Exo-zodi detection capability of the Ground-Based
European Nulling Interferometry Experiment

(GENIE) Instrument
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The Ground-Based European Nulling Interferometry Experiment (GENIE) is intended as an Earth-
based precursor for the European Darwin mission that will prepare the Darwin science program and
demonstrate the required technology at system level. We propose a compact nulling interferometer
design consisting of a two-telescope aperture configuration, an optional split-pupil add-on, and only
four active control loops for counteracting environmentally induced disturbances. We show by simulation
that the proposed instrument is able to detect, within a few minutes of observation time, exo-zodiacal dust
clouds around Sunlike stars at 20 parsees that are 20 times stronger than the local zodiacal dust cloud
density. © 2006 Optical Society of America
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1. Background

The objective of the European Darwin mission! is to
detect and analyze terrestrial exoplanets orbiting
Sunlike stars (F, G, or K type). The technique of
nulling interferometry? allows for visual detection
and interferometric imaging of such planets. The re-
quirements on the instruments are challenging due
to the small angular separation between star and
planet and the huge contrast ratio, even in the midin-
frared. Further instrumental challenges are caused
by the large operational bandwidth of 6.5 to 20 pm.
This bandwidth is determined by the scientific goal of
spectroscopically observing absorption lines of bio-
markers as methane (7-8 um), ozone (9.6 pm), car-
bon dioxide (15 pm and around 18 pm), and water
(6-8 um and 17-20 wm).

A nulling interferometer provides both high on-
axis light suppression and high angular resolution. In
the simplest arrangement, the sum of star and planet
waves is received by two identical telescopes. One of
the resulting signals is subject to a phase change of
m, and both signals are superimposed to obtain in-
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terference. The starlight is strongly reduced by the
(quadratic) on-axis null of the interferometer’s trans-
mission map, while the planet’s light experiences con-
structive interference by proper adjustment of the
baseline. Configurations with more than two tele-
scopes allow for better rejection of the on-axis star-
light, either due to a broader null or due to calibration
by means of phase chopping.

Due to the tremendous requirements given by the
Darwin mission, advanced observation techniques
and a sophisticated instrument design are required
together with the development of novel subsystems
and optical components with so far unknown quality.
The European Space Agency (ESA) has initiated sys-
tem studies, a technology development program to
provide the key elements, and breadboard activities
to demonstrate stable nulling at laboratory condi-
tions. The Ground-Based European Nulling Inter-
ferometry Experiment? (GENIE) is intended as next
step toward Darwin. A nulling interferometer, imple-
mented at the Very Large Telescope Interferometer
(VLTD* and operated in the midinfrared on astro-
nomical targets, shall prepare the Darwin science
program and shall demonstrate on ground and at
system level the technology required to accomplish
the scientific goals of Darwin.

2. Objectives and Requirements

The objectives of the GENIE project are twofold.
From a technological and operational point of view
the goal is to advance and mature the experience on



designing, manufacturing, and operating a nulling
interferometer employing Darwin representative
concepts and technologies. From a scientific point of
view the goal is to perform a systematic survey of
candidate targets for Darwin in order to screen out
stars with too bright exo-zodiacal dust clouds.

The GENIE instrument shall be designed to dem-
onstrate deep nulling of single stars or close binaries
in a midinfrared spectral band of 10% relative band-
width. Rejection ratios of more than 1000 shall be
achieved for G- and K-type stars located within 50 pec
of Earth. The instrument shall be able to detect dust
clouds as strong as 20 times the solar zodiacal
dust cloud and shall perform spectroscopy on the dust
clouds with a spectral resolution as low as 10.

3. Proposed GENIE Instrument

Although GENIE is intended as a ground-borne pre-
cursor for Darwin, the two instruments will exhibit
distinct differences imposed by the Earth’s atmo-
sphere:

® The atmospheric transmission strongly de-
pends on the wavelength because of absorption fea-
tures due to water, ozone, or carbon dioxide. Just
these absorption lines, whose detection is the pri-
mary goal of Darwin, are a problem for GENIE. Only
those wavelength bands may be used that provide
sufficient transmission.

