. This will be accomplished by 
generating a dual-baseline nuller using four distinct subapertures on the two Keck telescopes (Figure 2), and then cross- 
combining the nulled outputs with a standard interferometric beamcombine?. 
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Figure 3. Conceptual layout of KIN dual-nuller, dual cross-combiner architecture. There are four input and output beams. 

In other words, after the stellar signal is nulled on the pair of long baselines, the residual coherent off-axis signal from 
the astronomical target is modulated on the short baselines by means of a one-wavelength OPD scan in a pair of 
standard astronomical Michelson-interferometer beamcombiners (Figure 3). Thus the coherent exozodiacal signal is 
converted to an a.c. signal, while the incoherent thermal background signal remains at d.c., and so is not detected (it 



does however contribute to the noise). This dual-nuller, dual cross-combiner architecture resembles some approaches 
being considered for TPF'. 

Figure 4. System layout. Components in the nulling subsystem are enclosed in the dashed line. Electrical signals are shown dashed. 

The Keck Interferometer Nuller will make use of the interferometric infrastructure already deployed at the Keck 
0bservatory4 as shown in Figure 4. The components in the dashed box are those related specifically to the nulling mode. 

Figure 5. The KN fringe-tracker and metrology layout 

After traversing the adaptive optics systems, the light from the Keck primaries is split into a pair of symmetrical 
subapertures at the dual-subaperture modules. After propagation to the basement laboratory through a series of transport 
optics and long delay lines, the light is split between the K- and N-bands (2 p and 10 pm, respectively). The K-band 
light is sent to a set of active delay lines, which is used to perform fringe tracking. The N-band light is sent to its own 
set of delay lines which are stabilized at the correct position by the information provided (fed-forward) by the K-band 
fringe tracker and the metrology signals. The latter, among other things, measure the non-common paths (Figure 5). 



Figure 6. Unbalanced-dielectr~c (ZnSe) atmospheric d ~ s p c r s r o ~ ~  cotnpcrlsatrlrs. 

After the dclay lines, the bcarns are cornprcssed, and thcn pass through atmospheric dispersion compensators5 (which 
also add the necessary x-radian phase shfft between the beams to be nulled), as shown in Figure 6. The beams then pass 
through intensity control devices (obscuring vanes), and proceed to the nulling beam combiners. 

Figure 7. Modified Mach-Zehndcr bcam combiner 

Figurc 8. Cross-combiner rapid-scan mirrors 



Figurc 9. Thc K.tL1 c.lincr.1. ~ t s  ~rttctr~nl apllcs bc~lch. uric o~~tl l~i t  frame, s110w111g thc t t ~ t ~ r  dlspcr~cd ch,~n~lcl< 

The nulling beam combiners are syrnrnctric modified Mach-Zehndcr beamcombiners"~i~ure 7), whfch operate on the 
conshuctive fringe En the absencc of the dispcrsion compcnsators. The nulled light is then passed to the cross- 
cornbincrs, which consist of single beamsplitters, the associated compensator plates, and a pair of rapid-scan mirrors 
(Figure 8). whfch arc capable o f  rapidly ( 1  00 Hz) scanning through an optical path difference (OPD) of a (mid-infrared) 
rravelengrh. 
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Figure T 0. Thc KIN metrrrlogy system 

After the cross-combiners, the light in the four destructive beams is sent to the mid-inffarcd camera KALI' (Kcck 
Aperturc nuLl111g lnterferomcter camcra). which provides spectral and spatial filtcrrng, as wcll as a prismbased 
d~spersiort capabrlity (Figure 9). The camera transmission was  measured to bc = 50% in thc two best input beams. 



Figure 1 1. The nulling breadlmarri :it ;in carl!: n~scnibl!: stagc. stlowll~g nnl> Itlc nulltt\g hcan~-co[nh~ncrh :~rld the cross-combiners. 

Metrology beams are lannched from behind the final bcamsplitters in the nulling bearncombinels (Figure 1 O), i.e., into 
onc of the unused bright nuller outputs in each o f  the two nullers. The final beamsplitter splits the metrology bcam and 
sends the two bcams up the optical beamtrain. These beams are retro-reflected behind the KIN spltttcrs, where linear 
polarizers select orthogonal polarizations in the two arms. By detecting the return metrology signals at both bright 
outputs in cactl nuller, all o f  the necessary paths can bc monitored and stabilized. The metroIogy beams from the K- 
hand frrnge trackers also terminate at the retro-reflectors behind thc K/N spIitters. ailowing for the stabilization of the 
non-common paths after these splitters. Another set of  mctrology bcams monitors the common beam trains from the 
KIN snlitters un to the dual-subaperture modules (Figure 5). 

Frprc 12. The fulFy assemhtcri ntilllny hrcnc1bo;~rcI 

Metrology 1s not presently provided for the cross-combiner stage because the OPD accuracy rcqu~rement for this stage 
is very rclaxed compared to the nulling stage. Horvever, the upgrade plan includes metrology for thc cross-combiner 
stagc if i t  is found to be ncccssary. 



