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ABSTRACT

HabEXx is a concept study for a next generationespalescope having a 4 to 6.5 m primary mirror diten Primarily
designed for exoplanet science, but also carryigeral astrophysics instruments, it will have ditybrequirements
orders of magnitude more stringent than any preshotiown space-based observatory. Wavefront cdninaluding
active sensing/control of wavefront jitter and dgrifvill be essential to achieving and maintainingranagraph
performance. There are currently two complementachniques that can be used to sense the wavedrdht An
attractive method is to use starlight rejected fritv coronagraph to sense changes in the wavdfioiatent on the
coronagraph mask. This method suffers from photoisenespecially when imaging dim stars. It is als@available
during slews between target stars. Laser metrolegy complementary system in which a laser “trumsdbles rigid
body displacements of the optics to be measured éltanges in the separation of pairs of opticaididls which can be
separated by many meters. In closed loop with éetiuaptics, laser metrology actively maintainsdibody alignment
of the front-end optics, thereby eliminating therdlsant source of wavefront drift. This method caaimtain rigid body
stability of the telescope optics and thereby wanrgfcontrol, even during slews between targets.
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1. INTRODUCTION

The HabEx study is defining a concept for a newcspgelescope with the primary mission of detectargd

characterizing planetary systems around nearby.sthe telescopis designed specifically to operate with both ghhi
contrast coronagraph and a starshade, enablindiridxet optical detection of exoplanets as clos&@snas from their
star. The telescope will be equipped with cameoaskoplanetary system imaging and with spectroreetapable of
characterizing exoplanet atmospheres. Gases suoRygen, carbon dioxide, water vapor and methane Ispectral
lines in the visible and near infrared part of spectrum and may indicate biological activity. tddion to the study of
exoplanets, HabEx enables general astrophysics twithdedicated instruments, one a camera/specpbgf@HC)

enabling imaging on a 3 arc minute field of viewtwo bands stretching from the UV to the near iddawith a multi-

object spectrograph mode with resolution of 2008e Tecond instrument is a high resolution UV spegcaph

operating from 120 nm with up to 60,0000 resolution

HabEx carries two coronagrafid (one shown in Fig. 2) covering portions of theescie band from 450 to 1000 nm
and up to 1800 nm. Stellar coronagraphs work bydow the light from a star onto a mask, which aetsuppress the
starlight at the center of the field while allowitrgnsmission of light form nearby planets. Coraapys use “speckle
suppression” image-based wavefront sensing andrdafde mirrors to tune a “dark hole” around thetlstar, creating
a high-contrast region for planet detection and-attarization. Speckle-suppression sensing iseaative process that
relies on long integration times to collect photfnusn faint residual starlight suppressed by adacf 1& or more. It is
essential that the wavefront is stable for londqur of time or the speckle suppression technigjllenat converge.

Each coronagraph beam train consists of a fastistesirror, deformable mirrors for wavefront casitrcoronagraphic
mask, Lyot stop and imaging optics. Also, an indédield spectrograph is included. Within a narrdeld, the

coronagraph suppresses starlight by a factor ¥fdrOmore. To maintain the dark hole, the obseryatevefront error
must not drift by more than a few tens of piconet@nd the line of sight (LOS) jitter must be hetdolv about 0.4
milliarcsec. LOS jitter and wavefront drift must lberrected via feedback to active optics. Starligdjected at the
coronagraph mask or at the downstream Lyot stopttimctive as a control signal source. For examWIIRST

coronagraph employs a low order wavefront sensOWES*) in combination with a the coronagraphic maskease
low order aberrations directly from the starlighbtably tip/tilt and focus. The signals can be lfedk to a focus mirror
(or a deformable mirror) and a pointing control noirand subsequently off-loaded to the spacectttu@de control

system. However, this technique has not been demaded in the lab for jitter and wavefront contabithe 16 contrast



level even for bright host stdils The problem will become increasingly difficult #se magnitude of the host star
diminishes.

There are two sources for telescope line of sitditikty requirements. The first is simple efficgnof light collection
so that the point spread function of the starlighthains on the same pixels of the detector to aifma of the PSF
diameter. The second, and a more stringent onéjedefrom the need to maintain high contrast ondbenagraph
which is sensitive to very small wavefront chang&he primary source of wavefront drift will be rgibody
displacements of the primary and secondary mimelegive to coronagraph instrument bench. Simutatibave shown
that in order to achieve and maintain%€ontrast for HabEx, the primary and secondaryorsrmust be maintained in
six degrees of freedom to nanometer and nanoradieuracy.