® The infrared background due to sky emission
(caused by atmospheric absorption) and thermal
emission from the instrument itself is one of the main
limiting factors for Earth-based instruments. Both
emit infrared radiation at about 300 K, which adds at
the detector incoherently to the received scientific
signals. In contrast to the star-to-planet flux ratio
that decreases, the influence of background radiation
increases dramatically with increasing wavelength.
Originally the I’ band (3.74 um) and the N band
(10.2 pm) have been considered for GENIE. We de-
signed our instrument for operation in the L’ band
because of the higher achievable signal-to-noise ratio
(SNR) for exo-zodi detection compared to the N band.
Moreover, with the Keck Nuller,5 the Large Binocu-
lar Telescope® (LBT), and the MIDI Midinfrared
interferometric instrument? (MIDI) three interferom-
eters for the N band are available.

® Atmospheric turbulence causes local variations
of the temperature and of the air and water vapor
density. The resulting refractive index fluctuations
generate wavefront distortions that manifest them-
selves in scintillation, Strehl ratio fluctuations,
optical path difference (OPD) fluctuations, and longi-
tudinal dispersion. Unique to ground-based instru-
ments is the required wavefront correction and
longitudinal dispersion control.

The GENIE instrument shall be implemented at
the VLTI where, with some mechanical restrictions,
almost any combination of unit telescopes (UT) or
auxiliary telescopes (AT) can be used. For the sake of
maximum sensitivity, maximum starlight suppres-
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Fig. 1. Transmission map of a two-telescope nulling interferom-
eter utilizing UT2 and UT3. The circle indicates the instrument’s
field of view.

sion, and therefore minimum system complexity, we
propose a Bracewell nulling interferometer utilizing
UT2 and UT3. This configuration has the smallest
possible baseline of 46.6 m and maximum detection
area of 50.3 m* per telescope. Figure 1 shows the
corresponding transmission map, i.e., the on-sky re-
sponse of the interferometer; compare Eq. (2). Dark
areas correspond to low transmission and bright ar-
eas to high transmission. The circle indicates the
instrument’s field-of-view (FOV), i.e., that off-axis an-
gle where the transmission drops to one-half of the
maximum value.

The schematic instrument layout of our proposed
GENIE instrument is given in Fig. 2. The core of the
instrument is a fully symmetric, modified Mach—
Zehnder interferometer? together with an achromatic
phase shifter (APS). The double-pass configuration
provides two identical constructive and two identical
destructive outputs. Provided that the two beam-
splitter plates are identical, the two destructive out-
puts are independent from the actual beam-splitter
properties, and each output therefore provides highly
symmetric superposition of the input beams. The
APS is realized by a first-order system of dispersive
wedges. Due to the material properties and the sim-
ple design, a maximum static OPD error of less than
2.6 nm may occur within the 10% operational band-
width.

To achieve deep nulling of the star signal, the in-
dividual interferometer arms have to be equalized by
means of modal filtering of the output signals with
single-mode fibers and by active control loops coun-
teracting intensity mismatch, OPD fluctuations, lon-
gitudinal intraband dispersion, and internal tip/tilt
fluctuations. In contrast to the tip/tilt control oper-
ating in J band (1.25 pm), all other control loops
operate within the scientific I’ band. This has the
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Fig. 2. Schematic layout of the proposed GENIE instrument. The
two-beam setup consists of four control loops, a perfectly symmet-
ric interferometer core providing two identical destructive outputs,
and an optional split-pupil add-on allowing for background cali-
bration.

advantage for OPD and longitudinal dispersion con-
trol that no inter band dispersion fluctuations have to
be taken into account. Interband dispersion correc-
tion always suffers from strong uncertainties or from
high complexity because it requires a theoretical
model together with two or more fringe trackers op-
erating at different wavelengths. Because the control
signals are extracted from the science signals subse-
quent to the interferometer, no internal laser metrol-
ogy is required. The OPD control is done by means of
cat’s eye delay lines, longitudinal dispersion control
by acting on the dispersive wedges serving as achro-
matic phase shifter, tip/tilt control by actuating re-
direction mirrors, and intensity control by means of a
beam scraper.

All signals from the scientific outputs and from the
control channels are coupled into single-mode fibers
that are then fed into a Dewar cooled with liquid
nitrogen. The fiber output signals are dispersed by
prisms on a Hawaii-1RG detector to achieve a spec-
tral resolution of 30 for the control channels and of
400 for the science channels.