All o f  thc nulling cotnponents are mounted on an  encloscd four-foot squarc optical breadboard. Ftgurc 1 1  shows the 
nullers and cross-combiners on the nulling breadboard in an cnrly assembly phase, while Figurc 12 shows the fully 
assembled system, including the dispersion compensators and metrology Iaunchers. The transm~ssion through the 
nulling breadboard o p t ~ c s  was measured to be = 80%. Finally, Figure 13 shows thc fu1I nulling subsystem, w h ~ c h  
includes thc nulling breadboard, the source-plate, and the KALI camera, which sits on a mount en  the floor next to the 
nuller table. 

F~gure 13. Thc nulling arhkystctn. show~ng tlrc nulling b~c~tdhontti (Icft) in rts cnclosurc, tl~c srlurcc pl;~tc (ccnter), and the KALI 
camera [right: on thc floor). The periscopes which drop thc bcarns from the optical tabIc to the bottom of the dewar can also be seen. 

For laborirtary testing, the thermal light sourcc on the source plate (Figure 13) i s  injected into one of the four nuller 
outputs In the reverse direction". Four beams propagatmg in the reverse direction are generated by the cross-comb~ner 
and nullcr beamspl~tters, and after rctro-reflection at flat mirrors (located anywhere after the dispersion compensators, 
but for system tests thcse flats are located after the K/N splitters), four equivalent beams propagatc toward the nulling 
brcadboard in the foward  direction, anaIogous to the incoming starl~ght.  
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Figure I S .  JPL I&T lab 
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l:iyout, showing the four optical tables ~nvolved, and the nulling and fringe-tracker cameras. 

3. PERFORMANCE SUMMARY 

The critical system-level performance demonstrations which were deemed necessary and sufficient to warrant sh~pment 
of the nulling hardware to the Keck Observatoty were. in bricf, demonstrations of suitable levels of null depth (1000:1), 
and null s tab~ l~ty  (several m~nutes at the dcsred rejection level). path-length stabilization by feed-fonvard from the K- 
band fringe tracker (FATCAT). and for the ncw KALI camera, the various normal camera functional~ty and 
performance standards such as encircled cnergy and sensftiv~ty. 
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Fig rc  16. The IBT Irb Ji'l.. Tilt < l ~ l i ~ y  llnc tabic ir tnlnt l u f t .  l l ~ c  cu ~lchyai-d table IS in the center rear, the nuli~ng hrcadbnard 
 WIT^ cnclosurc) n an thc right, and thc fringe tracker tahlc bel~~nd 11 (not nslblc) The full nulling t h l c  md thc KALI camen, both 
to the right of this photo, are sllown In Figurc 13. 



To c a y  otit the needed interferometry-relatcd demonstrations, the Keck Interferometer integration and  test (I&T) 
lahorntory at JPL was configured so as to reproduce the planned Kcck Observatory basement layout and funct~onality 
(F~gurcs 14, 15 & 16). including the KM wavelength split, the rerevant active dctay lines, the metrology and alignment 
systems, thc use of the KALI carncra, and the use of summit-compatible reaLtime control software. En addition, an arr 
path of  order 20 m was of  necessity included, as was thc transit of the optical beams across a number of  different opt~cai  
tables, as w ~ l l  be the case on the summrt. The summit block diagram layout is shown in Figure 14, thc conceptual I&T 
lab layout is shown in Figure 15, and a photograph of the full I&T setup at JPL is shown In F~gure 16. 

Figure 17. Meti-oiom-stabili~ed system null dcpths obtained recently (June 2004) in the Keck Interfcrometcr Lab at JPL. for a 2 pm 
widc dispersed passband (= 10 - 12 pm). After about nine minutes, the system was tuned to the constructive fringe. 

The individual Keck nullcrs had already dcmonstrated null depths at the ~0'"evel early last yea?'8(usinga s~ngle-pix4 
dctector and na metrology), and after an extended integration and test period, during w h ~ c h  a11 of the other necessary 
subsystems were brought on linc, system null depths of better than 10'bwere recently obtained, and stab~Tized for 
pcriods of many mtnutcs (Figure 17). Feed-fonvard experiments from K-band to N-band at the requisite Ievel were also 
successfully carried out. 
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Figure 18. Prcd~cted ~unlrnii  nullcr crror hudgct at initial performance levcis. 



Finally, with the experience gained in the I&T phase, it was possible to generate predictions for the initial summit 
performance. The results, as shown in the error budget in Figure 18, indicate that it should be possible to meet the on- 
sky nulling requirements with the hardware performance demonstrated in the I&T lab, assuming that our understanding 
of atmospheric water vapor fluctuations is accurate. This led to the decision to deploy the hardware to the Observatory. 
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