There are two sources of wavefront error to be idened. One arises from the rigid body motion & telescope and
the other from the internal motions of the optidsiturally, these motions occur at different timéssand the slower
motions will be easier to detect. The internal LOS\$ensor does not necessarily directly revealenghe motion is
internal or external. Laser metrology provides Hedént, complementary sensing method, one thatlmmsed to
measure changes in the alignment of the opticspigent of the magnitude of the host star. It messthe relative
positions of the three mirrors of the telescopecltsed loop with actuators, MET thus provideswactlignment of the
front-end optics, thereby eliminating the dominamternal source of wavefront drift and LOS jittdecause laser
metrology has ample photons, unlike detectors rslgton rejected starlight, it can operate at Higindwidth and feed
forward LOS errors to a fast-steering mirror cotireginternally generated spacecraft disturbances.

2. TELESCOPE DESIGN

The telescope is a three mirror anastigmat (TMAhvei 4 m diameter primary mirror, 2.5 m off axispgucing a
collimated 50 mm diameter beam at the output. Téléntated output greatly simplifies the accommodatiof the
instruments, since otherwise, off axis optics wolid needed throughout the systems. Figure 1 shiosvsetescope
layout. Instruments are arranged near the terti@iryor. By placing smaller fold mirrors between ttegtiary and the
exit pupil, individual fields of view can be exttad and passed to the instruments. This desigwsltifferent optical
coatings on the tertiary to aid transmission edficly with some instruments. Since the telescopeadasrk into the
UV, a protected aluminum coating is required oleast the first two mirrors.

Figure 2 shows part of the coronagraph instrumédtarAtriking the tertiary mirror, the rays areloohted and converge
towards an on-axis pupil plane. Before reaching pfene however, the beam is extracted by a foldomand directed
to a fine steering mirrors (FSM) located at a pygiéine. The FSM is used for fine pointing correctimased on the
output of a wavefront sensor within the coronagraph
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Figure 1: HabEx space telescope optical systenen8eiinstruments are arranged near the primarpnigrreduce the
moment of inertia and improve stability.




Figure 2: Part of the coronagraph layout showirgnbeoming from tertiary mirror M3, FSM used fordipointing control
and DMs used for wavefront correction.

Telescope L OS stability

The effect of disturbances to the positions ofdp#cs was calculated by displacing and rotatiragheof the first three
mirrors in 6 degrees of freedom and the output bémection calculated. Table 1 shows one possilideaion of rigid
body motions to reach pointing accuracy of ~2 mmas. rThe allocation is based on both on performamze on the
measurement capability of the laser gauges deschblw. This allocation does not include an altimeafor thermal or
dynamic effects on the structure. A more detaile@dlygsis, albeit one that excludes metrology comsiitens, is
presented iffl.

Table 1: Displacement allocations for the threeonir of the TMA that together produce a 2.2 masamsky pointing
error, and produce measurable metrology signak oEDY signifies a move across the optical axiX.dr TY signifies a
tilt around the X or Y axis passing through the imahchief ray intercept (CRI) on the mirror suga®Z is a move along
the optical axis and TZ a rotation of the opticuard the CRI. The telescope has symmetry acrosg-thglane. The
secondary mirror CRI is displaced in the +Y direstirom the primary mirror CRI. “nr” signifies nasradian

Optic M1 M2 M3

Move DX,DY | Dz TX,TY TZ DX,DY | Dz TX,TY TZ DX,DY | DZ TX,TY TZ
Unit nm nm nr nr nm nm nr nr nm nm nr nr
Allocation 10 60 10 10 10 60 60 100 10 120 50 200

To reach such stability will require active contodlthe optics. In a passive scenario, a low CTié&stmpe truss structure
would be monitored by temperature sensors and ainad to the 1 mK level to preserve alignment. Hevesuch a
scheme would not be proof against effects suchuggaesing of a composite telescope structure. é laetrology truss
tying the first three optics together can senserival drift of the optics, then actuators can bedue restore alignment.
Such a system has other benefits too, such asbthiy &0 hold the telescope setup precisely whesvimg between a
bright star used to set up the coronagraph defdemalirors and the target, or between target stars.