We further make use of the VLTI fringe-sensing
unit PRIMA FSU (the Phase-Referenced Imaging
and Microarcsecond Astronomy Facility, Fringe
Sensing Unit) and of the VLTI adaptive optics system
MACAO (Multiapplication Curvature Adaptive Op-
tics).# However, the coarse OPD control performed by
the PRIMA FSU is not mandatory.
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4. GENIE Performance Prediction

The power detected at the output of an interferometer
with N arms is given by

P= j f 10, 8,)T(6,, 6,)d6,d8, + Py, (1)

FOV

where [ is the source intensity distribution due to
star, planet, and exo-zodiacal dust cloud, T is the
interferometer’s transmission map, and P, is the
incoherent background noise power. The integration
is performed over the instrument’s field of view
(FOV), and (@,, ©,) are the off-axis angles in the x and
y directions. The transmission map, i.e., the inter-
ferometer response on-sky, is given by

2

2

(2)

N 2m
T(BI’ ey) = leu(ex) ey)tn eXp|:J T (xnex +yn.ey):l

where (x,, y,) are the aperture-plane center coordi-
nates of the receive telescopes, #, are the complex
transmission factors of each interferometer arm, and
M, are the individual telescope modes propagated
back into the source plane. The M, include the tele-
scope design and the fundamental fiber mode as well
as coupling into the single-mode fibers. Because the
GENIE instrument provides a single spatial mode at
its output, any environmental or instrumental influ-
ences can simply be taken into account by the trans-
mission factors ¢,.

The transmission factor ¢, of each interferometer
arm,

tu = tn,f th’NT tn,OPD tn,LD: (3)

is the product of the deterministic instrument trans-
mission ¢, 7, the transmission factor ¢,y due to sto-
chastic intensity errors, the transmission factor t,.0PD
due to stochastic OPD errors, and the transmission
factor ¢,;p due to differential OPD errors caused by
longitudinal dispersion.

The deterministic instrument transmission, deter-
mined by the elements within the optical train,
amounts to 10.1% for the science channel, to 2.1% for
the intensity sensing channel, to 3.4% for the disper-
sion sensing channel, and to 10.1% for the OPD sens-
ing channel. Here we assumed a minimum number of
optical components, reflection factors of 99%, and
transmission factors of 98%. The single-mode fiber
acting as a modal wavefront filter has been assumed
to be made of chalcogenide glass with a typical atten-
uation coefficient of 5 dB/m.

The instantaneous transmission factors are de-
rived from the respective control loop output power
spectral densities. For each control loop the output
power spectral density, S

outs
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Fig. 3. Generic description of the GENIE control loops. The sen-
sor averages the input signals within a certain period and adds
some sensor noise in terms of photon noise and detector read-out
noise. The multistage PID controller acts via the actuator onto the
input signal. The actuator noise is assumed to be negligible. The
latency takes into account any latency time occurring within
the control loop.
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is given by the sum of S,,,, resulting from the input
power spectral density S;,, Siene, resulting from the
sensor noise, and S,., resulting from the actuator
noise. The closed loop transfer function is given by
Hgy, Ng, and N are the sensor noise and the actuator
noise, and Hgr and H,; are the corresponding noise
transfer functions. The generic description of the con-
trol loops is given in Fig. 3. Each control loop consists
of a sensor that averages the input signals within a
certain period and that adds some sensor noise in
terms of photon noise and detector readout noise. The
controller acts via the actuator on the input signal. It
is modeled as a multistage PID (proportional, inte-
gral, and derivative) controller that is optimized for
each source scenario. For each stage the transfer
function is given by H(f) = K[1 + f/(if/f) + jf/fol,
where K is the gain and f; and f;, are the integrator
and differentiator cutoff frequencies. The actuators
show low-pass behavior. The transfer functions of the
dispersive wedges and the beam scrapers are de-
scribed by models, the transfer function of the delay
line has been measured and the exact amplitude and
phase distribution has been used for the simulation.
The actuator noise is assumed to be negligible. For all
control loops a total latency time of 25 s has been
assumed.

Figure 4 shows as an example the performance of
the longitudinal dispersion control loop in terms of
the power spectral density (PSD). The dashed curve
gives the input PSD S;,, and the solid curve shows the
output PSD S, after correction with the control loop.
The dash-dotted curve gives the output PSD S, re-
sulting from the input signal only, and the dotted
curve shows the output PSD S_... due to sensor noise
only. The input PSD S, i.e., the PSD of the optical
path difference fluctuations due to longitudinal dis-
persion, has been derived from the Kolmogorov model
of the atmosphere® with parameters typical for
Paranal. A gray fringe tracker is used as a sensor to
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Fig. 4. Power spectral density (PSD) of the OPD fluctuations
due to longitudinal dispersion before and after suppression hy
the GENIE dispersion control loop together with the error PSD
(resulting only from the input PSD) and the sensor noise PSD.

measure the optical path difference. By optimizing
each of the control loops for each source scenario, the
residual fluctuations are minimized; see Table 1.

To predict the performance of our GENIE instru-
ment, we simulated typical observation scenarios in-
cluding the following:

e A Sunlike star (G type) located almost at zenith
at distances from 10 to 38 pc from Earth.

® An exo-zodiacal dust cloud seen face-on with
densities from 20 to 100 times the density of the local
zodiacal dust cloud. We simulated the exo-zodiacal
dust cloud according to the DIRBE modell® as the
product of an emissivity function (taking into account
thermal emission and scattering) and a three-
dimensional dust density function.

® A hot-Jupiter planet located within the FOV,
typically at an off-axis position of 0.033 astronomical
units.

® Background conditions typical for the VLT site
and the VLTI instrument. The emissivity of the sky
as well as of the optical components of the VLTI and
of the GENIE instrument are taken into account.

We simulated observations with the goal to deter-
mine the maximum achievable signal-to-noise ratio
(SNR) and the time required to achieve a sufficiently
high SNR. The SNR for detecting an exo-zodiacal

Table 1. GENIE Control Loop Performance in Terms of Residual rms
Errors for Source Scenarios at Different Distances from Earth

Residual rms Error (pe)

Input Actuator
rms Error  Error 10 20 30 38 Bandwidth
OPD (nm) 130 115 17.0 245 31.8 6 kHz
Dispersion 600 63 102 152 182 100 Hz

(nm)
Intensity 45 1.6 18 2.6 5.5 150 Hz
(%)
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dust cloud is given by the ratio of the mean number
(Z) of zodi photons to the noise photons,

SNR = <Z>/(Nph + Ntr i Ncal 7= Ndel,)l'fza (5)

where the latter consists of the following:

® Photon noise N,; is caused by the stochastic
nature of light.

® Transmission noise N,, is caused by amplitude
and phase fluctuations resulting from residual errors
of the control loops which, in general, cannot perfectly
eliminate the environmental perturbations. By pro-
per design of the control loops, the transmission noise
may be minimized.

® (Calibration noise N, is caused by calibration
uncertainties of stellar leakage and infrared hack-
ground. Stellar leakage calibration is done by a
model. Due to uncertainties in the measured appar-
ent star diameter, the telescope baseline, and the
wavelength, relative stellar leakage calibration er-
rors of typically 1% seem to be realistic. The back-
ground is calibrated by virtual chopping, i.e., by
measuring the background simultaneously with the
science signals. Calibration errors occur because of
cross coupling between the fibers used for the science
signals and that used for background measurements
and because of inhomogeneities of the sky back-
ground and the VLTI background. Assuming rather
homogeneous background and low cross coupling, rel-
ative background calibration accuracies of 0.01%
seem feasible.

® Detector noise Ny, i.e., dark current and read-
out noise, are caused by the detector itself and depend
on the type of detector used, the operational mode,
and the operational conditions. For a Hawaii-1RG
detector operated in the L band, the dark current is
negligible and the read-out noise is as low as a few
electrons per pixel.

The maximum achievable SNR is limited by calibra-
tion noise. For infinitely long observation time the
SNR for detecting an exo-zodiacal dust cloud ap-
proaches the fundamental limit

SNR(t — =) = (Z)/(es(S)* + ezXB)*) 2, (8)

where (Z), (S), and (B) are the mean numbers of
photons due to zodi, star, and background, and e and
€p are the relative calibration accuracies, e.g., given
by ep = ((B) — (B)*)/(B), where (B)¥ is the estimate
for (B). The limiting value for the SNR, determined
by the calibration accuracy, is shown in the upper
part of Fig. 5 for observing exo-zodiacal dust clouds of
different strength (normalized to the strength of the
local zodiacal dust cloud) around Sunlike stars at
different distances from Earth. The SNR limit in-
creases with increasing distance as the stellar leak-
age decreases. For large distances the SNR finally
decreases because of the weak received signals, re-
sulting in bad control loop performance. However,
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Fig. 5. Exo-zodiacal dust cloud observation performance of the
proposed GENIE instrument for source scenarios at different dis-
tances from Earth. The upper part shows the SNR achievable for
infinitely long integration times, the lower part shows the time
required to achieve a SNR of at 5.

reasonably high values for the SNR may be achieved,
at least for clouds at distances of 20 pe and larger.