Laser gauges

Laser metrology for large coronagraph-equippedesjmen observatories was first proposed for thee€krial Planet
Finder Coronagraph. The beam launcher transmits a collimated beaoutfh free space to a corner-cube
retroreflector. The reflected beam couples baakiné beam launcher where it mixes with a referdrezen and is
coupled into a fiber optic. The current generatibraser metrology (MET) has single-digit nm measnent error at
1 kHz sampling and single-digit nm/°C temperatwefficient.
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Figure 1. a) The beam launcher and optics benchultento a small planar lightwave circuit (PL&)itable for mounting
on lightweight-active telescope optics. b) Priteipf a laser gauge. Phase modulated laser ligheligered to a beam
launcher via fiber optics. The beam launcher cdaltis the laser light and directs it in free spac ¢orner cube
retroreflector. The returned beam is coupled batkfiber optics and the heterodyne signal is detbwith photodiodes.
The metrology gauge measures displacement betweerettex of the corner cube and a fiducial surfasigle the beam
launcher.
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Figure 3: HabEx laser metrology truss. Beam launchers are placed at the primary and tertiary mirrors and
reflect from common retroreflectors located at the secondary mirror. The primary and secondary mirrors are
mounted on rigid body actuators which are actively controlled in closed loop with laser metrology. Laser
metrology truss

An optical truss can be constructed to detect fiigidy motion of one optic relative to another. §auges arranged in a
hexapod are sufficient to detect displacementdlisia degrees of freedom. By actuating the optiignment can be
maintained with a feedback loop closed around diserl metrology. Figure 3 illustrates the combimatd two optical
trusses to stabilize a primary and secondary mietative to the tertiary mirror. In this model,xag@ods are replaced
with nonapods to provide redundancy. In total, t#igh metrology gauges control twelve degrees @fdven. Because
each laser gauge requires only a microwatt of ppalethe gauges can be supplied by a single 1.8%em laser source.



The geometry of the truss determines the sensitbitthe measurements to each degree of freedomg,Llearrow
trusses are sensitive to tip, tilt and piston baensitive to lateral translation and in-planetiotaof the optic.

With expected rms gauge error of 0.15 nm or betiterrms wavefront error will be less than 5 pnegiag the contrast
drift below 1x10" at 500 nm (based on contrast simulations analymidg PROPER) The exact contrast is a
function of coronagraph type: a charge 4 vectotesocoronagraph (VVC) is much less sensitive tdiligghan a hybrid
Lyot with band-limited mask. However, because & fimite stellar diameter (~1 mas for a G type stiatO pc) even
with the charge 4 VVC, pointing jitter as low ag Onas is requiréd In summary, both sensing and correcting rigid
body motion of the front end optics will be requir® maintain a high contrast dark hole. A lasetrolegy truss also
provides stabilization when moving between stars.

RM Swavefront error requirements and budget

One possible metrology gauge error budget is shiowrig. 4. In this example, the main contributoorfr the beam
launcher is the thermal drift showing that goodried control is required and the beam launcheifitieminates the
budget. The current generation of beam launcheexpgected to meet the HabEx contrast drift goahwi20 mK
thermal control (Fig. 5).

RMS Wavefront Error

RMS Gauge Error

Beam Launcher Electronics @ 10 Hz Corner Cubes
Req. | 0.08 | nm | Rea. | 0.06 | nm |
Thermal Control Phasemeter @ 1 kHz Thermal Control
Reg. 0.5 nm
BL Pointing Drift RF driver @ 1 kHz CC bonding to SM
Rea.| 2 [nm/oc] Rea. | 05 [ nm | Rea. [ 1 [nmyoc]
BL bonding to PM Laser @ 1 kHz Bonding of CC itself
Rea.| 1 |nm/oC] [Req. | 0.4 [ nm | Rea. | 3 |nm/°c]
BL Thermal Drift
Rea.| 4.5 [ nmy/°c|

Figure 4: MET error budget for the HabEx 4 metegrayre monolithic observatory. The beam launchemer cube, and
interface sensitivities have been demonstratedligte-like environment. The thermal control loagquirement is
achievable due to the compact size of the MET hardwand the benign environment dictated by thessétyeof thermal
control for the optics in contact with the MET hamte. The phase noise is based on a simple zessingpphase detector.

Given gauge performance consistent with the budtle 1 shows the RMS wavefront error in termdoaf order
aberrations. These aberrations interact differenitly different coronagraph types.

Pointing control

HabEx will use the WHC to provide telescope poigtieferenced to guide stars. This will allow paigtito ~ 2 mas.
The finer pointing control required by the cororeggrs will be done with the FSM based on the sifnoah the internal
Zernike wavefront sensorFractional milliarcsec jitter is needed to preveontrast degradation caused by stellar
leakage around the mask. This low jitter can beeaedd for HabEx by using electric microthrusterthea than reaction
wheels. An alternative would be active or passélescope isolation from the spacecraft bus. Fuithprovement can
be gained by sampling the MET at 5 kHz to estintlaéeLOS jitter of the front end optics and thendieg the error to
the FSM in a feed-forward loop. The simple zerossing phasemeter, which was adequate to correchalig induced
rigid-body disturbances, is not adequate to ser38 [itter within the required bandwidth. LOS jitteontrol at the
nanoradian level will demand a low noise phasensteh as developed for Grace Followfon
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Figure 5: Because laser metrology is only sendiegatignment of the primary and secondary mirrefstive to the optic
bench, MET must be supplemented by a line-of-sightrol loop. Telescope pointing is controlled bg ¥WHC and the
microthrusters to the 2 mas level and a Fine Guid&@ensor (FGS) measures starlight rejected byditemagraph to detect
misalignment between the stellar image and thena@@ph mask to sense at the sub milliarcsec [&helline-of-sight
error is corrected with a Fine-Steering Mirror (FSIbtated upstream of the deformable mirrors. T@&SLcontrol loop
corrects for spacecraft (SC) pointing errors as aglesidual errors from the MET control loop &@iS errors from optics
downstream of the tertiary mirror.