The time required to achieve a certain value of
SNR, which also depends on the photon noise, is dom-
inated by transmission noise. The performance of the
control loops (see Table 1) determines the temporal
fluctuations of the received signals. Mainly the fluc-
tuations of stellar leakage contribute to transmission
noise and therefore affect the required integration
time. Figure 6 shows the nulling ratio statistics, i.e.,
mean value and root mean square (rms), together
with the theoretical nulling ratio for rejecting Sunlike
stars at different distances from Earth. We define the
nulling ratio R as the ratio of constructive interferom-
eter output power to destructive interferometer out-
put power, i.e.,

R = PcunStruct-i\-‘e/Pdestnmti\'ﬂ- (7)

The nulling ratio increases with increasing star—
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nulling ratio achieved with the GENIE instrument for Sunlike
stars and hot-Jupiter planets at different distances from Earth.

Earth distance because of decreasing stellar leakage.
The integration times required for achieving a SNR
larger than 5 are shown in the lower part of Fig. 5.
Even exo-zodiacal dust clouds as weak as 20 zodis can
be observed within a few minutes. With increasing
distance of the star from Earth, the integration time
increases because of the decreased control loop per-
formance.

One of the most critical parts for Earth-based in-
terferometric observations is background calibration.
Figure 7 shows the integration time required to
achieve a SNR of more than five for detecting an
exo-zodiacal dust cloud of 20 zodis around a star at
different distances from Earth as a function of the
background calibration accuracy. For the results
shown in Fig. 5, a relative background calibration
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Fig. 7. Observation time required for detecting a 20-zodi dust
cloud at different distances from Earth with a SNR of 5 as a
function of the relative background calibration accuracy.
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Fig. 8. Transmission maps of the UT2-UT3 split-pupil configura-
tion for the detection mode (upper part) and for the calibration
mode (lower part). The circles indicate the instrument’s field of
view,

accuracy of 0.01% has been assumed. This stringent
requirement asks for high background stability
within the instrument’s FOV and for very low cross
coupling between the fibers used for science measure-
ments and that used for background measurements.
If the required background calibration accuracy can-
not be achieved, one may think of different instru-
ment architectures allowing for better background
subtraction. Almost perfect background calibration is
possible with a split-pupil architecture, where two
subapertures are created for each of the telescopes
UT2 and UTS3, providing two modulation states, one,
e.g., for exo-zodiacal dust cloud detection and one for
background calibration. Figure 8 shows the transmis-
sion maps for the detection mode (upper part) and for
the calibration mode (lower part).

We propose a novel concept where pupil splitting is
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done after recombination, see Fig. 2 (note that two
beams are arranged on top of each other). The big
advantage is that only one set of control loops is
required, and therefore the split-pupil architecture
can be realized as an add-on to the conventional
Bracewell architecture. In the simplest setup, even
the internal laser metrology required for equalizing
the paths within the split-pupil instrument may be
omitted. However, the resulting additional OPD er-
rors of typically 50 nm rms contribute to the trans-
mission noise and therefore lead to integration times
of several hours for achieving a SNR of 5. Our simu-
lations showed that the maximum achievable SNR is
identical to that achievable with the Bracewell con-
figuration, and comparable integration times may be
obtained with additional metrology.

5. Conclusions

We showed by simulation that weak exo-zodiacal
dust clouds can be detected with a properly designed
GENIE instrument.

Our proposed instrument is a Bracewell configura-
tion utilizing UT2 and UT3, operates in L band, uti-
lizes the VLTI instruments MACAO and (optionally)
PRIMA FSU, and requires only four control loops for
counteracting fluctuations of OPD, longitudinal dis-
persion, amplitude, and internal tip of tilt. A distinc-
tive feature of the instrument is the OPD control with
a fringe sensor operating within the science band. A
pupil splitter, which can be inserted as an add-on,
allows for modulation and thus for increased back-
ground calibration accuracy.

The proposed instrument is able to detect, within a
few minutes of observation time, exo-zodiacal dust
clouds around stars with a magnitude of 4.6 that are
as weak as 20 times the density of the local zodiacal
dust cloud. Calibration of stellar leakage and of in-
frared background turned out to be critical parame-
ters for achieving a reasonably high SNR. Proper
design of the instrument and optimization of the con-
trol loops is essential for reducing the transmission
noise and therefore also the required integration
time.
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