Contrast and wavefront aberrations

Random errors were applied to the metrology gaugesistent with 0.02C thermal control of the beam launchers,
retroreflectors and interfaces. The resulting weorgf errors were fit to the first 40 Zernike coeifints according to
Noll ordering. As can be seen in Figure 6, thedwsli wavefront error, due to rigid body motion bétprimary and
secondary mirror, do not generate large amplithagh-order Zernike terms. For a monolithic primatye piston term,
Z1, can be neglected and the LOS terms, Z2 andaB3e greatly reduced by the FGS control loop. fdbas term is
two orders of magnitude smaller than the MET gaerger, indicating that the high-contrast field d@maintained with
150 pm of gauge error.

Sensitivity to different misalignments of the optiearies with coronagraph type. The focus termgctviiiominates the
post-MET residual errors (Figure 6) is strongly mugssed in vector vortex coronagraphs (VVC). VV@oagraphs are
less sensitive to jitter than HLC, particulariyetNVVC charge 6, but this degrades the throughputsfoall inner

working angles, so planet-finding performance forar rocky planets would suffer.

To assess the effectiveness of laser metrologyhfoHabEx baseline 4 meter unobstructed apertut®%& bandwidth
charge-6 vector-vortex coronagraph was modeledamet] to produce ¥ contrast between an IWA of 2§D and an
outer working angle of 1A/D, whereA is the central wavelength (550 nm). Surface roughrd the front-end optics
was simulated with a 2D power spectral density Bithm RMS WFE. Figure 7 illustrates an observingueace that
tales advantage of the extraordinary stabilityhef HabEx. An exposure is acquired in which a simpdanet is hidden in
the residual speckle of the high contrast regiditerfa 30° roll of the spacecraft, a second expp&iacquired. Because
the speckle pattern rolls with the telescope gtéionary on the focal plane, and differencingtthe images suppresses
the speckle revealing the planet.
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Figure 6: A charge 6 vector-vortex coronagrapmséensitive to low-order Zernike terms Z1-Z8 and At is not
effective in suppressing the higher order term® Whorst offenders, Z2 and Z3, line-of-sight err@rg, corrected by the
fine guidance control loop. For the unobscured Hadb&sign, high order Zernike terms, due to rigidypmotion of the
primary and secondary mirrors, are not producel aibplitudes large enough to affect the contrast.
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Figure 7. Simulation of an exposure of the 4-melabEx high-contrast region containing a single éxogt. The alignment
state is maintained by a MET control loop basethererror budget of figure 3. The dark hole wastlifor 2x16° raw
contrast between IWA = 28D and OWA = 11D (red circles). 4a) The first exposure (illusd@here as contrast on a
logarithmic scale) in which the planet is buriedtie speckle. 4b) After a 30° roll maneuver, a sdoexposure is taken.
The speckle rotates with the focal plane so it appstationary. 4c) The difference between theitmages plotted on a
linear scale. The exoplanet appears as a posiiteeiion and a negative detection rotated by 30°.

3. CONCLUSION

High contrast coronagraphy on the next generatibfaige, coronagraph-equipped, space-borne obseieatwill
require an unprecedented level of stability, ndtiemable through passive or thermal control systefhe proposed
HabEx architecture uses an unobscured aperture@mhagraphs designed to be insensitive to lowrondevefront
errors and microthrusters to mitigate wavefronft@dmd LOS jitter. In addition, wavefront sensinfstarlight rejected
by the coronagraph will be necessary to achieverdhjeired stability. This is a powerful techniqueeit has sensing
limitations in that individual optic contributiorsse not resolved, and performance will be photoitéid for many stars.



Internal laser metrology is a complementary tecthitp wavefront sensing, indeed by internally samsind controlling
the telescope optics wavefront sensing performasce speed requirements can be significantly relaxdds
hierarchical approach has the bandwidth, stakilitg resolution needed to maintain high-contrasegaturing the long
exposures needed for detection and characterizatieroplanets.
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